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0. CDF W boson mass: 

How much can we trust?  
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0. mW

• Some figures which impressed a theorist.

21A. V. Kotwal, KIAS, 31/5/22

Drift Chamber (COT) Alignment

COT endplate
geometry

22A. V. Kotwal, KIAS, 31/5/22

Internal Alignment of COT
● Use a clean sample of ~480k cosmic rays for cell-by-cell internal

alignment

● Fit COT hits on both
sides simultaneously
to a single helix (AVK,
H. Gerberich and C. Hays,
NIMA 506, 110 (2003))

– Time of incidence is a
floated parameter in
this 'di-cosmic fit'

Kotwal, KIAS, 31/5/22 

Use a clean sample of 
~480k cosmic muon rays 
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• Some figures which impressed a theorist.
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Residuals of COT cells after alignment

(AVK & CH, NIM A 762 (2014)  pp 85-99)
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• Some figures which impressed a theorist.
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Outline of Analysis
Energy scale measurements drive the W mass measurement

● Tracker Calibration

– alignment of the COT (~2400 cells, ~30k sense wires) using cosmic rays

– COT momentum scale and tracker non-linearity constrained using
J/ψ      μμ  and ϒ     μμ mass fits

– Confirmed  using Z       μμ mass fit

● EM Calorimeter Calibration

–  COT momentum scale transferred to EM calorimeter using a fit to the peak
of the E/p spectrum, around E/p ~ 1

– Calorimeter energy scale confirmed using  Z       ee mass fit

● Tracker and EM Calorimeter resolutions

● Hadronic recoil modeling

– Characterized using pT-balance in  Z       ll events

39A. V. Kotwal, KIAS, 31/5/22

Tracking Momentum Scale

Set using J/ψ      μμ  and ϒ      μμ resonance and Z       μμ masses

– Extracted by fitting J/ψ mass in bins of  1/p
T
(μ), and extrapolating

momentum scale to zero curvature

– J/ψ      μμ mass independent of pT(μ) after 2.6% tuning of energy loss

40

Tracking Momentum Scale

ϒ      μμ resonance provides

– Momentum scale measurement at higher pT

– Validation of beam-constaining procedure (upsilons are promptly produced)
– Cross-check of non-beam-constrained (NBC) and beam-constrained (BC) fits

NBC ϒ     μμ 

mass fit
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0. mW

Unique methods of the ALEPH


• All data collected at centre-of-mass energies between 
161 and 209 GeV are fully analyzed homogeneously.


• The systematic uncertainties are determined taking into 
account correlations between all channels and CM 
energies.

ALEPH, hep-ex/0605011 



0. mW

PDG from the global fit: (1)

m
PDG
W

= 80.357± 0.006 GeV

ATLAS[2017]:

m
ATLAS
W

= 80.370± 0.019 GeV

CDF[2022]:

m
CDF
W

= 80.4335± 0.0094 GeV

m
CDF
W

= 80.4335±0.0094 GeV [1]. The total uncertainty is less than 10 MeV and the central

value is about 76.5 MeV larger than the SM prediction: mSM
W

= 80.357± 0.006 GeV [2].

for the theoretical and experimental constraints:

Step-(i) Theory+FCNC: We require a parameter point to satisfy the theoretical stabilities

and the FCNC results, by using the public code 2HDMC-v1.8.0 [83].

1. Higgs potential being bounded from below;

2. Perturbative unitarity of the scattering amplitudes;

3. Perturbativity of the quartic couplings;

4. Vacuum stability;

5. FCNC observables.

Step-(ii) EWPD: We calculate the Peskin-Takeuchi oblique parameters in the 2HDM [93–

95], and compare them with the oblique parameters from the PDG and CDF results in

Eq. (??). Since we perform two parameter (S and T ) fitting under the assumption of

U = 0, we require �
2
< 5.99.

Step-(iii) RGEs for ⇤c > 1 TeV: We demand that the model should be valid at least up

to 1 TeV. Using the RGE’s [77, 86, 96–98], we run the dimensionless parameters in

the 2HDM, including the gauge couplings, the quartic couplings in the scalar potential,

and the Yukawa couplings of the top quark, bottom quark, and tau lepton. The initial

conditions of the gauge couplings and the Yukawa couplings are set at the top quark

mass scale mt = 173.34 GeV [99]. As increasing the energy scale, we check the unitarity

and stability conditions. If any condition is broken at the energy scale below 1 TeV, we

exclude the parameter point. In other words, the cuto↵ scale ⇤c of the model should be

higher than 1 TeV. We use the public code 2HDME-v1.2 [99] at one-loop level.

Step-(iv) Collider: x

1



1. Peskin-Takeuchi 
oblique parameters  
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1. S/T/U

• Efficient parameterization of new contributions to the gauge 
boson self-energies. 


• For example, new Higgs bosons change S/T/U through 
loop corrections.

Advances in High Energy Physics 5
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Figure 5: Feynman diagram contribution to the self-energy ΠNMSSM"" (").
4. Conclusions

For a large class of models beyond the Standard Model, the
so-called oblique parameters give very sensitive constraints
coming from electroweak precision measurements. We have
computed the set of extended oblique parameters #, $, %,&, ', ( for the next-to-minimal supersymmetric model
(NMSSM).

We have presented numerical examples with the parame-
ters of the NMSSM chosen in a constrained case, as explained
in Section 3. We observe the oblique parameters # and $ to
be highly sensitive on variations of the model parameters.
In fact, fairly modest changes of the NMSSM parameters
easily violate the constraints from the electroweak precision
measurements.

)e oblique parameters have been computed for the
general case, in particular with a general CP violating Higgs
sector, such that they may be applied to arbitrary parameter
values, in a more complete parameter scan, which we reserve
for future work.

Appendix

Feynman Diagrams for
the Oblique Parameters

Here we present the Feynman diagrams which contribute to
the oblique parameters of (1). For self-energy diagramswhich
exclusively have leptons, quarks, and gauge bosons in the
loops, the contributions to ΠNMSSM#1#2 (") and ΠSM#1#2(") exactly
are canceled in (2) and do not have to be computed.

)e contributions to ΠSM#1#2(") consist of diagrams which
contain the SMHiggs boson ()SM) in the loop.)ere are only
contributions of this kind to the'+ and *0 self-energies as
shown in Figure 3.

We also show all self-energy diagrams contributing to
the NMSSM part of the oblique parameters. )ese diagrams
involve scalar neutrinos ,̃, scalar leptons -̃, scalar up- and
down-type quarks .̃, /̃, neutralinos 00, and charginos 0+, as
well as the neutral Higgs bosons )$, 1%, the charged Higgs
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For a large class of models beyond the Standard Model, the
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coming from electroweak precision measurements. We have
computed the set of extended oblique parameters #, $, %,&, ', ( for the next-to-minimal supersymmetric model
(NMSSM).

We have presented numerical examples with the parame-
ters of the NMSSM chosen in a constrained case, as explained
in Section 3. We observe the oblique parameters # and $ to
be highly sensitive on variations of the model parameters.
In fact, fairly modest changes of the NMSSM parameters
easily violate the constraints from the electroweak precision
measurements.

)e oblique parameters have been computed for the
general case, in particular with a general CP violating Higgs
sector, such that they may be applied to arbitrary parameter
values, in a more complete parameter scan, which we reserve
for future work.

Appendix

Feynman Diagrams for
the Oblique Parameters

Here we present the Feynman diagrams which contribute to
the oblique parameters of (1). For self-energy diagramswhich
exclusively have leptons, quarks, and gauge bosons in the
loops, the contributions to ΠNMSSM#1#2 (") and ΠSM#1#2(") exactly
are canceled in (2) and do not have to be computed.

)e contributions to ΠSM#1#2(") consist of diagrams which
contain the SMHiggs boson ()SM) in the loop.)ere are only
contributions of this kind to the'+ and *0 self-energies as
shown in Figure 3.

We also show all self-energy diagrams contributing to
the NMSSM part of the oblique parameters. )ese diagrams
involve scalar neutrinos ,̃, scalar leptons -̃, scalar up- and
down-type quarks .̃, /̃, neutralinos 00, and charginos 0+, as
well as the neutral Higgs bosons )$, 1%, the charged Higgs

• In the SM, S=T=U=0



1. S/T/U

• Global 𝝌2 fit of the SM to the electroweak input parameters

[2204.03796]

Parameter Input Value

PDG 2021 CDF 2022

Refs�
2
min(dof) = 18.73(16) �

2
min(dof) = 64.45(16)

Fit Result Pull Fit w/o Input Pull Fit Result Pull Fit w/o Input Pull

mW [GeV]
80.379(12) 80.361(6) �1.47 80.357(6) �1.86 – – – – [2]

80.4335(94) – – – – 80.381(5) �5.80 80.357(6) �8.53

�↵
(5)
had

1 0.02761(11) 0.02756(11) �0.44 0.02716(38) �4.06 0.02746(10) �1.37 0.02603(36) �14.37 [? ? ? ]

mh [GeV] 125.25(17) 125.25(17) �0.02 92(21)(18) �193.26 125.24(17) �0.06 42(10)(8) �489.71 [2]

mt [GeV]2 172.76(58) 173.02(56) 0.45 176.2(20) 5.83 174.04(55) 2.19 184.2(16) 19.55 [2]

↵s(mZ) 0.1179(9) 0.1180(9) 0.14 0.1193(9) 1.53 0.1177(9) �0.26 0.1152(29) �0.22 [2]

�W [GeV] 2.085(42) 2.0905(5) 0.13 2.0905(5) 0.13 2.0919(5) 0.16 2.919(5) 0.16 [2]

�Z [GeV] 2.4952(23) 2.4942(6) �0.45 2.4940(7) �0.51 2.4946(6) �0.26 2.4945(7) �0.31 [? ]

mZ [GeV] 91.1875(21) 91.1882(20) 0.34 91.2037(90) 7.72 91.1909(20) 1.63 91.2393(77) 24.66 [? ]

A
0,b
FB 0.0992(16) 0.1031(3) 2.44 0.1033(3) 2.54 0.1036(3) 2.72 0.1037(3) 2.83 [? ]

A
0,c
FB 0.0707(35) 0.0737(3) 0.85 0.0737(3) 0.85 0.0740(3) 0.95 0.07404(25) 0.95 [? ]

A
0,`
FB 0.0171(10) 0.01623(10) �0.87 0.01622(10) �0.88 0.01637(10) �0.73 0.01636(10) �0.74 [? ]

Ab 0.923(20) 0.93462(4) 0.58 0.93462(4) 0.58 0.93464(4) 0.58 0.93464(4) 0.58 [? ]

Ac 0.670(27) 0.6679(2) �0.08 0.6679(2) �0.08 0.6682(2) �0.07 0.6682(2) �0.07 [? ]

A`(SLD) 0.1513(21) 0.1471(5) �2.00 0.1469(5) �2.10 0.1478(5) �1.70 0.1476(5) �1.78 [? ]

A`(LEP) 0.1465(33) 0.1471(5) 0.18 0.1469(5) 0.12 0.1478(5) 0.37 0.1476(5) 0.32 [? ]

R
0
b

0.21629(66) 0.21583(10) �0.69 0.21582(10) �0.71 0.21580(10) �0.74 0.21579(10) �0.76 [? ]

R
0
c

0.1721(30) 0.17222(6) 0.04 0.17222(6) 0.04 0.17223(6) 0.04 0.17223(6) 0.04 [? ]

R
0
`

20.767(25) 20.735(8) �1.28 20.732(8) �1.40 20.733(8) �1.35 20.730(8) �1.48 [? ]

�
0
h
[nb] 41.540(37) 41.491(8) �1.34 41.489(8) �1.39 41.490(8) �1.35 41.488(8) �1.39 [? ]

sin2
✓
`

e↵(QFB) 0.2324(12) 0.23151(6) �0.74 0.23151(6) �0.74 0.23143(6) �0.81 0.23143(6) �0.81 [? ]

sin2
✓
`

e↵(Teva) 0.23148(33) 0.23151(6) 0.10 0.23151(6) 0.10 0.23143(6) �0.15 0.23143(6) �0.15 [? ]

mc [GeV] 1.27(2) 1.27(2) 0.00 – – 1.27(2) 0.00 – – [2]

mb [GeV] 4.18(3)(2) 4.18(3)(2) 0.00 – – 4.18(3)(2) 0.00 – – [2]

PDG from the global fit: (1)

m
PDG
W

= 80.357± 0.006 GeV

ATLAS[2017]:

m
ATLAS
W

= 80.370± 0.019 GeV

CDF[2022]:

m
CDF
W

= 80.4335± 0.0094 GeV

m
CDF
W

= 80.4335±0.0094 GeV [1]. The total uncertainty is less than 10 MeV and the central

value is about 76.5 MeV larger than the SM prediction: mSM
W

= 80.357± 0.006 GeV [2].

1
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A`(LEP) 0.1465(33) 0.1471(5) 0.18 0.1469(5) 0.12 0.1478(5) 0.37 0.1476(5) 0.32 [? ]

R
0
b

0.21629(66) 0.21583(10) �0.69 0.21582(10) �0.71 0.21580(10) �0.74 0.21579(10) �0.76 [? ]

R
0
c

0.1721(30) 0.17222(6) 0.04 0.17222(6) 0.04 0.17223(6) 0.04 0.17223(6) 0.04 [? ]

R
0
`

20.767(25) 20.735(8) �1.28 20.732(8) �1.40 20.733(8) �1.35 20.730(8) �1.48 [? ]

�
0
h
[nb] 41.540(37) 41.491(8) �1.34 41.489(8) �1.39 41.490(8) �1.35 41.488(8) �1.39 [? ]

sin2
✓
`

e↵(QFB) 0.2324(12) 0.23151(6) �0.74 0.23151(6) �0.74 0.23143(6) �0.81 0.23143(6) �0.81 [? ]

sin2
✓
`

e↵(Teva) 0.23148(33) 0.23151(6) 0.10 0.23151(6) 0.10 0.23143(6) �0.15 0.23143(6) �0.15 [? ]

mc [GeV] 1.27(2) 1.27(2) 0.00 – – 1.27(2) 0.00 – – [? ]

mb [GeV] 4.18(3)(2) 4.18(3)(2) 0.00 – – 4.18(3)(2) 0.00 – – [? ]

PDG from the global fit: (1)

m
PDG
W

= 80.357± 0.006 GeV

ATLAS[2017]:

m
ATLAS
W

= 80.370± 0.019 GeV

CDF[2022]:

m
CDF
W

= 80.4335± 0.0094 GeV

m
CDF
W

= 80.4335 ± 0.0094 GeV [? ]. The total uncertainty is less than 10 MeV and the

central value is about 76.5 MeV larger than the SM prediction: mSM
W

= 80.357± 0.006 GeV [?

].

for the theoretical and experimental constraints:

1

Parameter Input Value PDG 2021

mW [GeV]
80.379(12) 80.361(6) �1.47 80.357(6) �1.86 – – – – [? ]

80.4335(94) – – – – 80.381(5) �5.80 80.357(6) �8.53

�↵
(5)
had

1 0.02761(11) 0.02756(11) �0.44 0.02716(38) �4.06 0.02746(10) �1.37 0.02603(36) �14.37 [? ? ? ]

mh [GeV] 125.25(17) 125.25(17) �0.02 92(21)(18) �193.26 125.24(17) �0.06 42(10)(8) �489.71 [? ]

mt [GeV]2 172.76(58) 173.02(56) 0.45 176.2(20) 5.83 174.04(55) 2.19 184.2(16) 19.55 [? ]

↵s(mZ) 0.1179(9) 0.1180(9) 0.14 0.1193(9) 1.53 0.1177(9) �0.26 0.1152(29) �0.22 [? ]

�W [GeV] 2.085(42) 2.0905(5) 0.13 2.0905(5) 0.13 2.0919(5) 0.16 2.919(5) 0.16 [? ]

�Z [GeV] 2.4952(23) 2.4942(6) �0.45 2.4940(7) �0.51 2.4946(6) �0.26 2.4945(7) �0.31 [? ]

mZ [GeV] 91.1875(21) 91.1882(20) 0.34 91.2037(90) 7.72 91.1909(20) 1.63 91.2393(77) 24.66 [? ]

A
0,b
FB 0.0992(16) 0.1031(3) 2.44 0.1033(3) 2.54 0.1036(3) 2.72 0.1037(3) 2.83 [? ]

A
0,c
FB 0.0707(35) 0.0737(3) 0.85 0.0737(3) 0.85 0.0740(3) 0.95 0.07404(25) 0.95 [? ]

A
0,`
FB 0.0171(10) 0.01623(10) �0.87 0.01622(10) �0.88 0.01637(10) �0.73 0.01636(10) �0.74 [? ]

Ab 0.923(20) 0.93462(4) 0.58 0.93462(4) 0.58 0.93464(4) 0.58 0.93464(4) 0.58 [? ]

Ac 0.670(27) 0.6679(2) �0.08 0.6679(2) �0.08 0.6682(2) �0.07 0.6682(2) �0.07 [? ]

A`(SLD) 0.1513(21) 0.1471(5) �2.00 0.1469(5) �2.10 0.1478(5) �1.70 0.1476(5) �1.78 [? ]

A`(LEP) 0.1465(33) 0.1471(5) 0.18 0.1469(5) 0.12 0.1478(5) 0.37 0.1476(5) 0.32 [? ]

R
0
b

0.21629(66) 0.21583(10) �0.69 0.21582(10) �0.71 0.21580(10) �0.74 0.21579(10) �0.76 [? ]

R
0
c

0.1721(30) 0.17222(6) 0.04 0.17222(6) 0.04 0.17223(6) 0.04 0.17223(6) 0.04 [? ]

R
0
`

20.767(25) 20.735(8) �1.28 20.732(8) �1.40 20.733(8) �1.35 20.730(8) �1.48 [? ]

�
0
h
[nb] 41.540(37) 41.491(8) �1.34 41.489(8) �1.39 41.490(8) �1.35 41.488(8) �1.39 [? ]

sin2
✓
`

e↵(QFB) 0.2324(12) 0.23151(6) �0.74 0.23151(6) �0.74 0.23143(6) �0.81 0.23143(6) �0.81 [? ]

sin2
✓
`

e↵(Teva) 0.23148(33) 0.23151(6) 0.10 0.23151(6) 0.10 0.23143(6) �0.15 0.23143(6) �0.15 [? ]

mc [GeV] 1.27(2) 1.27(2) 0.00 – – 1.27(2) 0.00 – – [? ]

mb [GeV] 4.18(3)(2) 4.18(3)(2) 0.00 – – 4.18(3)(2) 0.00 – – [? ]

PDG from the global fit: (1)

m
PDG
W

= 80.357± 0.006 GeV

ATLAS[2017]:

m
ATLAS
W

= 80.370± 0.019 GeV

CDF[2022]:

m
CDF
W

= 80.4335± 0.0094 GeV

m
CDF
W

= 80.4335 ± 0.0094 GeV [? ]. The total uncertainty is less than 10 MeV and the

central value is about 76.5 MeV larger than the SM prediction: mSM
W

= 80.357± 0.006 GeV [?

].

for the theoretical and experimental constraints:

1
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• 23 observable -  7 free parameters = 16 d.o.f in the SM

Mh, mZ , m̄c, m̄b, m̄t, �↵
(5)
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2
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1

• 7 free parameters
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1. S/T/U

Supplemental Material:
Electroweak Precision Fit and New Physics in light of W Boson Mass

Chih-Ting Lu,1 Lei Wu,1 Yongcheng Wu,1 and Bin Zhu,2
1Department of Physics and Institute of Theoretical Physics, Nanjing Normal University, Nanjing, 210023, China

4Department of Physics, Yantai University, Yantai 264005, China

In this Supplemental Material, we visualize the numerical results from Tab. I in Fig. S1 and S2, and also provide
the two-dimensional fit results in mt-mh plane and three-dimensional fit results in S-T -U space for the SM in Fig. S3
and S4, respectively. The analytic formulae and numerical results of the oblique parameters S, T and U in Two Higgs
Doublet Model are given as well.

I. ELECTROWEAK FIT PLOTS
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(Ofit � Omeasure)/�measure

�1.47
�5.71mW

�0.28
�1.11��(5)

had

�0.02
�0.05mh

+0.45
+2.07mt

+0.14
�0.23�s(mZ)

+0.13
+0.16�W

�0.45
�0.28�Z

+0.34
+1.54mZ

+2.44
+2.70A0,b

FB

+0.85
+0.95A0,c

FB

�0.87
�0.74A0,�

FB

+0.58
+0.58Ab

�0.08
�0.07Ac

�2.00
�1.72A�

�0.69
�0.74R0

b

+0.04
+0.04R0

c

�1.28
�1.34R0

�

�1.34
�1.34�0

h

+0.10
�0.13sin2 ��

e↵

PDG 2021
CDF 2022

Figure S1. The comparison of the “pull” defined in Tab. I between EW fits using the PDG 2021 data set with the old value of
mW and the new CDF value of mW in the SM.

2

Table I. The input parameters and the best points in the global EW fit. The Fermi constant GF = 1.1663787(6) ⇥ 10�5

[GeV�2] [36] is fixed in our calculation. Correlations among (mZ , �Z , �
0
h, R

0
` , A

0,`
FB) and among (A0,c

FB, A
0,b
FB, Ac, Ab, R

0
c , R

0
b) are

also taken into account [4]. The value of “Pull” is defined as (Ofit �Omeasure)/�measure, where �measure is the error of each input
observable.

Parameter Input Value

PDG 2021 CDF 2022

Refs�
2
min(dof) = 18.73(16) �

2
min(dof) = 64.45(16)

Fit Result Pull Fit w/o Input Pull Fit Result Pull Fit w/o Input Pull

mW [GeV]
80.379(12) 80.361(6) �1.47 80.357(6) �1.86 – – – – [36]

80.4335(94) – – – – 80.381(5) �5.80 80.357(6) �8.53

�↵
(5)
had

a 0.02761(11) 0.02756(11) �0.44 0.02716(38) �4.06 0.02746(10) �1.37 0.02603(36) �14.37 [37–39]

mh [GeV] 125.25(17) 125.25(17) �0.02 92(21)(18) �193.26 125.24(17) �0.06 42(10)(8) �489.71 [36]

mt [GeV]b 172.76(58) 173.02(56) 0.45 176.2(20) 5.83 174.04(55) 2.19 184.2(16) 19.55 [36]

↵s(mZ) 0.1179(9) 0.1180(9) 0.14 0.1193(9) 1.53 0.1177(9) �0.26 0.1152(29) �0.22 [36]

�W [GeV] 2.085(42) 2.0905(5) 0.13 2.0905(5) 0.13 2.0919(5) 0.16 2.919(5) 0.16 [36]

�Z [GeV] 2.4952(23) 2.4942(6) �0.45 2.4940(7) �0.51 2.4946(6) �0.26 2.4945(7) �0.31 [4]

mZ [GeV] 91.1875(21) 91.1882(20) 0.34 91.2037(90) 7.72 91.1909(20) 1.63 91.2393(77) 24.66 [4]

A
0,b
FB 0.0992(16) 0.1031(3) 2.44 0.1033(3) 2.54 0.1036(3) 2.72 0.1037(3) 2.83 [4]

A
0,c
FB 0.0707(35) 0.0737(3) 0.85 0.0737(3) 0.85 0.0740(3) 0.95 0.07404(25) 0.95 [4]

A
0,`
FB 0.0171(10) 0.01623(10) �0.87 0.01622(10) �0.88 0.01637(10) �0.73 0.01636(10) �0.74 [4]

Ab 0.923(20) 0.93462(4) 0.58 0.93462(4) 0.58 0.93464(4) 0.58 0.93464(4) 0.58 [4]

Ac 0.670(27) 0.6679(2) �0.08 0.6679(2) �0.08 0.6682(2) �0.07 0.6682(2) �0.07 [4]

A`(SLD) 0.1513(21) 0.1471(5) �2.00 0.1469(5) �2.10 0.1478(5) �1.70 0.1476(5) �1.78 [4]

A`(LEP) 0.1465(33) 0.1471(5) 0.18 0.1469(5) 0.12 0.1478(5) 0.37 0.1476(5) 0.32 [4]

R
0
b

0.21629(66) 0.21583(10) �0.69 0.21582(10) �0.71 0.21580(10) �0.74 0.21579(10) �0.76 [4]

R
0
c

0.1721(30) 0.17222(6) 0.04 0.17222(6) 0.04 0.17223(6) 0.04 0.17223(6) 0.04 [4]

R
0
`

20.767(25) 20.735(8) �1.28 20.732(8) �1.40 20.733(8) �1.35 20.730(8) �1.48 [4]

�
0
h

[nb] 41.540(37) 41.491(8) �1.34 41.489(8) �1.39 41.490(8) �1.35 41.488(8) �1.39 [4]

sin2
✓
`

e↵(QFB) 0.2324(12) 0.23151(6) �0.74 0.23151(6) �0.74 0.23143(6) �0.81 0.23143(6) �0.81 [4]

sin2
✓
`

e↵(Teva) 0.23148(33) 0.23151(6) 0.10 0.23151(6) 0.10 0.23143(6) �0.15 0.23143(6) �0.15 [40]

mc [GeV] 1.27(2) 1.27(2) 0.00 – – 1.27(2) 0.00 – – [36]

mb [GeV] 4.18(3)(2) 4.18(3)(2) 0.00 – – 4.18(3)(2) 0.00 – – [36]

a
Scaled with ↵s(mZ).

b
0.5 GeV theoretical uncertainty is included.

su↵er from new tensions once the mW is changed. We
use Gfitter [5, 6, 41–43] with data from Refs. [4, 36–40]
and two benchmark mW values : (1) 80.379± 0.012 GeV
[PDG (2021)], (2) 80.4335 ± 0.0094 GeV [CDF (2022)]
to investigate the variations of these observables. The
numerical results are presented in the Tab. I and Fig. S1.

It can be found that the PDG (2021) has �
2
min

(dof) =
18.73(16), which is generally in good agreement with
the SM predictions. However, the new CDF (2022) has
�
2
min

(dof) = 64.45(16), which means the sizable discrep-
ancies between the best points from EW fits and input
parameters, especially for mW , mt, mZ and the hadronic
contribution to the shift in the fine structure constant
�↵

(5)
had

compared with the PDG (2021) ones.

To be specific, the relation between mW and mZ in
the MS scheme can be written as mW = mZ⇢

1/2
cW

where ⇢ ⇠ 1 + 3GFm
2
t

8
p
2⇡2 and cW ⌘

q
1 � sin2

✓W (mZ) is

the cosine of the Weinberg angle. As shown in Tab. I,
the global EW fits of sin2

✓
`

e↵ is consistent with the mea-
sured value, so we can only increase the mZ and mt to

enhance the mW . However, even the di↵erences between
the best points of mZ and mt are already about 2� from
the input parameters, the best points still cannot reach
to the new CDF measured mW . This explains the large
and negative Pull in the second row of Tab. I. We also
note that there was a 2.8� discrepancy between the two
most precise top quark mass measurements, 174.98±0.76
GeV (D;) [45] and 172.25±0.63 GeV (CMS) [46]. While
the global EW fit with the new CDF (2022) predicts the
heavier top quark mass. From m

2
W

in Eq. 3, we can find
the m

2
W

is anti-correlated with the fine structure con-
straint. Hence, the enhanced mW value reported in CDF

(2022) is related to the smaller �↵
(5)
had

in the EW fits. In

addition, the decrease of �↵
(5)
had

can be translated to the
smaller hadronic vacuum polarization contributions to
the muon anomalous magnetic moment, a

HV P

µ
[47, 48].

Therefore, the di↵erence between aµ(Exp) and aµ(SM)

can be enlarged if the a
HV P

µ
is extracted from �↵

(5)
had

of

the global EW fits. Besides, the old tension for A
0,b
FB (Al)

in PDG (2021) is increased (decreased) in the EW fits
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Table I. The input parameters and the best points in the global EW fit. The Fermi constant GF = 1.1663787(6) ⇥ 10�5

[GeV�2] [36] is fixed in our calculation. Correlations among (mZ , �Z , �
0
h, R

0
` , A

0,`
FB) and among (A0,c

FB, A
0,b
FB, Ac, Ab, R

0
c , R

0
b) are

also taken into account [4]. The value of “Pull” is defined as (Ofit �Omeasure)/�measure, where �measure is the error of each input
observable.

Parameter Input Value

PDG 2021 CDF 2022

Refs�
2
min(dof) = 18.73(16) �

2
min(dof) = 64.45(16)

Fit Result Pull Fit w/o Input Pull Fit Result Pull Fit w/o Input Pull

mW [GeV]
80.379(12) 80.361(6) �1.47 80.357(6) �1.86 – – – – [36]

80.4335(94) – – – – 80.381(5) �5.80 80.357(6) �8.53

�↵
(5)
had

a 0.02761(11) 0.02756(11) �0.44 0.02716(38) �4.06 0.02746(10) �1.37 0.02603(36) �14.37 [37–39]

mh [GeV] 125.25(17) 125.25(17) �0.02 92(21)(18) �193.26 125.24(17) �0.06 42(10)(8) �489.71 [36]

mt [GeV]b 172.76(58) 173.02(56) 0.45 176.2(20) 5.83 174.04(55) 2.19 184.2(16) 19.55 [36]

↵s(mZ) 0.1179(9) 0.1180(9) 0.14 0.1193(9) 1.53 0.1177(9) �0.26 0.1152(29) �0.22 [36]

�W [GeV] 2.085(42) 2.0905(5) 0.13 2.0905(5) 0.13 2.0919(5) 0.16 2.919(5) 0.16 [36]

�Z [GeV] 2.4952(23) 2.4942(6) �0.45 2.4940(7) �0.51 2.4946(6) �0.26 2.4945(7) �0.31 [4]

mZ [GeV] 91.1875(21) 91.1882(20) 0.34 91.2037(90) 7.72 91.1909(20) 1.63 91.2393(77) 24.66 [4]

A
0,b
FB 0.0992(16) 0.1031(3) 2.44 0.1033(3) 2.54 0.1036(3) 2.72 0.1037(3) 2.83 [4]

A
0,c
FB 0.0707(35) 0.0737(3) 0.85 0.0737(3) 0.85 0.0740(3) 0.95 0.07404(25) 0.95 [4]

A
0,`
FB 0.0171(10) 0.01623(10) �0.87 0.01622(10) �0.88 0.01637(10) �0.73 0.01636(10) �0.74 [4]

Ab 0.923(20) 0.93462(4) 0.58 0.93462(4) 0.58 0.93464(4) 0.58 0.93464(4) 0.58 [4]

Ac 0.670(27) 0.6679(2) �0.08 0.6679(2) �0.08 0.6682(2) �0.07 0.6682(2) �0.07 [4]

A`(SLD) 0.1513(21) 0.1471(5) �2.00 0.1469(5) �2.10 0.1478(5) �1.70 0.1476(5) �1.78 [4]

A`(LEP) 0.1465(33) 0.1471(5) 0.18 0.1469(5) 0.12 0.1478(5) 0.37 0.1476(5) 0.32 [4]

R
0
b

0.21629(66) 0.21583(10) �0.69 0.21582(10) �0.71 0.21580(10) �0.74 0.21579(10) �0.76 [4]

R
0
c

0.1721(30) 0.17222(6) 0.04 0.17222(6) 0.04 0.17223(6) 0.04 0.17223(6) 0.04 [4]

R
0
`

20.767(25) 20.735(8) �1.28 20.732(8) �1.40 20.733(8) �1.35 20.730(8) �1.48 [4]

�
0
h

[nb] 41.540(37) 41.491(8) �1.34 41.489(8) �1.39 41.490(8) �1.35 41.488(8) �1.39 [4]

sin2
✓
`

e↵(QFB) 0.2324(12) 0.23151(6) �0.74 0.23151(6) �0.74 0.23143(6) �0.81 0.23143(6) �0.81 [4]

sin2
✓
`

e↵(Teva) 0.23148(33) 0.23151(6) 0.10 0.23151(6) 0.10 0.23143(6) �0.15 0.23143(6) �0.15 [40]

mc [GeV] 1.27(2) 1.27(2) 0.00 – – 1.27(2) 0.00 – – [36]

mb [GeV] 4.18(3)(2) 4.18(3)(2) 0.00 – – 4.18(3)(2) 0.00 – – [36]

a
Scaled with ↵s(mZ).

b
0.5 GeV theoretical uncertainty is included.

su↵er from new tensions once the mW is changed. We
use Gfitter [5, 6, 41–43] with data from Refs. [4, 36–40]
and two benchmark mW values : (1) 80.379± 0.012 GeV
[PDG (2021)], (2) 80.4335 ± 0.0094 GeV [CDF (2022)]
to investigate the variations of these observables. The
numerical results are presented in the Tab. I and Fig. S1.

It can be found that the PDG (2021) has �
2
min

(dof) =
18.73(16), which is generally in good agreement with
the SM predictions. However, the new CDF (2022) has
�
2
min

(dof) = 64.45(16), which means the sizable discrep-
ancies between the best points from EW fits and input
parameters, especially for mW , mt, mZ and the hadronic
contribution to the shift in the fine structure constant
�↵

(5)
had

compared with the PDG (2021) ones.

To be specific, the relation between mW and mZ in
the MS scheme can be written as mW = mZ⇢

1/2
cW

where ⇢ ⇠ 1 + 3GFm
2
t

8
p
2⇡2 and cW ⌘

q
1 � sin2

✓W (mZ) is

the cosine of the Weinberg angle. As shown in Tab. I,
the global EW fits of sin2

✓
`

e↵ is consistent with the mea-
sured value, so we can only increase the mZ and mt to

enhance the mW . However, even the di↵erences between
the best points of mZ and mt are already about 2� from
the input parameters, the best points still cannot reach
to the new CDF measured mW . This explains the large
and negative Pull in the second row of Tab. I. We also
note that there was a 2.8� discrepancy between the two
most precise top quark mass measurements, 174.98±0.76
GeV (D;) [45] and 172.25±0.63 GeV (CMS) [46]. While
the global EW fit with the new CDF (2022) predicts the
heavier top quark mass. From m

2
W

in Eq. 3, we can find
the m

2
W

is anti-correlated with the fine structure con-
straint. Hence, the enhanced mW value reported in CDF

(2022) is related to the smaller �↵
(5)
had

in the EW fits. In

addition, the decrease of �↵
(5)
had

can be translated to the
smaller hadronic vacuum polarization contributions to
the muon anomalous magnetic moment, a

HV P

µ
[47, 48].

Therefore, the di↵erence between aµ(Exp) and aµ(SM)

can be enlarged if the a
HV P

µ
is extracted from �↵

(5)
had

of

the global EW fits. Besides, the old tension for A
0,b
FB (Al)

in PDG (2021) is increased (decreased) in the EW fits
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Table I. The input parameters and the best points in the global EW fit. The Fermi constant GF = 1.1663787(6) ⇥ 10�5

[GeV�2] [36] is fixed in our calculation. Correlations among (mZ , �Z , �
0
h, R

0
` , A

0,`
FB) and among (A0,c

FB, A
0,b
FB, Ac, Ab, R

0
c , R

0
b) are

also taken into account [4]. The value of “Pull” is defined as (Ofit �Omeasure)/�measure, where �measure is the error of each input
observable.

Parameter Input Value

PDG 2021 CDF 2022

Refs�
2
min(dof) = 18.73(16) �

2
min(dof) = 64.45(16)

Fit Result Pull Fit w/o Input Pull Fit Result Pull Fit w/o Input Pull

mW [GeV]
80.379(12) 80.361(6) �1.47 80.357(6) �1.86 – – – – [36]

80.4335(94) – – – – 80.381(5) �5.80 80.357(6) �8.53

�↵
(5)
had

a 0.02761(11) 0.02756(11) �0.44 0.02716(38) �4.06 0.02746(10) �1.37 0.02603(36) �14.37 [37–39]

mh [GeV] 125.25(17) 125.25(17) �0.02 92(21)(18) �193.26 125.24(17) �0.06 42(10)(8) �489.71 [36]

mt [GeV]b 172.76(58) 173.02(56) 0.45 176.2(20) 5.83 174.04(55) 2.19 184.2(16) 19.55 [36]

↵s(mZ) 0.1179(9) 0.1180(9) 0.14 0.1193(9) 1.53 0.1177(9) �0.26 0.1152(29) �0.22 [36]

�W [GeV] 2.085(42) 2.0905(5) 0.13 2.0905(5) 0.13 2.0919(5) 0.16 2.919(5) 0.16 [36]

�Z [GeV] 2.4952(23) 2.4942(6) �0.45 2.4940(7) �0.51 2.4946(6) �0.26 2.4945(7) �0.31 [4]

mZ [GeV] 91.1875(21) 91.1882(20) 0.34 91.2037(90) 7.72 91.1909(20) 1.63 91.2393(77) 24.66 [4]

A
0,b
FB 0.0992(16) 0.1031(3) 2.44 0.1033(3) 2.54 0.1036(3) 2.72 0.1037(3) 2.83 [4]

A
0,c
FB 0.0707(35) 0.0737(3) 0.85 0.0737(3) 0.85 0.0740(3) 0.95 0.07404(25) 0.95 [4]

A
0,`
FB 0.0171(10) 0.01623(10) �0.87 0.01622(10) �0.88 0.01637(10) �0.73 0.01636(10) �0.74 [4]

Ab 0.923(20) 0.93462(4) 0.58 0.93462(4) 0.58 0.93464(4) 0.58 0.93464(4) 0.58 [4]

Ac 0.670(27) 0.6679(2) �0.08 0.6679(2) �0.08 0.6682(2) �0.07 0.6682(2) �0.07 [4]

A`(SLD) 0.1513(21) 0.1471(5) �2.00 0.1469(5) �2.10 0.1478(5) �1.70 0.1476(5) �1.78 [4]

A`(LEP) 0.1465(33) 0.1471(5) 0.18 0.1469(5) 0.12 0.1478(5) 0.37 0.1476(5) 0.32 [4]

R
0
b

0.21629(66) 0.21583(10) �0.69 0.21582(10) �0.71 0.21580(10) �0.74 0.21579(10) �0.76 [4]

R
0
c

0.1721(30) 0.17222(6) 0.04 0.17222(6) 0.04 0.17223(6) 0.04 0.17223(6) 0.04 [4]

R
0
`

20.767(25) 20.735(8) �1.28 20.732(8) �1.40 20.733(8) �1.35 20.730(8) �1.48 [4]

�
0
h

[nb] 41.540(37) 41.491(8) �1.34 41.489(8) �1.39 41.490(8) �1.35 41.488(8) �1.39 [4]

sin2
✓
`

e↵(QFB) 0.2324(12) 0.23151(6) �0.74 0.23151(6) �0.74 0.23143(6) �0.81 0.23143(6) �0.81 [4]

sin2
✓
`

e↵(Teva) 0.23148(33) 0.23151(6) 0.10 0.23151(6) 0.10 0.23143(6) �0.15 0.23143(6) �0.15 [40]

mc [GeV] 1.27(2) 1.27(2) 0.00 – – 1.27(2) 0.00 – – [36]

mb [GeV] 4.18(3)(2) 4.18(3)(2) 0.00 – – 4.18(3)(2) 0.00 – – [36]

a
Scaled with ↵s(mZ).

b
0.5 GeV theoretical uncertainty is included.

su↵er from new tensions once the mW is changed. We
use Gfitter [5, 6, 41–43] with data from Refs. [4, 36–40]
and two benchmark mW values : (1) 80.379± 0.012 GeV
[PDG (2021)], (2) 80.4335 ± 0.0094 GeV [CDF (2022)]
to investigate the variations of these observables. The
numerical results are presented in the Tab. I and Fig. S1.
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su↵er from new tensions once the mW is changed. We
use Gfitter [5, 6, 41–43] with data from Refs. [4, 36–40]
and two benchmark mW values : (1) 80.379± 0.012 GeV
[PDG (2021)], (2) 80.4335 ± 0.0094 GeV [CDF (2022)]
to investigate the variations of these observables. The
numerical results are presented in the Tab. I and Fig. S1.

It can be found that the PDG (2021) has �
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(dof) =
18.73(16), which is generally in good agreement with
the SM predictions. However, the new CDF (2022) has
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(dof) = 64.45(16), which means the sizable discrep-
ancies between the best points from EW fits and input
parameters, especially for mW , mt, mZ and the hadronic
contribution to the shift in the fine structure constant
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compared with the PDG (2021) ones.
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sured value, so we can only increase the mZ and mt to

enhance the mW . However, even the di↵erences between
the best points of mZ and mt are already about 2� from
the input parameters, the best points still cannot reach
to the new CDF measured mW . This explains the large
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note that there was a 2.8� discrepancy between the two
most precise top quark mass measurements, 174.98±0.76
GeV (D;) [45] and 172.25±0.63 GeV (CMS) [46]. While
the global EW fit with the new CDF (2022) predicts the
heavier top quark mass. From m
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in Eq. 3, we can find
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is anti-correlated with the fine structure con-
straint. Hence, the enhanced mW value reported in CDF
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1. S/T/U

• We need BSM.

• U from dimension-8 operator

• Setting U=0, but S and T as free parameters

• 23 observable -  9 free parameters = 14 d.o.f

3

with new CDF measured mW . Hence, the measurement
of A

0,b
FB needs special treatment in the future. On the

other hand, we also show the predictions of each observ-
able by removing its input value once a time in the EW
fits in the fourth and sixth columns in the Tab. I. As
expected, mt, mZ and �↵

(5)
had

are sensitive to the change
of mW . Moreover, if the Higgs mass mh measured by
LHC is removed, its best point from the global EW fits
is dramatically reduced. It is because the W boson mass
can be written as [35]

mW = m
0
W

� C1 ln rh + C2(r
2
t
� 1) � C3 ln rh(r2

t
� 1) + ...

(4)
where m

0
W

is the leading order value of W boson mass,
and rh ⌘ mh/(100 GeV), rt ⌘ mt/(173.4 GeV). C1,
C2 and C3 are positive coe�cients. Once the mW is in-
creased, the prediction of mh without its input values in
the EW fits will be decreased to compensate the di↵er-
ence between mW and m

0
W

. Note that without the LHC
input for mh, the CDF (2022) measurement of mW to-
gether with other EWPOs indicates an extremely light
Higgs mh ⇡ 42+10

�8 GeV, which is considerably inconsis-
tent with current measurement. If the CDF (2022) mea-
surement is confirmed by other experiments, it strongly
indicates that there is unknown correction to mW from
mh in SM or there is new physics in the scalar sector.
When both mt and mh are not used in the EW fits, the
antagonistic e↵ect between mt and mh makes the allowed
regions oblique. In order to fit the mW value and mini-
mize the total �

2, heavier mt and mh are preferred as the
best point. The above numerical results are visualized in
the Fig. S2 and S3 in supplementary materials. Besides,
we also use both values of mW in PDG (2021) and CDF
(2022) as the input parameters in the global EW fits, but
find that the best points are just slightly di↵erent from
that only using the CDF (2022).

NEW BOUNDS AND NEW PHYSICS

Table II. The values of S, T and U and the correlation matrix
allowed by the EW fit with the W boson mass from CDF
(2022) and PDG (2021), respectively. mh = 125 GeV and
mt = 172.5 GeV are used as the SM reference point.

13 dof
PDG 2021 CDF 2022

Result Correlation Result Correlation
�
2
min = 15.42 S T U �

2
min = 15.44 S T U

S 0.06 ± 0.10 1.00 0.90 �0.57 0.06 ± 0.10 1.00 0.90 �0.59
T 0.11 ± 0.12 1.00 �0.82 0.11 ± 0.12 1.00 �0.85
U �0.02 ± 0.09 1.00 0.14 ± 0.09 1.00

The EWPOs generically impose stringent constraints
on any theory of electroweak symmetry breaking. Most
of the new physics e↵ects on precision measurements can

Table III. Same as Tab. II, but for S and T with �U = 0.

U = 0
PDG 2021 CDF 2022

Result Correlation Result Correlation
14 dof �

2
min = 15.48 S T �

2
min = 17.82 S T

S 0.05 ± 0.08 1.00 0.92 0.15 ± 0.08 1.00 0.93
T 0.09 ± 0.07 1.00 0.27 ± 0.06 1.00

Figure 1. The 1- and 2-� allowed regions in S-T plane from
the electroweak fits using the PDG 2021 data set with the old
value of mW (green region) and the new CDF value of mW

(red region).

be described by the oblique parameters S, T , and U
1 [54].

In Tab. II, we give the allowed values of S, T and U and
the correlation matrix by using the EW fit with the W

mass from CDF (2022) and PDG (2021), respectively.
The main di↵erences are that the central value of U pa-
rameter predicted by CDF (2022) is much larger than
that predicted by PDG (2021), and the correlations be-
tween U and S or T are mildly strengthened as well. If
making U > S, T , one may need to introduce some new
large multiplet with su�cient low masses of the com-
ponents beyond the SM [55]. We note that the �

2
min

in Tab. I can be reduced to 15.44 from 64.45 if includ-
ing S, T and U in the fit, which demonstrate that the
oblique parameters can describe the main e↵ects caused
by newly measured W boson mass. On the other hand,
since the values of U parameter are found to be very
small in many new physics models, we also present the
results for S and T with �U = 0 in Tab. III and the
Fig. 1. Without the extra freedom of the U parameter,
one can only increase both S and T parameters to fit
mW . It can be seen that the SM value is within the 2�

allowed region by the PDG (2021), however, which is far

1
Besides, there are other equivalent constraints from the EWPOs,

such as (MW , ⇢, sin2 ✓eff ) and (✏1, ✏2, ✏3) parameters [49–53].

[2204.03796]
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setting for the Higgs sector, considering two scenarios, the “normal” scenario where the

observed Higgs boson is the lighter CP -even scalar h and the “inverted” scenario where

the heavier CP -even scalar H is the observed one. In this general setup, we thoroughly

study the impact of the following theoretical and experimental constraints on the model:

• theoretical stabilities such as unitarity, perturbativity, and vacuum stability;

• electroweak precision measurements (through the S, T , and U parameters);

• Higgs boson signal strength measurements;

• direct searches of new scalars at the LEP, Tevatron, and LHC.

We find that in the Type-X 2HDM, the large and positive �a
obs
µ can be explained only

by huge t�(& 100) and light pseudoscalar mass MA. In this region, the decoupling of the

new CP -even neutral Higgs boson '
0 and the charged Higgs boson H

± is not consistent

with the theoretical stability. We will also show that the direct search bounds from the

LEP and LHC experiments exclude all the parameter region with MA . mhSM/2. For

future discovery, the LHC process of pp ! A'
0

! 4⌧ is to be suggested as a golden mode

to probe the entire parameter space where the observed �aµ is explained, and all the above

constraints are satisfied. These are our main results.

The paper is organized in the following way. In Sec. 2, we briefly review the Type-

X 2HDM and describe the characteristics of the normal and inverted scenarios in the

Higgs alignment limit. In Sec. 3, we discuss the new contributions of the Type-X 2HDM

to �aµ, presenting how significantly the observed �aµ a↵ects t� , MA, MH± , and m'0 .

Section 4 describes our strategies for scanning in three steps and shows the results of the

allowed parameter space at each step. Section 5 deals with the electron anomalous magnetic

moment and the LHC signatures. Conclusions are given in Sec. 6.

2 Type-X 2HDM

The 2HDM accommodates two complex SU(2)L Higgs doublet scalar fields, �1 and �2 [78]:

�i =

0

@
w

+
i

vi + hi + i⌘i
p

2

1

A , i = 1, 2, (2.1)

where v =
p

v
2
1 + v

2
2 = 246 GeV. Using the simplified notation of sx = sinx, cx =

cos x, and tx = tan x, we define t� = v2/v1. A discrete Z2 symmetry under which �1 !

�1 and �2 ! ��2 is imposed in order to prevent the tree-level flavor changing neutral

currents [79, 80]. Then the renormalizable and CP conserving scalar potential with softly

– 4 –
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to �aµ, presenting how significantly the observed �aµ a↵ects t� , MA, MH± , and m'0 .

Section 4 describes our strategies for scanning in three steps and shows the results of the

allowed parameter space at each step. Section 5 deals with the electron anomalous magnetic

moment and the LHC signatures. Conclusions are given in Sec. 6.

2 Type-X 2HDM

The 2HDM accommodates two complex SU(2)L Higgs doublet scalar fields, �1 and �2 [78]:
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where v =
p

v
2
1 + v
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2 = 246 GeV. Using the simplified notation of sx = sinx, cx =

cos x, and tx = tan x, we define t� = v2/v1. A discrete Z2 symmetry under which �1 !

�1 and �2 ! ��2 is imposed in order to prevent the tree-level flavor changing neutral

currents [79, 80]. Then the renormalizable and CP conserving scalar potential with softly

– 4 –

is imposed in order to prevent the tree-level flavor changing neutral currents [79, 80].

Then the renormalizable and CP conserving scalar potential with softly broken Z2 sym-

metry is
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where the m
2
12 term softly breaks the Z2 parity. There are five physical Higgs bosons, the

light CP -even scalar h, the heavy CP -even scalar H, the CP -odd pseudoscalar A, and

two charged Higgs bosons H
±. The relations of the physical Higgs bosons with the weak

eigenstates in Eq. (2.1) via two mixing angles ↵ and � are referred to Ref. [81, 82]. Note

that the SM Higgs boson is a linear combination of h and H, as

hSM = s��↵h + c��↵H. (2.3)

The Yukawa couplings to the SM fermions are written by
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where PR,L = (1 ± �
5)/2 and ` = µ, ⌧ .

In the Type-X, the observed scalar boson at a mass of 125 GeV is very like the SM

Higgs boson, especially in the large t� limit [83]. Therefore, we take the Higgs alignment

limit where one of the CP -even neutral Higgs bosons is the SM Higgs boson hSM [84–88].

There are two ways to realize the Higgs alignment limit, the “normal” and “inverted”

scenarios. In the normal scenario, the observed Higgs boson is the lighter CP -even scalar

h, i.e., s��↵ = 1. In the inverted scenario, the heavier CP -even scalar H is the observed one

while the lighter one is hidden, wherein the Higgs alignment is satisfied by s��↵ = 0 [87, 89].

Then the model has five parameters in the physical basis,
�
m'0 , MA, MH± , M

2
, t�

 
(2.5)

where M
2 = m

2
12/(s�c�) and '

0 is the new CP -even neutral Higgs boson, i.e., '
0 = H in

the normal scenario and '
0 = h in the inverted scenario. Two scenarios are summarized

as follows:
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• Basic theory setup

2. 2HDM

• Discrete Z2 symmetry to avoid tree-level FCNC

Parameter Input Value PDG 2021

mW [GeV]
80.379(12) 80.361(6) �1.47 80.357(6) �1.86 – – – – [2]

80.4335(94) – – – – 80.381(5) �5.80 80.357(6) �8.53

�↵
(5)
had

1 0.02761(11) 0.02756(11) �0.44 0.02716(38) �4.06 0.02746(10) �1.37 0.02603(36) �14.37 [? ? ? ]

mh [GeV] 125.25(17) 125.25(17) �0.02 92(21)(18) �193.26 125.24(17) �0.06 42(10)(8) �489.71 [2]

mt [GeV]2 172.76(58) 173.02(56) 0.45 176.2(20) 5.83 174.04(55) 2.19 184.2(16) 19.55 [2]

↵s(mZ) 0.1179(9) 0.1180(9) 0.14 0.1193(9) 1.53 0.1177(9) �0.26 0.1152(29) �0.22 [2]

�W [GeV] 2.085(42) 2.0905(5) 0.13 2.0905(5) 0.13 2.0919(5) 0.16 2.919(5) 0.16 [2]

�Z [GeV] 2.4952(23) 2.4942(6) �0.45 2.4940(7) �0.51 2.4946(6) �0.26 2.4945(7) �0.31 [? ]

mZ [GeV] 91.1875(21) 91.1882(20) 0.34 91.2037(90) 7.72 91.1909(20) 1.63 91.2393(77) 24.66 [? ]

A
0,b
FB 0.0992(16) 0.1031(3) 2.44 0.1033(3) 2.54 0.1036(3) 2.72 0.1037(3) 2.83 [? ]

A
0,c
FB 0.0707(35) 0.0737(3) 0.85 0.0737(3) 0.85 0.0740(3) 0.95 0.07404(25) 0.95 [? ]

A
0,`
FB 0.0171(10) 0.01623(10) �0.87 0.01622(10) �0.88 0.01637(10) �0.73 0.01636(10) �0.74 [? ]

Ab 0.923(20) 0.93462(4) 0.58 0.93462(4) 0.58 0.93464(4) 0.58 0.93464(4) 0.58 [? ]

Ac 0.670(27) 0.6679(2) �0.08 0.6679(2) �0.08 0.6682(2) �0.07 0.6682(2) �0.07 [? ]

A`(SLD) 0.1513(21) 0.1471(5) �2.00 0.1469(5) �2.10 0.1478(5) �1.70 0.1476(5) �1.78 [? ]

A`(LEP) 0.1465(33) 0.1471(5) 0.18 0.1469(5) 0.12 0.1478(5) 0.37 0.1476(5) 0.32 [? ]

R
0
b

0.21629(66) 0.21583(10) �0.69 0.21582(10) �0.71 0.21580(10) �0.74 0.21579(10) �0.76 [? ]

R
0
c

0.1721(30) 0.17222(6) 0.04 0.17222(6) 0.04 0.17223(6) 0.04 0.17223(6) 0.04 [? ]

R
0
`

20.767(25) 20.735(8) �1.28 20.732(8) �1.40 20.733(8) �1.35 20.730(8) �1.48 [? ]

�
0
h
[nb] 41.540(37) 41.491(8) �1.34 41.489(8) �1.39 41.490(8) �1.35 41.488(8) �1.39 [? ]

sin2
✓
`

e↵(QFB) 0.2324(12) 0.23151(6) �0.74 0.23151(6) �0.74 0.23143(6) �0.81 0.23143(6) �0.81 [? ]

sin2
✓
`

e↵(Teva) 0.23148(33) 0.23151(6) 0.10 0.23151(6) 0.10 0.23143(6) �0.15 0.23143(6) �0.15 [? ]

mc [GeV] 1.27(2) 1.27(2) 0.00 – – 1.27(2) 0.00 – – [2]

mb [GeV] 4.18(3)(2) 4.18(3)(2) 0.00 – – 4.18(3)(2) 0.00 – – [2]

PDG from the global fit: (1)

m
PDG
W

= 80.357± 0.006 GeV

ATLAS[2017]:

m
ATLAS
W

= 80.370± 0.019 GeV

CDF[2022]:

m
CDF
W

= 80.4335± 0.0094 GeV

m
CDF
W

= 80.4335±0.0094 GeV [1]. The total uncertainty is less than 10 MeV and the central

value is about 76.5 MeV larger than the SM prediction: mSM
W

= 80.357± 0.006 GeV [2].

�1 ! �1, �2 ! ��1

1• Scalar potential with CP-invariance
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2. 2HDM
• Four types

model (MSSM) is the THDM with a supersymmetric rela-
tion [2] among the parameters of the Higgs sector, whose
Yukawa interaction is of type II, in which only a Higgs
doublet couples to up-type quarks and the other couples to
down-type quarks and charged leptons. On the other hand,
a TeV-scale model to try to explain neutrino masses, dark
matter, and baryogenesis has been proposed in Ref. [7]. In
this model the Higgs sector is the two Higgs doublet with
extra scalar singlets, and the Yukawa interaction corre-
sponds to the type-X THDM, in which only a Higgs
doublet couples to quarks and the other couples to leptons.
Therefore, in order to select the true model from various
new physics candidates that predict THDMs (and their
variations with singlets), it is important to experimentally
determine the type of Yukawa interaction.

There have been many studies for the phenomenological
properties of the type-II THDM, often in the context of the
MSSM [2]. On the contrary, there have been fewer studies
for the other types of Yukawa interactions in the THDM.
The purpose of this paper is to clarify phenomenological
differences among these types of Yukawa interactions in
the THDM at the LHC and the International Linear
Collider (ILC) [15]. We first study the decay rates and
the decay branching ratios of the CP-even (h and H) and
CP-odd (A) neutral Higgs bosons and the charged Higgs
bosons (H!) in various types of Yukawa interactions. It is
confirmed that there are large differences in the Higgs
boson decays among these types of Yukawa interactions
in the THDM. In particular, in the case where the CP-even
Higgs boson h is approximately SM-like, H and A decay
mainly into !þ!# in the type-X scenario for the wide range
of parameter space, while they decay mainly into b !b in the
type-II scenario. We then summarize constraints on the
mass of H! from current experimental bounds in various
types of Yukawa interactions. In addition to the lower
bounds on the mass (mH!) from CERN LEP and
Tevatron direct searches [16,17], mH! can also be con-
strained by the B-meson decay data such as B ! Xs" [18–
21] and B ! !# [22,23], depending on the model of
Yukawa interaction. The B ! Xs" results give a severe
lower bound, mH! * 295 GeV, at the next-to-next-to-
leading order (NNLO) in the (nonsupersymmetric) type-
II THDM and the type-Y THDM [20,21], but provide no
effective bound in the type-I (type-X) THDM for tan$ *
2, where tan$ is the ratio of the vacuum expectation values
(VEVs) of the CP-even Higgs bosons. We also discuss the
experimental bounds on the charged Higgs sector from
purely leptonic observables ! ! % !## [24] and the muon
anomalous magnetic moment [25,26].

We finally discuss the possibility of discriminating be-
tween the types of Yukawa interactions at the LHC and
also at the ILC. We mainly study collider phenomenology
in the type-X THDM in the light extra Higgs boson sce-
nario, and see differences from the results in the MSSM
(the type-II THDM). We discuss the signal of neutral and

charged Higgs bosons at the LHC, which may be useful to
distinguish the type of Yukawa interaction. The feasibility
of the direct production processes from gluon fusion gg !
A (H) and the associated production from pp ! b !bA
(b !bH) is studied, and the difference in the signal signifi-
cance of their leptonic decay channels is evaluated in the
type-X THDM and the MSSM.We also consider the Higgs
boson pair production pp ! AH!,HH!, AH and find that
the leptonic decay modes are also useful to explore the type
of Yukawa interaction. At the ILC, the process eþe# !
AH is useful to examine the type-X THDM, because the
final states are completely different from the case of the
MSSM.
In Sec. II, we give a brief review of the types of Yukawa

interactions in the THDM. In Sec. III, the decay widths and
the branching ratios are evaluated in the four different
types of Yukawa interactions. Section IV is devoted to a
discussion of current experimental constraints on the
THDM in each type of Yukawa interaction. In Sec. V, the
possibility of discriminating the type of Yukawa interac-
tion at the LHC and the ILC is discussed. Conclusions are
given in Sec. VI. The formulas of the decay rates of the
Higgs bosons are listed in the Appendix.

II. TWO HIGGS DOUBLET MODELS UNDER THE
Z2 SYMMETRY

In the THDM with isospin doublet scalar fields "1 and
"2 and a hypercharge of Y ¼ 1=2, the discrete Z2 sym-
metry ("1 ! "1 and "2 ! #"2) may be imposed to
avoid FCNC at the lowest order [10]. The most general
Yukawa interaction under the Z2 symmetry can be written
as

LTHDM
yukawa ¼ # !QLYu

~"uuR # !QLYd"ddR

# !LLY‘"‘‘R þ H:c:; (1)

where "f (f ¼ u, d, or ‘) is either "1 or "2. There are
four independent Z2 charge assignments on quarks and
charged leptons, as summarized in Table I [11,12]. In the
type-I THDM, all quarks and charged leptons obtain their
masses from the VEVof"2. In the type-II THDM, masses
of up-type quarks are generated by the VEV of "2, while
those of down-type quarks and charged leptons are ac-
quired by that of "1. The Higgs sector of the MSSM is a
special THDMwhose Yukawa interaction is of type II. The
type-X Yukawa interaction (all quarks couple to "2 while

TABLE I. Variation in charge assignments of the Z2 symmetry.

"1 "2 uR dR ‘R QL, LL

Type I þ # # # # þ
Type II þ # # þ þ þ
Type X þ # # # þ þ
Type Y þ # # þ # þ

AOKI, KANEMURA, TSUMURA, AND YAGYU PHYSICAL REVIEW D 80, 015017 (2009)
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II. REVIEW OF 2HDM

In the 2HDM, there exist two complex SU(2)L Higgs scalar doublet fields, �1 and �2 [77]:

�i =

0

@
w

+
i

vi + hi + i⌘ip
2

1
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where v1 and v2 are the nonzero vacuum expectation values of �1 and �2, respectively. The

electroweak symmetry is broken by v =
p
v
2
1 + v

2
2 = 246 GeV. We define the ratio of two

vacuum expectation values to be tan � = v2/v1. For simplicity, we use the simplified notation

of sx = sin x, cx = cosx, and tx = tan x in what follows.

We additionally impose a discrete Z2 symmetry, under which �1 ! �1 and �2 ! ��2, to

avoid the flavor-changing-neutral-current (FCNC) at tree level [78, 79]. The scalar potential

with softly broken Z2 and CP invariance is
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where the m2
12 term softly breaks the Z2 parity. The model has five physical Higgs bosons, the

lighter CP -even scalar h, the heavier CP -even scalar H, the CP -odd pseudoscalar A, and a

pair of charged Higgs bosons H±. The weak eigenstates in Eq. (1) are linear combinations of

physical Higgs bosons through two mixing angles ↵ and �, of which the expressions are referred

to Ref. [80]. An important relation is the SM Higgs boson hSM with h and H:

hSM = s��↵h+ c��↵H. (3)

In the 2HDM, the observed Higgs boson at a mass of 125 GeV can be either h or H, which

is called the normal scenario (NS) and the inverted scenario (IS) [81, 82], respectively:

NS: mh = m125; (4)

IS: MH = m125,

where m125 is the observed Higgs boson mass. For the consistency with the SM-like Higgs

boson, the Higgs alignment limit has drawn a lot of attention, where h = hSM in the NS and

H = hSM in the IS. Even though the limit simplifies the phenomenology of the new Higgs

bosons such that H ! WW/ZZ, A ! Zh, and H
± ! W

±(⇤)
h are prohibited at tree level, it

may interfere with observing new scalar bosons at the LHC. Therefore, we do not impose any

conditions on the masses and couplings in advance when performing the random scan. Only

the theoretical and experimental constraints will restrict the parameter space.

We take six free parameters in the physical basis:

�
mh, MH± , MH , MA, m

2
12, t�, s��↵

 
. (5)
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2. 2HDM

• Four types & two scenarios = 8 cases

II. REVIEW OF 2HDM
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to Ref. [80]. An important relation is the SM Higgs boson hSM with h and H:
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is called the normal scenario (NS) and the inverted scenario (IS) [81, 82], respectively:

NS: mh = m125; (4)
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where m125 is the observed Higgs boson mass. For the consistency with the SM-like Higgs

boson, the Higgs alignment limit has drawn a lot of attention, where h = hSM in the NS and

H = hSM in the IS. Even though the limit simplifies the phenomenology of the new Higgs
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• No assumptions on the masses and couplings: 6 parameters

• 8 cases for PDG mW and CDF mW ➨16 cases
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2. 2HDM

• theoretical stability ➡ quartic couplings cannot be too large

as follows:

normal scenario (NS) inverted scenario (IS)
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In the Higgs alignment limit, the quartic couplings in terms of the model parameters

are [90]
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where m125 = 125 GeV. The second term of �1 is proportional to t
2
�

and thus dominantly

controls the theoretical constraints in the limit of large t� . Therefore, we need the condition

of m
2
'0 ⇡ M

2 to ensure an exact or almost exact cancellation in the t
2
�

term of �1. This

criteria should be satisfied more strictly in the normal scenario where m'0 > m125. Once

we demand m
2
'0 ⇡ M

2, the perturbativity of the other quartic couplings, |�2,···5| < 4⇡,

causes a chain reaction of limiting the masses as

MA ⇠ MH± ⇠ M ⇡ m'0 . (2.8)

Another smoking-gun signature especially for very light MA is the non-SM decay of

the Higgs boson, hSM ! AA. The hSM-A-A vertex is

�hSMAA =
1

v

�
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2
125 � 2M

2
A + 2M

2
�
. (2.9)

The condition in Eq. (2.8) makes it di�cult to have a vanishing �hSMAA. Since the Higgs

precision measurement puts a strong bound on the exotic Higgs decay as B(hSM ! XX) .
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3 �aµ in the Type-X 2HDM

The Type-X 2HDM accommodates two kinds of new contributions to �aµ, one-loop con-

tributions and two-loop Barr-Zee contributions [92, 93]. The one-loop contributions are
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where the m
2
12 term softly breaks the Z2 parity. There are five physical Higgs bosons, the

light CP -even scalar h, the heavy CP -even scalar H, the CP -odd pseudoscalar A, and

two charged Higgs bosons H
±. The relations of the physical Higgs bosons with the weak

eigenstates in Eq. (2.1) via two mixing angles ↵ and � are referred to Ref. [81, 82]. Note
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hSM = s��↵h + c��↵H. (2.3)
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where PR,L = (1 ± �
5)/2 and ` = µ, ⌧ .

�aµ =) huge t� & 100 & light MA

In the Type-X, the observed scalar boson at a mass of 125 GeV is very like the SM

Higgs boson, especially in the large t� limit [83]. Therefore, we take the Higgs alignment

limit where one of the CP -even neutral Higgs bosons is the SM Higgs boson hSM [84–88].

There are two ways to realize the Higgs alignment limit, the “normal” and “inverted”

scenarios. In the normal scenario, the observed Higgs boson is the lighter CP -even scalar

h, i.e., s��↵ = 1. In the inverted scenario, the heavier CP -even scalar H is the observed one

while the lighter one is hidden, wherein the Higgs alignment is satisfied by s��↵ = 0 [87, 89].

Then the model has five parameters in the physical basis,

�
m'0 , MA, MH± , M

2
, t�

 
(2.5)

where M
2 = m

2
12/(s�c�) and '

0 is the new CP -even neutral Higgs boson, i.e., '
0 = H in

the normal scenario and '
0 = h in the inverted scenario. Two scenarios are summarized

– 5 –

In the Higgs alignment limit

Mass degeneracy!
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2. 2HDM

• CDF mW + theoretical stability ➡ upper bounds on the masses

where ⇢ST is the correlation between S and T . To reveal the origin of the key di↵erence

between the PDG and CDF implications, we show the allowed regions of (�MH ,�MA) for

MH± = 1.5 TeV and M
2 = M

2
A
in Fig. 1, where �m ⌘ m�MH± . The PDG result is in the left

panel, and the CDF result is in the right panel. For illustration, we take a simple setup, the NS

in the Higgs alignment limit. We present the allowed (�MH ,�MA) by the oblique parameters

of S and T at 2� level (red), |�3| < 4⇡ (light blue), and |�3| < 1 (green).

Figure 1: Allowed regions of (�MH ,�MA) by the oblique parameters of S and T (red at 1� and

yellow in 2�), |�3| < 4⇡ (light blue), and |�3| < 1 (green), where �m ⌘ m �MH± . The left (right)

panel shows the PDG (CDF) result. We set MH± = 1.5 TeV and M
2 = M

2
A
in the normal scenario

with s��↵ = 1.

The biggest di↵erence is that the CDF T parameter prohibits the total mass degeneracy

of MH± = MA = MH , which the PDG permits. Instead, the CDF result allows two separate

regions of the hyperbola-like shape. Only for the oblique T parameter, the CDF result still

accommodates heavy masses of new Higgs bosons. For example, very heavy MA is feasible if

MH ⇡ MH± . When applying the perturbativity of �3 (light blue), however, large mass gaps

of �MH and �MA are forbidden. When narrowing the range further into |�3| < 1, there is

no overlap. Note that |�3| > 1 at the electroweak scale invokes the fast running of quartic

couplings under the RGE evolution, which may result in the breakdown of the theory at the

energy scale below 1 TeV [86]. Thus heavy Higgs bosons cannot simultaneously satisfy the

CDF-updated T parameter and ⇤c > 1 TeV. For lighter MH± , however, the allowed region by

|�3| < 1 is wider because of Eq. (6), which grants an simultaneous explanation. In summary,

if the CDF mW measurement is correct, there exist upper bounds on the masses of new Higgs

bosons in the 2HDM.

6

• step I: �aµ+Theory

• step II: S/T

• step III: Higgs precision and direct search bounds (Collider)

• step IV: global fit to �aµ+LFU

�Mi = Mi �MH±

3⌧ 4⌧ 4⌧ +W 4⌧ + Z 4⌧ +WW 4⌧ + ZW

Pj!⌧h
' 0.01 =) P

4
j!⌧h

' 10�8

�(pp ! 4⌧ + ZW
±) ' 0.26 ab,

�(pp ! 4⌧ +W
+
W

) ' 0.54 ab.
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In light of CDF W mass 
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III. SCANNING STRATEGIES

We perform random scanning of the model parameters by imposing all the theoretical and

experimental constraints. The scanning ranges in the NS and IS are

NS: MH 2 [130, 2000] GeV, MA 2 [15, 2000] GeV, (9)

s��↵ 2 [0.8, 1.0] , m
2
12 2

⇥
0, 10002

⇤
GeV2

,

IS: mh 2 [15, 120] GeV, MA 2 [15, 2000] GeV,

c��↵ 2 [0.8, 1.0] , m
2
12 2

⇥
0, 10002

⇤
GeV2

.

The range of s��↵ is set comfortably, although the most updated results on the Higgs coupling

modifiers are Z > 0.86 and W > 0.94 with W,Z  1 at 95% C.L. [87]. The parameters in

Eq. (9) are independent of the type, but MH± and t� are not, because of the FCNC observ-

ables [75, 76]: MH± in type-II and type-Y is tightly constrained to be MH± & 580 GeV; MH±

in type-I and type-X can be as light as about 100 GeV. Therefore, we take the following ranges

for MH± and t�:

type-I & type-X: MH± 2 [80, 2000] GeV, t� 2 [1, 50] , (10)

type-II & type-Y: MH± 2 [580, 2000] GeV, t� 2 [0.5, 50] .

With the prepared random parameter points, we cumulatively impose the following steps

for the theoretical and experimental constraints:

Step-(i) Theory+FCNC: We require a parameter point to satisfy the theoretical stabilities

and the FCNC results, by using the public code 2HDMC-v1.8.0 [83].

1. Higgs potential being bounded from below [88];

2. Perturbative unitarity of the amplitudes of scalar-scalar, scalar-vector, and vector-

vector scatterings at high energies [89, 90];

3. Perturbativity of the quartic couplings [77, 81];

4. Vacuum stability [91].

5. FCNC observables: In type-I and type-X, the viable space of (MH± , t�) is determined

practically by b ! s� [75, 76]. In type-II and type-Y, on the other hand, �MBs [92]

is more important for MH± & 650 GeV.

Step-(ii) EWPD: We calculate the Peskin-Takeuchi oblique parameters in the 2HDM [93–

95], and compare them with the oblique parameters from the PDG and CDF results in

Eq. (8). Since we perform two parameter (S and T ) fitting under the assumption of

U = 0, we require �
2
< 5.99.

Step-(iii) RGEs for ⇤c > 1 TeV: We demand that the model should be valid at least up

to 1 TeV. Using the RGE’s [77, 86, 96–98], we run the dimensionless parameters in
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the 2HDM, including the gauge couplings, the quartic couplings in the scalar potential,

and the Yukawa couplings of the top quark, bottom quark, and tau lepton. The initial

conditions of the gauge couplings and the Yukawa couplings are set at the top quark

mass scale mt = 173.34 GeV [99]. As increasing the energy scale, we check the unitarity

and stability conditions. If any condition is broken at the energy scale below 1 TeV, we

exclude the parameter point. In other words, the cuto↵ scale ⇤c of the model should be

higher than 1 TeV. We use the public code 2HDME-v1.2 [99] at one-loop level.

Step-(iv) Collider: The collider constraints consist of two categories, the Higgs precision data

and the direct search bounds at the LEP, Tevatron, and LHC. To check the consistency

with the Higgs precision, we use HiggsSignals-v2.6.2 [84], which yields the �
2 output

for 111 Higgs observables [100–107]. Since there are six model parameters, the number

of degrees of freedom is 105. We demand that the p-value be larger than 0.05. For the

consistency with the direct searches at high energy collider, we use the public code Hig-

gsBounds-v5.10.2 [85]. For each process at the LEP, Tevatron, and LHC, we calculate

the cross section in the model, and compare it with the upper bound on the cross sec-

tion at the 95% C.L. When the model prediction is above the observed upper bound, we

exclude the parameter point.

We perform the random scan over the entire six-dimensional parameter space. For each

type in the NS and IS, we obtained 107 parameter points that satisfy Step-(i), which is to be

the reference when computing the survival probabilities. Before proceeding to the subsequent

steps, we investigate the implications of Step-(i) on the masses of new Higgs bosons. In Fig. 2,

we present the parameter points in (MH ,MA) that pass Step-(i), where the color codes denote

MH± . The results in the NS (IS) are in the upper (lower) panels and those at type-I/X (type-

II/Y) are in the left (right) panels.

The theoretical stabilities and the FCNC observables significantly restrict the masses of new

Higgs bosons. In the NS, the low mass regions with MA,MH ,MH± . 750 GeV are uniformly

permitted, without a correlation among the masses. For the high mass above 750 GeV, however,

Step-(i) demands a considerable correlation, preferring small mass gaps including the mass

degeneracy. The higher the mass scales are, the smaller the mass gaps will be. In the IS,

Step-(i) already puts the upper bounds on MA and MH± , below about 750 GeV.

Now we cumulatively impose the constraints of Step-(ii), Step-(iii), and Step-(iv). In Table

II, we present the survival probabilities1 of the random scanning in Eqs. (9) and (10) at each

step in the NS and IS for all the four types, with respect to the parameter points that pass

Step-(i). One of the most important features is that the combination of all the theoretical

and experimental constraints restricts the model more severely for the CDF result than for the

PDG.

Let us compare the overall di↵erences between the NS and IS. In the NS, all the types survive

1 The survival probabilities depend on the scanning ranges. For smaller ranges, the probabilities increase.
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for the theoretical and experimental constraints:

Step-(i) Theory+FCNC: We require a parameter point to satisfy the theoretical stabilities

and the FCNC results, by using the public code 2HDMC-v1.8.0 [? ].

1. Higgs potential being bounded from below;

2. Perturbative unitarity of the scattering amplitudes;

3. Perturbativity of the quartic couplings;

4. Vacuum stability;

5. FCNC observables.

Step-(ii) EWPD: We calculate the Peskin-Takeuchi oblique parameters in the 2HDM [? ?

? ], and compare them with the oblique parameters from the PDG and CDF results in

Eq. (??). Since we perform two parameter (S and T ) fitting under the assumption of

U = 0, we require �2 < 5.99.

Step-(iii) RGEs for ⇤c > 1 TeV: We demand that the model should be valid at least up

to 1 TeV. Using the RGE’s [? ? ? ? ? ], we run the dimensionless parameters in

the 2HDM, including the gauge couplings, the quartic couplings in the scalar potential,

and the Yukawa couplings of the top quark, bottom quark, and tau lepton. The initial

conditions of the gauge couplings and the Yukawa couplings are set at the top quark

mass scale mt = 173.34 GeV [? ]. As increasing the energy scale, we check the unitarity

and stability conditions. If any condition is broken at the energy scale below 1 TeV, we

exclude the parameter point. In other words, the cuto↵ scale ⇤c of the model should be

higher than 1 TeV. We use the public code 2HDME-v1.2 [? ] at one-loop level.

Step-(iv) Collider: The collider constraints consist of two categories, the Higgs precision data

and the direct search bounds at the LEP, Tevatron, and LHC. To check the consistency

with the Higgs precision, we use HiggsSignals-v2.6.2 [? ], which yields the �2
output

for 111 Higgs observables [? ? ? ? ? ? ? ? ]. Since there are six model parameters, the

number of degrees of freedom is 105. We demand that the p-value be larger than 0.05.

For the consistency with the direct searches at high energy collider, we use the public

code HiggsBounds-v5.10.2 [? ]. For each process at the LEP, Tevatron, and LHC, we

calculate the cross section in the model, and compare it with the upper bound on the

cross section at the 95% C.L. When the model prediction is above the observed upper

bound, we exclude the parameter point.

2
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3. Scan

III. SCANNING STRATEGIES

We perform random scanning of the model parameters by imposing all the theoretical and

experimental constraints. The scanning ranges in the NS and IS are

NS: MH 2 [130, 2000] GeV, MA 2 [15, 2000] GeV, (9)

s��↵ 2 [0.8, 1.0] , m
2
12 2

⇥
0, 10002

⇤
GeV2

,

IS: mh 2 [15, 120] GeV, MA 2 [15, 2000] GeV,

c��↵ 2 [0.8, 1.0] , m
2
12 2

⇥
0, 10002

⇤
GeV2

.

The range of s��↵ is set comfortably, although the most updated results on the Higgs coupling

modifiers are Z > 0.86 and W > 0.94 with W,Z  1 at 95% C.L. [87]. The parameters in

Eq. (9) are independent of the type, but MH± and t� are not, because of the FCNC observ-

ables [75, 76]: MH± in type-II and type-Y is tightly constrained to be MH± & 580 GeV; MH±

in type-I and type-X can be as light as about 100 GeV. Therefore, we take the following ranges

for MH± and t�:

type-I & type-X: MH± 2 [80, 2000] GeV, t� 2 [1, 50] , (10)

type-II & type-Y: MH± 2 [580, 2000] GeV, t� 2 [0.5, 50] .

With the prepared random parameter points, we cumulatively impose the following steps

for the theoretical and experimental constraints:

Step-(i) Theory+FCNC: We require a parameter point to satisfy the theoretical stabilities

and the FCNC results, by using the public code 2HDMC-v1.8.0 [83].

1. Higgs potential being bounded from below [88];

2. Perturbative unitarity of the amplitudes of scalar-scalar, scalar-vector, and vector-

vector scatterings at high energies [89, 90];

3. Perturbativity of the quartic couplings [77, 81];

4. Vacuum stability [91].

5. FCNC observables: In type-I and type-X, the viable space of (MH± , t�) is determined

practically by b ! s� [75, 76]. In type-II and type-Y, on the other hand, �MBs [92]

is more important for MH± & 650 GeV.

Step-(ii) EWPD: We calculate the Peskin-Takeuchi oblique parameters in the 2HDM [93–

95], and compare them with the oblique parameters from the PDG and CDF results in

Eq. (8). Since we perform two parameter (S and T ) fitting under the assumption of

U = 0, we require �
2
< 5.99.

Step-(iii) RGEs for ⇤c > 1 TeV: We demand that the model should be valid at least up

to 1 TeV. Using the RGE’s [77, 86, 96–98], we run the dimensionless parameters in

7

Contents

for the theoretical and experimental constraints:

Step-(i) Theory+FCNC: We require a parameter point to satisfy the theoretical stabilities

and the FCNC results, by using the public code 2HDMC-v1.8.0 [? ].

1. Higgs potential being bounded from below;

2. Perturbative unitarity of the scattering amplitudes;

3. Perturbativity of the quartic couplings;

4. Vacuum stability;

5. FCNC observables.

Step-(ii) EWPD: We calculate the Peskin-Takeuchi oblique parameters in the 2HDM [? ?

? ], and compare them with the oblique parameters from the PDG and CDF results in

Eq. (??). Since we perform two parameter (S and T ) fitting under the assumption of

U = 0, we require �2 < 5.99.

Step-(iii) RGEs for ⇤c > 1 TeV: We demand that the model should be valid at least up

to 1 TeV. Using the RGE’s [? ? ? ? ? ], we run the dimensionless parameters in

the 2HDM, including the gauge couplings, the quartic couplings in the scalar potential,

and the Yukawa couplings of the top quark, bottom quark, and tau lepton. The initial

conditions of the gauge couplings and the Yukawa couplings are set at the top quark

mass scale mt = 173.34 GeV [? ]. As increasing the energy scale, we check the unitarity

and stability conditions. If any condition is broken at the energy scale below 1 TeV, we

exclude the parameter point. In other words, the cuto↵ scale ⇤c of the model should be

higher than 1 TeV. We use the public code 2HDME-v1.2 [? ] at one-loop level.

Step-(iv) Collider: The collider constraints consist of two categories, the Higgs precision data

and the direct search bounds at the LEP, Tevatron, and LHC. To check the consistency

with the Higgs precision, we use HiggsSignals-v2.6.2 [? ], which yields the �2
output

for 111 Higgs observables [? ? ? ? ? ? ? ? ]. Since there are six model parameters, the

number of degrees of freedom is 105. We demand that the p-value be larger than 0.05.

For the consistency with the direct searches at high energy collider, we use the public

code HiggsBounds-v5.10.2 [? ]. For each process at the LEP, Tevatron, and LHC, we

calculate the cross section in the model, and compare it with the upper bound on the

cross section at the 95% C.L. When the model prediction is above the observed upper

bound, we exclude the parameter point.

2

Not too large quartic 
couplings
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• Constraints from FCNC

[1706.07414 ]
Figure 8. Regions of the (MH+ , tan�) parameter space excluded by flavour constraints at 95%
C.L. for the di↵erent 2HDM Yukawa types. The colour coding corresponds to exclusion by di↵erent
constraints, as described by the legend. The green region is consistent with all constraints. The
obtained constraints are independent of the remaining 2HDM parameters.

�tt and �bb. Since the Yukawa types II and III share the same coupling pattern for the

quarks, |�tt| = 1/|�bb|, one obtains a tan�-independent lower limit on the charged Higgs

mass for these two types from BR(B ! Xs�).

The decayBs ! µ
+
µ
�, which is very constraining in supersymmetric models [176, 177],

is sensitive to large values of �µµ, �bb and �tt, and small charged Higgs masses. In the

2HDM, it constrains therefore mainly the low tan� region.

For the decay Bu ! ⌧⌫ (and similarly Ds ! ⌧⌫) the charged Higgs boson appears

already at tree-level, and does not su↵er from the helicity suppression as does the W boson

in the SM. The interference, which is proportional to the product �bb�⌧⌧ , is therefore rather

large and leads to a reduced branching fraction. In type II, �bb�⌧⌧ ⇠ tan2 �, and hence

Bu ! ⌧⌫ leads to strong constraints at large tan�.

In Fig. 9, we show in addition the constraints from B ! K`
+
`
� branching ratios,

B ! K
⇤
`
+
`
� branching ratios and angular observables, Bs ! �µ

+
µ
� branching ratio and

angular observables and B ! Xs`
+
`
� branching ratios and forward-backward asymme-

tries. The full list of the employed observables can be found in Ref. [154]. The combined

constraints obtained based on a �
2 study (see Sec. 3.2) is also provided. While the very

strong constraint from BR(B ! Xs�) is dominant for the four types, its consistency and

26

type-I

type-II

type-X

type-Y

https://arxiv.org/abs/1706.07414
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Figure 2: Allowed regions of (MH ,MA) in the NS (upper panels) and (mh,MA) in the IS (lower

panels) by the theoretical stabilities and the b ! s� constraint. The results in type-I and type-X are

in the left panels, while those in type-II and type-Y are in the right panels. The color codes indicate

MH± .

the final Step-(iv), even though the survival probabilities are very small, of the order of 0.1%

(0.01%) for the PDG (CDF) result. We find that type-I has the largest survival probabilities

while type-II and type-Y have the smallest probabilities. In the IS, type-II and type-Y are

totally excluded.2 The decisive factor is the combination of MH± > 580 GeV from b ! s� and

the requirement of ⇤c > 1 TeV. The constraint from b ! s� demands heavy charged Higgs

boson mass, which brings out too fast running of the quartic couplings. Type-I and type-X are

still allowed in the IS.

Now we study the di↵erences between the PDG and CDF results. As shown in Table II, the

survival probabilities are very di↵erent, which are much smaller for the CDF result in all the

eight cases. The probability gap between the PDG and CDF results widens sharply at Step-(ii).

2 To confirm this finding, we increased the number of points in random scanning. But no parameter point

survived for type-II and type-Y in the IS.

9

Allowed regions after Step-(i)
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Figure 2: Allowed regions of (MH ,MA) in the NS (upper panels) and (mh,MA) in the IS (lower

panels) by the theoretical stabilities and the b ! s� constraint. The results in type-I and type-X are

in the left panels, while those in type-II and type-Y are in the right panels. The color codes indicate

MH± .

the final Step-(iv), even though the survival probabilities are very small, of the order of 0.1%

(0.01%) for the PDG (CDF) result. We find that type-I has the largest survival probabilities

while type-II and type-Y have the smallest probabilities. In the IS, type-II and type-Y are

totally excluded.2 The decisive factor is the combination of MH± > 580 GeV from b ! s� and

the requirement of ⇤c > 1 TeV. The constraint from b ! s� demands heavy charged Higgs

boson mass, which brings out too fast running of the quartic couplings. Type-I and type-X are

still allowed in the IS.

Now we study the di↵erences between the PDG and CDF results. As shown in Table II, the

survival probabilities are very di↵erent, which are much smaller for the CDF result in all the

eight cases. The probability gap between the PDG and CDF results widens sharply at Step-(ii).

2 To confirm this finding, we increased the number of points in random scanning. But no parameter point

survived for type-II and type-Y in the IS.

9
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as follows:

normal scenario (NS) inverted scenario (IS)

hSM = h, '
0 = H hSM = H, '

0 = h

y
hSM
f

= 1, s��↵ = 1 y
hSM
f

= 1, s��↵ = 0

y
A
t = �y

'
0

t
= 1

t�
, y

A

`
= y

'
0

`
= t� y

A
t = y

'
0

t
= 1

t�
, y

A

`
= �y

'
0

`
= t�

(2.6)

In the Higgs alignment limit, the quartic couplings in terms of the model parameters

are [90]

�1 =
1

v2

h
m

2
125 + t

2
�

⇣
m

2
'0 � M

2
⌘i

, (2.7)
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v2

"
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2
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1

t
2
�
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m

2
'0 � M

2
⌘#

,

�3 =
1

v2

h
m

2
125 � m

2
'0 � M

2 + 2M
2
H±

i
,

�4 =
1

v2

⇥
M

2 + M
2
A � 2M

2
H±

⇤
,

�5 =
1

v2

⇥
M

2
� M

2
A

⇤
,

where m125 = 125 GeV. The second term of �1 is proportional to t
2
�

and thus dominantly

controls the theoretical constraints in the limit of large t� . Therefore, we need the condition

of m
2
'0 ⇡ M

2 to ensure an exact or almost exact cancellation in the t
2
�

term of �1. This

criteria should be satisfied more strictly in the normal scenario where m'0 > m125. Once

we demand m
2
'0 ⇡ M

2, the perturbativity of the other quartic couplings, |�2,···5| < 4⇡,

causes a chain reaction of limiting the masses as

MA ⇠ MH± ⇠ M ⇡ m'0 . (2.8)

Another smoking-gun signature especially for very light MA is the non-SM decay of

the Higgs boson, hSM ! AA. The hSM-A-A vertex is

�hSMAA =
1

v

�
�m

2
125 � 2M

2
A + 2M

2
�
. (2.9)

The condition in Eq. (2.8) makes it di�cult to have a vanishing �hSMAA. Since the Higgs

precision measurement puts a strong bound on the exotic Higgs decay as B(hSM ! XX) .
O(0.1) [91], the parameter region with MA  m125/2 is highly disfavored.

3 �aµ in the Type-X 2HDM

The Type-X 2HDM accommodates two kinds of new contributions to �aµ, one-loop con-

tributions and two-loop Barr-Zee contributions [92, 93]. The one-loop contributions are

– 6 –

3. Scan

• Origin of the similar masses: theoretical stability
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3. Scan

III. SCANNING STRATEGIES

We perform random scanning of the model parameters by imposing all the theoretical and

experimental constraints. The scanning ranges in the NS and IS are

NS: MH 2 [130, 2000] GeV, MA 2 [15, 2000] GeV, (9)

s��↵ 2 [0.8, 1.0] , m
2
12 2

⇥
0, 10002

⇤
GeV2

,

IS: mh 2 [15, 120] GeV, MA 2 [15, 2000] GeV,

c��↵ 2 [0.8, 1.0] , m
2
12 2

⇥
0, 10002

⇤
GeV2

.

The range of s��↵ is set comfortably, although the most updated results on the Higgs coupling

modifiers are Z > 0.86 and W > 0.94 with W,Z  1 at 95% C.L. [87]. The parameters in

Eq. (9) are independent of the type, but MH± and t� are not, because of the FCNC observ-

ables [75, 76]: MH± in type-II and type-Y is tightly constrained to be MH± & 580 GeV; MH±

in type-I and type-X can be as light as about 100 GeV. Therefore, we take the following ranges

for MH± and t�:

type-I & type-X: MH± 2 [80, 2000] GeV, t� 2 [1, 50] , (10)

type-II & type-Y: MH± 2 [580, 2000] GeV, t� 2 [0.5, 50] .

With the prepared random parameter points, we cumulatively impose the following steps

for the theoretical and experimental constraints:

Step-(i) Theory+FCNC: We require a parameter point to satisfy the theoretical stabilities

and the FCNC results, by using the public code 2HDMC-v1.8.0 [83].

1. Higgs potential being bounded from below [88];

2. Perturbative unitarity of the amplitudes of scalar-scalar, scalar-vector, and vector-

vector scatterings at high energies [89, 90];

3. Perturbativity of the quartic couplings [77, 81];

4. Vacuum stability [91].

5. FCNC observables: In type-I and type-X, the viable space of (MH± , t�) is determined

practically by b ! s� [75, 76]. In type-II and type-Y, on the other hand, �MBs [92]

is more important for MH± & 650 GeV.

Step-(ii) EWPD: We calculate the Peskin-Takeuchi oblique parameters in the 2HDM [93–

95], and compare them with the oblique parameters from the PDG and CDF results in

Eq. (8). Since we perform two parameter (S and T ) fitting under the assumption of

U = 0, we require �
2
< 5.99.

Step-(iii) RGEs for ⇤c > 1 TeV: We demand that the model should be valid at least up

to 1 TeV. Using the RGE’s [77, 86, 96–98], we run the dimensionless parameters in

7

3

with new CDF measured mW . Hence, the measurement
of A

0,b
FB needs special treatment in the future. On the

other hand, we also show the predictions of each observ-
able by removing its input value once a time in the EW
fits in the fourth and sixth columns in the Tab. I. As
expected, mt, mZ and �↵

(5)
had

are sensitive to the change
of mW . Moreover, if the Higgs mass mh measured by
LHC is removed, its best point from the global EW fits
is dramatically reduced. It is because the W boson mass
can be written as [35]

mW = m
0
W

� C1 ln rh + C2(r
2
t
� 1) � C3 ln rh(r2

t
� 1) + ...

(4)
where m

0
W

is the leading order value of W boson mass,
and rh ⌘ mh/(100 GeV), rt ⌘ mt/(173.4 GeV). C1,
C2 and C3 are positive coe�cients. Once the mW is in-
creased, the prediction of mh without its input values in
the EW fits will be decreased to compensate the di↵er-
ence between mW and m

0
W

. Note that without the LHC
input for mh, the CDF (2022) measurement of mW to-
gether with other EWPOs indicates an extremely light
Higgs mh ⇡ 42+10

�8 GeV, which is considerably inconsis-
tent with current measurement. If the CDF (2022) mea-
surement is confirmed by other experiments, it strongly
indicates that there is unknown correction to mW from
mh in SM or there is new physics in the scalar sector.
When both mt and mh are not used in the EW fits, the
antagonistic e↵ect between mt and mh makes the allowed
regions oblique. In order to fit the mW value and mini-
mize the total �

2, heavier mt and mh are preferred as the
best point. The above numerical results are visualized in
the Fig. S2 and S3 in supplementary materials. Besides,
we also use both values of mW in PDG (2021) and CDF
(2022) as the input parameters in the global EW fits, but
find that the best points are just slightly di↵erent from
that only using the CDF (2022).

NEW BOUNDS AND NEW PHYSICS

Table II. The values of S, T and U and the correlation matrix
allowed by the EW fit with the W boson mass from CDF
(2022) and PDG (2021), respectively. mh = 125 GeV and
mt = 172.5 GeV are used as the SM reference point.

13 dof
PDG 2021 CDF 2022

Result Correlation Result Correlation
�
2
min = 15.42 S T U �

2
min = 15.44 S T U

S 0.06 ± 0.10 1.00 0.90 �0.57 0.06 ± 0.10 1.00 0.90 �0.59
T 0.11 ± 0.12 1.00 �0.82 0.11 ± 0.12 1.00 �0.85
U �0.02 ± 0.09 1.00 0.14 ± 0.09 1.00

The EWPOs generically impose stringent constraints
on any theory of electroweak symmetry breaking. Most
of the new physics e↵ects on precision measurements can

Table III. Same as Tab. II, but for S and T with �U = 0.

U = 0
PDG 2021 CDF 2022

Result Correlation Result Correlation
14 dof �

2
min = 15.48 S T �

2
min = 17.82 S T

S 0.05 ± 0.08 1.00 0.92 0.15 ± 0.08 1.00 0.93
T 0.09 ± 0.07 1.00 0.27 ± 0.06 1.00

Figure 1. The 1- and 2-� allowed regions in S-T plane from
the electroweak fits using the PDG 2021 data set with the old
value of mW (green region) and the new CDF value of mW

(red region).

be described by the oblique parameters S, T , and U
1 [54].

In Tab. II, we give the allowed values of S, T and U and
the correlation matrix by using the EW fit with the W

mass from CDF (2022) and PDG (2021), respectively.
The main di↵erences are that the central value of U pa-
rameter predicted by CDF (2022) is much larger than
that predicted by PDG (2021), and the correlations be-
tween U and S or T are mildly strengthened as well. If
making U > S, T , one may need to introduce some new
large multiplet with su�cient low masses of the com-
ponents beyond the SM [55]. We note that the �

2
min

in Tab. I can be reduced to 15.44 from 64.45 if includ-
ing S, T and U in the fit, which demonstrate that the
oblique parameters can describe the main e↵ects caused
by newly measured W boson mass. On the other hand,
since the values of U parameter are found to be very
small in many new physics models, we also present the
results for S and T with �U = 0 in Tab. III and the
Fig. 1. Without the extra freedom of the U parameter,
one can only increase both S and T parameters to fit
mW . It can be seen that the SM value is within the 2�

allowed region by the PDG (2021), however, which is far

1
Besides, there are other equivalent constraints from the EWPOs,

such as (MW , ⇢, sin2 ✓eff ) and (✏1, ✏2, ✏3) parameters [49–53].
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3. Scan

III. SCANNING STRATEGIES

We perform random scanning of the model parameters by imposing all the theoretical and

experimental constraints. The scanning ranges in the NS and IS are

NS: MH 2 [130, 2000] GeV, MA 2 [15, 2000] GeV, (9)

s��↵ 2 [0.8, 1.0] , m
2
12 2

⇥
0, 10002

⇤
GeV2

,

IS: mh 2 [15, 120] GeV, MA 2 [15, 2000] GeV,

c��↵ 2 [0.8, 1.0] , m
2
12 2

⇥
0, 10002

⇤
GeV2

.

The range of s��↵ is set comfortably, although the most updated results on the Higgs coupling

modifiers are Z > 0.86 and W > 0.94 with W,Z  1 at 95% C.L. [87]. The parameters in

Eq. (9) are independent of the type, but MH± and t� are not, because of the FCNC observ-

ables [75, 76]: MH± in type-II and type-Y is tightly constrained to be MH± & 580 GeV; MH±

in type-I and type-X can be as light as about 100 GeV. Therefore, we take the following ranges

for MH± and t�:

type-I & type-X: MH± 2 [80, 2000] GeV, t� 2 [1, 50] , (10)

type-II & type-Y: MH± 2 [580, 2000] GeV, t� 2 [0.5, 50] .

With the prepared random parameter points, we cumulatively impose the following steps

for the theoretical and experimental constraints:

Step-(i) Theory+FCNC: We require a parameter point to satisfy the theoretical stabilities

and the FCNC results, by using the public code 2HDMC-v1.8.0 [83].

1. Higgs potential being bounded from below [88];

2. Perturbative unitarity of the amplitudes of scalar-scalar, scalar-vector, and vector-

vector scatterings at high energies [89, 90];

3. Perturbativity of the quartic couplings [77, 81];

4. Vacuum stability [91].

5. FCNC observables: In type-I and type-X, the viable space of (MH± , t�) is determined

practically by b ! s� [75, 76]. In type-II and type-Y, on the other hand, �MBs [92]

is more important for MH± & 650 GeV.

Step-(ii) EWPD: We calculate the Peskin-Takeuchi oblique parameters in the 2HDM [93–

95], and compare them with the oblique parameters from the PDG and CDF results in

Eq. (8). Since we perform two parameter (S and T ) fitting under the assumption of

U = 0, we require �
2
< 5.99.

Step-(iii) RGEs for ⇤c > 1 TeV: We demand that the model should be valid at least up

to 1 TeV. Using the RGE’s [77, 86, 96–98], we run the dimensionless parameters in

7
• Running of quartic couplings 

via RGE can be too fast to 
break unitarity, vacuum 
stability, or perturbativity. 


• We require that the scalar 
potential be stable up to 1 
TeV.
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the 2HDM, including the gauge couplings, the quartic couplings in the scalar potential,

and the Yukawa couplings of the top quark, bottom quark, and tau lepton. The initial

conditions of the gauge couplings and the Yukawa couplings are set at the top quark

mass scale mt = 173.34 GeV [99]. As increasing the energy scale, we check the unitarity

and stability conditions. If any condition is broken at the energy scale below 1 TeV, we

exclude the parameter point. In other words, the cuto↵ scale ⇤c of the model should be

higher than 1 TeV. We use the public code 2HDME-v1.2 [99] at one-loop level.

Step-(iv) Collider: The collider constraints consist of two categories, the Higgs precision data

and the direct search bounds at the LEP, Tevatron, and LHC. To check the consistency

with the Higgs precision, we use HiggsSignals-v2.6.2 [84], which yields the �
2 output

for 111 Higgs observables [100–107]. Since there are six model parameters, the number

of degrees of freedom is 105. We demand that the p-value be larger than 0.05. For the

consistency with the direct searches at high energy collider, we use the public code Hig-

gsBounds-v5.10.2 [85]. For each process at the LEP, Tevatron, and LHC, we calculate

the cross section in the model, and compare it with the upper bound on the cross sec-

tion at the 95% C.L. When the model prediction is above the observed upper bound, we

exclude the parameter point.

We perform the random scan over the entire six-dimensional parameter space. For each

type in the NS and IS, we obtained 107 parameter points that satisfy Step-(i), which is to be

the reference when computing the survival probabilities. Before proceeding to the subsequent

steps, we investigate the implications of Step-(i) on the masses of new Higgs bosons. In Fig. 2,

we present the parameter points in (MH ,MA) that pass Step-(i), where the color codes denote

MH± . The results in the NS (IS) are in the upper (lower) panels and those at type-I/X (type-

II/Y) are in the left (right) panels.

The theoretical stabilities and the FCNC observables significantly restrict the masses of new

Higgs bosons. In the NS, the low mass regions with MA,MH ,MH± . 750 GeV are uniformly

permitted, without a correlation among the masses. For the high mass above 750 GeV, however,

Step-(i) demands a considerable correlation, preferring small mass gaps including the mass

degeneracy. The higher the mass scales are, the smaller the mass gaps will be. In the IS,

Step-(i) already puts the upper bounds on MA and MH± , below about 750 GeV.

Now we cumulatively impose the constraints of Step-(ii), Step-(iii), and Step-(iv). In Table

II, we present the survival probabilities1 of the random scanning in Eqs. (9) and (10) at each

step in the NS and IS for all the four types, with respect to the parameter points that pass

Step-(i). One of the most important features is that the combination of all the theoretical

and experimental constraints restricts the model more severely for the CDF result than for the

PDG.

Let us compare the overall di↵erences between the NS and IS. In the NS, all the types survive

1 The survival probabilities depend on the scanning ranges. For smaller ranges, the probabilities increase.
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for the theoretical and experimental constraints:

Step-(i) Theory+FCNC: We require a parameter point to satisfy the theoretical stabilities

and the FCNC results, by using the public code 2HDMC-v1.8.0 [? ].

1. Higgs potential being bounded from below;

2. Perturbative unitarity of the scattering amplitudes;

3. Perturbativity of the quartic couplings;

4. Vacuum stability;

5. FCNC observables.

Step-(ii) EWPD: We calculate the Peskin-Takeuchi oblique parameters in the 2HDM [? ?

? ], and compare them with the oblique parameters from the PDG and CDF results in

Eq. (??). Since we perform two parameter (S and T ) fitting under the assumption of

U = 0, we require �2 < 5.99.

Step-(iii) RGEs for ⇤c > 1 TeV: We demand that the model should be valid at least up

to 1 TeV. Using the RGE’s [? ? ? ? ? ], we run the dimensionless parameters in

the 2HDM, including the gauge couplings, the quartic couplings in the scalar potential,

and the Yukawa couplings of the top quark, bottom quark, and tau lepton. The initial

conditions of the gauge couplings and the Yukawa couplings are set at the top quark

mass scale mt = 173.34 GeV [? ]. As increasing the energy scale, we check the unitarity

and stability conditions. If any condition is broken at the energy scale below 1 TeV, we

exclude the parameter point. In other words, the cuto↵ scale ⇤c of the model should be

higher than 1 TeV. We use the public code 2HDME-v1.2 [? ] at one-loop level.

Step-(iv) Collider: x

1. Higgs precision data via HiggsSignals;

2. direct searches at high energy collider via HiggsBounds.

2

3. Scan
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3. Scan

EWPD ⇤c > 1 TeV Collider EWPD ⇤c > 1 TeV Collider

Normal scenario Inverted scenario

type-I
PDG 12.98% 5.13% 0.60% 7.20% 5.08% 0.85%

CDF 4.42% 1.31% 0.14% 1.30% 0.72% 0.19%

type-II
PDG 10.76% 0.43% 0.20% 2.14% 0 0

CDF 3.36% 0.03% 0.01% 0.69% 0 0

type-X
PDG 12.98% 5.13% 0.18% 7.20% 5.08% 0.03%

CDF 4.42% 1.31% 0.03% 1.30% 0.72% 0.01%

type-Y
PDG 10.76% 0.43% 0.20% 2.14% 0 0

CDF 3.36% 0.03% 0.01% 0.69% 0 0

Table II: Survival probabilities at each step in the NS and IS for all the four types, with respect to the

parameter points that pass Step (i). For the EWPD, we adopt two di↵erent schemes of the oblique

parameters, before and after the CDF-updated mW measurement, denoted by “PDG” and “CDF”.

It is coming from the tension that the EWPD prefer sizable �MA and �Mh,H but ⇤c > 1 TeV

favors the mass degeneracy [86]. Step-(iv) including the Higgs precision data and the direct

search bounds also reduces the parameter space substantially, in both cases with the PDG and

CDF results.

To demonstrate the origin of the di↵erences between the PDG and CDF in more detail, we

present the parameter points of (MH ,MA) that survive each step. In Fig. 3, we consider type-I

in the NS. At Step-(ii), both the PDG and CDF cases yield similar funnel shapes, stretching

to the heavy mass regions. But the size is di↵erent: the CDF result generates a slimmer area

with substantial mass gaps; the PDG case allows a broader area, including MH = MA = MH± .

When imposing ⇤c > 1 TeV, whether to save the heavy mass region depends on the presence

or absence of the total mass degeneracy, as shown in Fig. 1. Therefore, the combination of the

S/T constraint with ⇤c > 1 TeV puts the upper bounds on the masses of new Higgs bosons in

the CDF case. The constraints from the Higgs precision data and the direct collider searches

at Step-(iv) reduce the viable parameter points, but the upper bounds on new Higgs bosons

remain intact.

Figure 4 presents the same results for type-II, where MH± > 580 GeV due to the constraints

from FCNC. As in type-I, the EWPD before and after the CDF mW measurement yield similar

shapes in MA versus MH . Sizable mass gaps are also required in the CDF case. A dramatic

di↵erence occurs when we further impose ⇤c > 1 TeV, which puts the upper bounds on the

masses of new Higgs bosons and the lower bounds on MH and MA. At the final Step-(iv), a

large portion of the parameter space is further excluded, but the mass bounds of new Higgs

bosons remain almost intact.

10

• Survival probabilities about ten million points that pass Step-(i)
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3. Scan

• Survival probabilities about Step-(i)

• In terms of survival probabilities, PDG wins, especially in type-II and type-Y

EWPD ⇤c > 1 TeV Collider EWPD ⇤c > 1 TeV Collider

Normal scenario Inverted scenario

type-I
PDG 12.98% 5.13% 0.60% 7.20% 5.08% 0.85%

CDF 4.42% 1.31% 0.14% 1.30% 0.72% 0.19%

type-II
PDG 10.76% 0.43% 0.20% 2.14% 0 0

CDF 3.36% 0.03% 0.01% 0.69% 0 0

type-X
PDG 12.98% 5.13% 0.18% 7.20% 5.08% 0.03%

CDF 4.42% 1.31% 0.03% 1.30% 0.72% 0.01%

type-Y
PDG 10.76% 0.43% 0.20% 2.14% 0 0

CDF 3.36% 0.03% 0.01% 0.69% 0 0

Table II: Survival probabilities at each step in the NS and IS for all the four types, with respect to the

parameter points that pass Step (i). For the EWPD, we adopt two di↵erent schemes of the oblique

parameters, before and after the CDF-updated mW measurement, denoted by “PDG” and “CDF”.

It is coming from the tension that the EWPD prefer sizable �MA and �Mh,H but ⇤c > 1 TeV

favors the mass degeneracy [86]. Step-(iv) including the Higgs precision data and the direct

search bounds also reduces the parameter space substantially, in both cases with the PDG and

CDF results.

To demonstrate the origin of the di↵erences between the PDG and CDF in more detail, we

present the parameter points of (MH ,MA) that survive each step. In Fig. 3, we consider type-I

in the NS. At Step-(ii), both the PDG and CDF cases yield similar funnel shapes, stretching

to the heavy mass regions. But the size is di↵erent: the CDF result generates a slimmer area

with substantial mass gaps; the PDG case allows a broader area, including MH = MA = MH± .

When imposing ⇤c > 1 TeV, whether to save the heavy mass region depends on the presence

or absence of the total mass degeneracy, as shown in Fig. 1. Therefore, the combination of the

S/T constraint with ⇤c > 1 TeV puts the upper bounds on the masses of new Higgs bosons in

the CDF case. The constraints from the Higgs precision data and the direct collider searches

at Step-(iv) reduce the viable parameter points, but the upper bounds on new Higgs bosons

remain intact.

Figure 4 presents the same results for type-II, where MH± > 580 GeV due to the constraints

from FCNC. As in type-I, the EWPD before and after the CDF mW measurement yield similar

shapes in MA versus MH . Sizable mass gaps are also required in the CDF case. A dramatic

di↵erence occurs when we further impose ⇤c > 1 TeV, which puts the upper bounds on the

masses of new Higgs bosons and the lower bounds on MH and MA. At the final Step-(iv), a

large portion of the parameter space is further excluded, but the mass bounds of new Higgs

bosons remain almost intact.

10
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3. Scan

• Survival probabilities about Step-(i)

EXCLUDED!

EXCLUDED!

• PDG wins, especially in type-II and type-Y

EWPD ⇤c > 1 TeV Collider EWPD ⇤c > 1 TeV Collider

Normal scenario Inverted scenario

type-I
PDG 12.98% 5.13% 0.60% 7.20% 5.08% 0.85%

CDF 4.42% 1.31% 0.14% 1.30% 0.72% 0.19%

type-II
PDG 10.76% 0.43% 0.20% 2.14% 0 0

CDF 3.36% 0.03% 0.01% 0.69% 0 0

type-X
PDG 12.98% 5.13% 0.18% 7.20% 5.08% 0.03%

CDF 4.42% 1.31% 0.03% 1.30% 0.72% 0.01%

type-Y
PDG 10.76% 0.43% 0.20% 2.14% 0 0

CDF 3.36% 0.03% 0.01% 0.69% 0 0

Table II: Survival probabilities at each step in the NS and IS for all the four types, with respect to the

parameter points that pass Step (i). For the EWPD, we adopt two di↵erent schemes of the oblique

parameters, before and after the CDF-updated mW measurement, denoted by “PDG” and “CDF”.

It is coming from the tension that the EWPD prefer sizable �MA and �Mh,H but ⇤c > 1 TeV

favors the mass degeneracy [86]. Step-(iv) including the Higgs precision data and the direct

search bounds also reduces the parameter space substantially, in both cases with the PDG and

CDF results.

To demonstrate the origin of the di↵erences between the PDG and CDF in more detail, we

present the parameter points of (MH ,MA) that survive each step. In Fig. 3, we consider type-I

in the NS. At Step-(ii), both the PDG and CDF cases yield similar funnel shapes, stretching

to the heavy mass regions. But the size is di↵erent: the CDF result generates a slimmer area

with substantial mass gaps; the PDG case allows a broader area, including MH = MA = MH± .

When imposing ⇤c > 1 TeV, whether to save the heavy mass region depends on the presence

or absence of the total mass degeneracy, as shown in Fig. 1. Therefore, the combination of the

S/T constraint with ⇤c > 1 TeV puts the upper bounds on the masses of new Higgs bosons in

the CDF case. The constraints from the Higgs precision data and the direct collider searches

at Step-(iv) reduce the viable parameter points, but the upper bounds on new Higgs bosons

remain intact.

Figure 4 presents the same results for type-II, where MH± > 580 GeV due to the constraints

from FCNC. As in type-I, the EWPD before and after the CDF mW measurement yield similar

shapes in MA versus MH . Sizable mass gaps are also required in the CDF case. A dramatic

di↵erence occurs when we further impose ⇤c > 1 TeV, which puts the upper bounds on the

masses of new Higgs bosons and the lower bounds on MH and MA. At the final Step-(iv), a

large portion of the parameter space is further excluded, but the mass bounds of new Higgs

bosons remain almost intact.

10
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4. Characteristics

Figure 3: In type-I of the normal scenario, the allowed parameter space of (MH ,MA) after Step-(ii)

(EWPD), Step-(iii) (Step(ii)+RGE), and Step-(iv) (Step(iii)+Higgs precision+Direct searches), with

the color code indicating MH± . The upper panels are for PDG and the lower panels for CDF.

In summary, we present the allowed mass ranges in the NS:

NS-I: MH± 2 [87, 1091] GeV, MH 2 [130, 1092] GeV, MA 2 [22, 1098] GeV; (11)

NS-II: MH± 2 [598, 1139] GeV, MH 2 [419, 1128] GeV, MA 2 [459, 1125] GeV;

NS-X: MH± 2 [99, 1091] GeV, MH 2 [132, 1092] GeV, MA 2 [30, 1098] GeV;

NS-Y: MH± 2 [595, 1139] GeV, MH 2 [419, 1128] GeV, MA 2 [459, 1125] GeV;

and in the IS:

IS-I: MH± 2 [144, 455] GeV, mh 2 [16, 120] GeV, MA 2 [38, 429] GeV; (12)

IS-X: MH± 2 [166, 446] GeV, mh 2 [62.5, 120] GeV, MA 2 [16, 420] GeV.

It is noteworthy that a light charged Higgs boson with mass below the top quark mass is

feasible in type-I and type-X of both scenarios. Moreover, NS-I and NS-X accommodateMH± '
100 GeV [108].

IV. CHARACTERISTIC FEATURES OF THE NORMAL SCENARIO

In this section, we study the characteristics of the finally allowed parameters in the NS, when

adopting the CDF mW measurement. Since the results of type-I (type-II) are similar to those

of type-X (type-Y), we show type-I and type-X (type-II and type-Y) together.

11

• type-I in NS
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4. Characteristics

Figure 3: In type-I of the normal scenario, the allowed parameter space of (MH ,MA) after Step-(ii)

(EWPD), Step-(iii) (Step(ii)+RGE), and Step-(iv) (Step(iii)+Higgs precision+Direct searches), with

the color code indicating MH± . The upper panels are for PDG and the lower panels for CDF.

In summary, we present the allowed mass ranges in the NS:

NS-I: MH± 2 [87, 1091] GeV, MH 2 [130, 1092] GeV, MA 2 [22, 1098] GeV; (11)

NS-II: MH± 2 [598, 1139] GeV, MH 2 [419, 1128] GeV, MA 2 [459, 1125] GeV;

NS-X: MH± 2 [99, 1091] GeV, MH 2 [132, 1092] GeV, MA 2 [30, 1098] GeV;

NS-Y: MH± 2 [595, 1139] GeV, MH 2 [419, 1128] GeV, MA 2 [459, 1125] GeV;

and in the IS:

IS-I: MH± 2 [144, 455] GeV, mh 2 [16, 120] GeV, MA 2 [38, 429] GeV; (12)

IS-X: MH± 2 [166, 446] GeV, mh 2 [62.5, 120] GeV, MA 2 [16, 420] GeV.

It is noteworthy that a light charged Higgs boson with mass below the top quark mass is

feasible in type-I and type-X of both scenarios. Moreover, NS-I and NS-X accommodateMH± '
100 GeV [108].

IV. CHARACTERISTIC FEATURES OF THE NORMAL SCENARIO

In this section, we study the characteristics of the finally allowed parameters in the NS, when

adopting the CDF mW measurement. Since the results of type-I (type-II) are similar to those

of type-X (type-Y), we show type-I and type-X (type-II and type-Y) together.

11

• type-I in NS

• In the PDG, heavy BSM scalar with degenerate masses are still allowed. 

Torture by hope 
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4. Characteristics

Figure 3: In type-I of the normal scenario, the allowed parameter space of (MH ,MA) after Step-(ii)

(EWPD), Step-(iii) (Step(ii)+RGE), and Step-(iv) (Step(iii)+Higgs precision+Direct searches), with

the color code indicating MH± . The upper panels are for PDG and the lower panels for CDF.

In summary, we present the allowed mass ranges in the NS:

NS-I: MH± 2 [87, 1091] GeV, MH 2 [130, 1092] GeV, MA 2 [22, 1098] GeV; (11)

NS-II: MH± 2 [598, 1139] GeV, MH 2 [419, 1128] GeV, MA 2 [459, 1125] GeV;

NS-X: MH± 2 [99, 1091] GeV, MH 2 [132, 1092] GeV, MA 2 [30, 1098] GeV;

NS-Y: MH± 2 [595, 1139] GeV, MH 2 [419, 1128] GeV, MA 2 [459, 1125] GeV;

and in the IS:

IS-I: MH± 2 [144, 455] GeV, mh 2 [16, 120] GeV, MA 2 [38, 429] GeV; (12)

IS-X: MH± 2 [166, 446] GeV, mh 2 [62.5, 120] GeV, MA 2 [16, 420] GeV.

It is noteworthy that a light charged Higgs boson with mass below the top quark mass is

feasible in type-I and type-X of both scenarios. Moreover, NS-I and NS-X accommodateMH± '
100 GeV [108].

IV. CHARACTERISTIC FEATURES OF THE NORMAL SCENARIO

In this section, we study the characteristics of the finally allowed parameters in the NS, when

adopting the CDF mW measurement. Since the results of type-I (type-II) are similar to those

of type-X (type-Y), we show type-I and type-X (type-II and type-Y) together.

11

• type-I in NS

• In the CDF, RGE removes BSM Higgs masses above 1 TeV. 
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4. Characteristics

Figure 4: In type-II of the normal scenario, the allowed parameter space of (MH ,MA) after Step-(ii),

Step-(iii), and Step-(iv), with the color code indicating MH± . The upper panels are for PDG while

the lower panels for CDF.

A. type-I and type-X

Figure 5: MA versus MH with color code of MH± in type-I (left panel) and type-X (right panel) in

the CDF case. We adopt the normal scenario.

First, we take a closer look at the allowed masses at the final Step-(iv). In Fig 5, we present

MA versus MH with color code of MH± in type-I (left panel) and type-X (right panel). In

12

• type-II in NS
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4. Characteristics

Figure 4: In type-II of the normal scenario, the allowed parameter space of (MH ,MA) after Step-(ii),

Step-(iii), and Step-(iv), with the color code indicating MH± . The upper panels are for PDG while

the lower panels for CDF.

A. type-I and type-X

Figure 5: MA versus MH with color code of MH± in type-I (left panel) and type-X (right panel) in

the CDF case. We adopt the normal scenario.

First, we take a closer look at the allowed masses at the final Step-(iv). In Fig 5, we present

MA versus MH with color code of MH± in type-I (left panel) and type-X (right panel). In

12

• type-II in NS

• RGE excludes sizable mass gaps among BSM Higgs masses below 500 GeV. 
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4. Characteristics

Figure 4: In type-II of the normal scenario, the allowed parameter space of (MH ,MA) after Step-(ii),

Step-(iii), and Step-(iv), with the color code indicating MH± . The upper panels are for PDG while

the lower panels for CDF.

A. type-I and type-X

Figure 5: MA versus MH with color code of MH± in type-I (left panel) and type-X (right panel) in

the CDF case. We adopt the normal scenario.

First, we take a closer look at the allowed masses at the final Step-(iv). In Fig 5, we present

MA versus MH with color code of MH± in type-I (left panel) and type-X (right panel). In

12

• type-II in NS

• In the CDF, there are upper bounds on BSM Higgs masses. 
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4. Characteristics

• type-I vs type-X in NS

Figure 4: In type-II of the normal scenario, the allowed parameter space of (MH ,MA) after Step-(ii),

Step-(iii), and Step-(iv), with the color code indicating MH± . The upper panels are for PDG while

the lower panels for CDF.

A. type-I and type-X

Figure 5: MA versus MH with color code of MH± in type-I (left panel) and type-X (right panel) in

the CDF case. We adopt the normal scenario.

First, we take a closer look at the allowed masses at the final Step-(iv). In Fig 5, we present

MA versus MH with color code of MH± in type-I (left panel) and type-X (right panel). In

12
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4. Characteristics

• type-I vs type-X in NS

Figure 4: In type-II of the normal scenario, the allowed parameter space of (MH ,MA) after Step-(ii),

Step-(iii), and Step-(iv), with the color code indicating MH± . The upper panels are for PDG while

the lower panels for CDF.

A. type-I and type-X

Figure 5: MA versus MH with color code of MH± in type-I (left panel) and type-X (right panel) in

the CDF case. We adopt the normal scenario.

First, we take a closer look at the allowed masses at the final Step-(iv). In Fig 5, we present

MA versus MH with color code of MH± in type-I (left panel) and type-X (right panel). In

12

• MA ~ 200 GeV is excluded in type-X. 
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4. Characteristics

• Mysterious disappearance of MA=200 in type-X

Figure 8: In type-X of the normal scenario, the allowed parameter points of (MA, t�) at the final

Step-(iv). The color code denotes MH± .

t� . 15, the intermediateMA around 200 GeV is excluded. Note that the NS-I su�ciently allows

MA ' 200 GeV as shown in Fig. 5. The first three essential processes that killed the region

are t ! H
±
b ! ⌧⌫b [109], pp ! H/A ! ⌧

+
⌧
� [110], and gg ! A ! Zh ! ``bb̄ [111, 112].

The reason why H
± and H play the role in limiting the pseudoscalar boson mass is that the

intermediate MA requires similar mass scales of MH± and MH : see Fig. 3. Therefore, the

discovery of the pseudoscalar bosons with MA ' 200 GeV through the A ! ⌧
+
⌧
� mode, which

is dominant only in type-I, can be an indirect way to confirm the CDF mW measurement.

B. type-II and type-Y

Figure 9: In type-II and type-Y of the normal scenario, the allowed parameter points of (�MH ,�MA)

at the Step-(ii) in the left panel, at the Step-(iii) in the middle panel, and at the Step-(iv) in the right

panel, where �m ⌘ m�MH± . The color code denotes MH± .

15

The di↵erences between type-I and type-X are originated from the dissimilar impacts of the

Higgs precision data on the positive and negative s��↵ regions.1 Figure ?? shows t� versus

s��↵ in NS-I (left panel) and NS-X (right panel). We separately display the parameter points

satisfying ⇤c > 1 TeV (gray) and those additionally satisfying the Higgs precision data (yellow):

yellow points are on top of gray ones. At Step (iii), the allowed region for s��↵ is almost

symmetric. When imposing the Higgs precision data, type-I keeps the symmetric shape but

type-X does not. Most of the negative s��↵ part in type-X is excluded, except for the Higgs

alignment limit.

This di↵erence comes from the tau Yukawa coupling to the Higgs boson h in Table ??:

type-I: ⇠
h

⌧
=

c↵

s�
= s��↵ +

c��↵

t�
, (3)

type-X: ⇠
h

⌧
= �s↵

c�
= s��↵ � t�c��↵. (4)

In type-I, the c��↵ term is suppressed by large t� so the negative s��↵ does not change |⇠h
⌧
|

much. A large portion of the negative s��↵ region survives the Higgs precision data. In type-X,

however, the c��↵ term is proportional to t� and thus non-negligible for large t�. Negative s��↵

overly increases |⇠h
⌧
| so that the branching ratio of h ! ⌧

+
⌧
� exceeds the experimental bound,

which removes most of the negative s��↵ region. The “arm” region in type-X, which appears

for s��↵ > 0, can also be explained by Eq. (4). When t� ' 2/c��↵, ⇠h⌧ (' s��↵ � 2) approaches

�1 for s��↵ ' 1. We have the wrong-sign limit for the tau lepton. It is to be compared with the

wrong-sign limit in type-II where both the bottom quark and tau lepton have the wrong-sign

Yukawa couplings.

Finally, we find that MA in type-X is strongly constrained by the direct search bounds

at the LHC. In Fig. ??, we present t� versus MA with the color code indicating MH± . For

t� . 15, the intermediate MA around 200 GeV is excluded. Note that the NS-I su�ciently

allows MA ' 200 GeV as shown in Fig. ??. The first three essential processes that killed the

region are

1. t ! H
±
b ! ⌧⌫b in ATLAS;

2. pp ! H/A ! ⌧
+
⌧
� in ATLAS;

3. gg ! A ! Zh ! ``bb̄ in CMS & ATLAS.

B. type-II and type-Y

The results in this subsection are common for type-II and type-Y: they are almost indistin-

guishable from the eyes. In type-II and type-Y, the biggest impact comes from the condition of

⇤c > 1 TeV. Figure ?? shows the allowed parameter points of (�MH ,�MA) at the Step-(ii) in

1 Note that negative s��↵ in our scheme corresponds to negative c��↵ in the positive s��↵ scheme.

4

• Why MH+, MH affect the pseudoscalar phenomenology?

• Similar masses.
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4. Characteristicsthe heavy mass region with MH ,MA & 700 GeV, a strong correlation exists among the masses

of new Higgs bosons. We found that both �MH and �MA are clustered around �MH,A '
�100 GeV. For MH ,MA . 700 GeV, the masses are little correlated.

Figure 6: Allowed regions of (|s��↵|, t�) in type-I (upper panels) and type-X (lower panels), with

color code indicating MH± for the normal scenario. We compare the results before (left panels) and

after (right panels) the CDF mW measurement.

Now we move on to t� versus |s��↵|. Figure 6 presents their correlation in type-I (upper

panels) and type-X (lower panels), with color code indicating MH± . We compare the result

in the PDG case (left panels) with that in the CDF case (right panels). For |s��↵|, the Higgs

precision data play a vital role such that |s��↵| & 0.88 in type-I and type-X. While |s��↵| in the

PDG case is similar to that in the CDF, the distributions of t� are di↵erent, especially in type-I.

The CDF case has t� clustered more in low region, with respect to the PDG case. In type-I, the

larger t� is, the more fermiphobic the new Higgs bosons are, because all the fermion Yukawa

couplings to H, A, and H
± are inversely proportional to t�. So, the preference for relatively

small t� in type-X increases the LHC discovery potential of new Higgs bosons through fermionic

production and decay channels. In type-X, a correlation between t� and |s��↵| exists, stronger
in the CDF case. Once the Higgs alignment is broken even a little, there exists an upper bound

13

• type-I vs type-X

• More separated two regions in type-X with CDF W mass. 
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4. Characteristics
on t�: when |s��↵| = 0.95, t� < 7. In addition, the “arm” region is more clearly separated in

the CDF case.

RGE
HiggsSignals

RGE
HiggsSignals

Figure 7: Allowed parameter points of (s��↵, t�) in type-I (left panel) and type-X (right panel) of

the normal scenario that pass the RGE (gray) and the Higgs precision data (yellow).

The di↵erences between type-I and type-X are originated from the dissimilar impacts of the

Higgs precision data on the positive and negative s��↵ regions.3 Figure 7 shows t� versus s��↵ in

NS-I (left panel) and NS-X (right panel). We separately display the parameter points satisfying

⇤c > 1 TeV (gray) and those additionally satisfying the Higgs precision data (yellow): yellow

points are on top of gray ones. At Step (iii), the allowed region for s��↵ is almost symmetric.

When imposing the Higgs precision data, type-I keeps the symmetric shape but type-X does

not. Most of the negative s��↵ part in type-X is excluded, except for the Higgs alignment limit.

This di↵erence comes from the tau Yukawa coupling to the Higgs boson h in Table I:

type-I: ⇠
h

⌧
=

c↵

s�
= s��↵ +

c��↵

t�
, (13)

type-X: ⇠
h

⌧
= �s↵

c�
= s��↵ � t�c��↵. (14)

In type-I, the c��↵ term is suppressed by large t� so the negative s��↵ does not change |⇠h
⌧
|

much. A large portion of the negative s��↵ region survives the Higgs precision data. In type-X,

however, the c��↵ term is proportional to t� and thus non-negligible for large t�. Negative s��↵

overly increases |⇠h
⌧
| so that the branching ratio of h ! ⌧

+
⌧
� exceeds the experimental bound,

which removes most of the negative s��↵ region. The “arm” region in type-X, which appears

for s��↵ > 0, can also be explained by Eq. (14). When t� ' 2/c��↵, ⇠h⌧ (' s��↵� 2) approaches

�1 for s��↵ ' 1. We have the wrong-sign limit for the tau lepton. It is to be compared with the

wrong-sign limit in type-II where both the bottom quark and tau lepton have the wrong-sign

Yukawa couplings.

Finally, we find that MA in type-X is strongly constrained by the direct search bounds

at the LHC. In Fig. 8, we present t� versus MA with the color code indicating MH± . For

3 Note that negative s��↵ in our scheme corresponds to negative c��↵ in the positive s��↵ scheme.
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on t�: when |s��↵| = 0.95, t� < 7. In addition, the “arm” region is more clearly separated in

the CDF case.
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Figure 7: Allowed parameter points of (s��↵, t�) in type-I (left panel) and type-X (right panel) of

the normal scenario that pass the RGE (gray) and the Higgs precision data (yellow).

The di↵erences between type-I and type-X are originated from the dissimilar impacts of the

Higgs precision data on the positive and negative s��↵ regions.3 Figure 7 shows t� versus s��↵ in

NS-I (left panel) and NS-X (right panel). We separately display the parameter points satisfying

⇤c > 1 TeV (gray) and those additionally satisfying the Higgs precision data (yellow): yellow

points are on top of gray ones. At Step (iii), the allowed region for s��↵ is almost symmetric.

When imposing the Higgs precision data, type-I keeps the symmetric shape but type-X does

not. Most of the negative s��↵ part in type-X is excluded, except for the Higgs alignment limit.

This di↵erence comes from the tau Yukawa coupling to the Higgs boson h in Table I:

type-I: ⇠
h

⌧
=

c↵

s�
= s��↵ +

c��↵

t�
, (13)

type-X: ⇠
h

⌧
= �s↵

c�
= s��↵ � t�c��↵. (14)

In type-I, the c��↵ term is suppressed by large t� so the negative s��↵ does not change |⇠h
⌧
|

much. A large portion of the negative s��↵ region survives the Higgs precision data. In type-X,

however, the c��↵ term is proportional to t� and thus non-negligible for large t�. Negative s��↵

overly increases |⇠h
⌧
| so that the branching ratio of h ! ⌧

+
⌧
� exceeds the experimental bound,

which removes most of the negative s��↵ region. The “arm” region in type-X, which appears

for s��↵ > 0, can also be explained by Eq. (14). When t� ' 2/c��↵, ⇠h⌧ (' s��↵� 2) approaches

�1 for s��↵ ' 1. We have the wrong-sign limit for the tau lepton. It is to be compared with the

wrong-sign limit in type-II where both the bottom quark and tau lepton have the wrong-sign

Yukawa couplings.

Finally, we find that MA in type-X is strongly constrained by the direct search bounds

at the LHC. In Fig. 8, we present t� versus MA with the color code indicating MH± . For

3 Note that negative s��↵ in our scheme corresponds to negative c��↵ in the positive s��↵ scheme.
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• Effects of Higgs precision data on type-I vs type-X in NS

Right-sign tau Yukawa

Wrong-sign tau Yukawa
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4. Characteristics

• Inverted Senario

restriction to |s��↵| and t� (right panel) are stronger. The Higgs alignment limit is almost

exact and t� 2 [0.9, 6.4].

V. CHARACTERISTIC FEATURES OF THE INVERTED SCENARIO

Figure 11: Allowed parameter points of (mh,MA) after imposing ⇤c > 1 TeV (left panels), the Higgs

precision data (middle panels), and the direct search bounds (right panels) for type-I (upper panels)

and type-X (lower panels) in the inverted scenario. The color code denotes MH± .

As shown in Table II, type-II and type-Y in the IS are excluded by the condition of ⇤c >

1 TeV. Therefore, we focus on type-I and type-X in the CDF case. The first remarkable feature

of the IS is considerably di↵erent survival probabilities between type-I and type-X. In Fig. 11,

we show the parameter points of (mh,MA) at the steps of ⇤c > 1 TeV (left panels), the Higgs

precision data (middle panels), and the direct search bounds (right panels) for type-I (upper

panels) and type-X (lower panels) in the IS. At the RGE step, type-I and type-X yield almost

the same results. A significant di↵erence arises when imposing the Higgs precision data: the

allowed points in type-X are more sparsely dense than those in type-I. The direct search bounds

further widen the di↵erence. In type-X, only about 0.01% of the parameter space survives, but

about 0.19% does in type-I. The leptophilic nature of type-X, being more severe for large t�,

plays an essential role in this severe restriction. A significant result at the final step is that

type-I permits mh < m125/2, but type-X cannot.

The second noteworthy feature is the strong correlation of MA and mh to MH± . Figure 12

shows the allowed parameter points of (�mh,�MA) at the final step for IS-I: the distribution

17
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4. Characteristics

• type-I vs type-X in IS

Figure 12: Allowed parameter points of (�mh,�MA) at the final step for type-I in the inverted

scenario, with color code of MH± .

shape in type-X is very similar. First of all, only the negative �mh and negative �MA are

allowed. As we have a relatively light mass spectrum for all the new Higgs bosons, the LHC

is expected to have discovery potential. Another intriguing aspect is the approximate mass

degeneracy of MH± ' MA for heavy MH± . For MH± & 350 GeV, |�MA| < 40 GeV. We expect

that this region is quite elusive at the LHC, especially for large t�: the production rates of A

and H
± through gluon fusion are suppressed by large t�; the decay of H± ! AW

±⇤ ! Aff̄
0

accompanying soft jets or leptons is also challenging to probe.

Figure 13: Allowed parameter points of (|s��↵|, t�) at the final step for type-I (left panel) and type-X

(right panel) in the inverted scenario, with color code of MH± .

Finally, we present t� versus |s��↵| in Fig. 13 for IS-I (left panel) and IS-X (right panel).

The di↵erence between type-I and type-X is considerable. In type-I, the deviation from the

18
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5. Muon g-2
59] and the Brookhaven National Laboratory experiment [60] has shown a clear deviation from

the SM prediction [61–81] by 4.2�, which is reported to be

�aµ = a
exp
µ

� a
SM
µ

= 251(59) ⇥ 10�11
. (2)

Two anomalies of CDF W mass and muon g � 2 hint toward new physics. Several works

have been done to simultaneously explain the two anomalies in the context of U(1) gauge

extended models with vectorlike leptons [82–84], vector leptoquark model [85], scalar leptoquark

model [86, 87], Zee model [88], vectorlike lepton models [89, 90], a flavor conserving two-Higgs-

doublet model (2HDM) [91], and next-to-minimal supersymmetric model [92].

In this paper, we study type-X (lepton-specific) 2HDM in light of the CDF W boson mass

and muon g � 2 anomalies. Type-X has drawn a lot of interest as an explanation of the muon

g�2 anomaly [93–104]. One of its most important characteristics is the enhanced coupling of the

non-SM Higgs bosons (neutral CP -even H, CP -odd A, and charged Higgs H
±) to the leptons

by tan �, the ratio of the vacuum expectation values of two Higgs doublet fields. Through this

enhanced leptonic coupling, type-X can explain muon g � 2 anomaly via two loop Barr-Zee

diagram with ⌧ -loop [105, 106]. Sizable positive contribution to �aµ is obtained with large

tan � and small MA. However, a light pseudoscalar with MA < m
SM
h

/2 opens up hSM ! AA

which is severely constrained by hSM ! AA ! 4⌧/2µ2⌧ channels [107]. Kinematical solution

of MA > m
SM
h

/2 demands very large tan � & 100 for the explanation of �aµ. Then the lepton

flavor universality (LFU) data in the ⌧ and Z decays, which does not avoid the loop e↵ects of

BSM scalars, invalidates the model [103]. This motivates us to consider the pseudoscalar to be

Higgs-phobic.

An essential question is how the changes of S and T due to the CDF W boson mass a↵ect the

parameter space compatible with the muon g�2 as well as all the other theoretical/experimental

constraints including the LFU data. To answer the question, we do a complete parameter scan

in four cumulative steps, considering both the old and new sets of S and T . In Step-I, we

impose the theoretical bounds (vacuum stability of the potential, unitarity, perturbativity) and

the muon g � 2 constraint. In Step-II, we compare the S and T parameters in the model with

the best fit results before and after the CDF mW measurement. In Step-III, we impose the

Higgs precision data and the direct search bounds from LEP, Tevatron, and LHC. In Step-IV,

we further restrict the parameter space through the global �
2 fit to the LFU data in the ⌧

and Z decays. Over the viable parameters obtained through the scan, we further study the

RGE evolutions to check the stability of the potential. Demanding the cuto↵ scale above 10

TeV will be shown to limit the model severely. We will also study how to search for the light

Higgs-phobic pseudoscalar at the LHC. In our case, 4⌧ states associated with two gauge bosons

would be the golden discovery modes at the HL-LHC. These are our main results.

The paper is organized in the following way. In Sec. II, we give a brief review of type-

X 2HDM and the characteristics of the Higgs-phobic pseudoscalar. In Sec. III, we do the

parameter scanning for both old and new sets of S and T values. In Sec. IV, we discuss the

RGE evolutions and the cuto↵ scales. Section V deals with the golden discovery channels of

the Higgs-phobic type-X at HL-LHC. Finally we conclude in Sec. VI.

3

• 2HDM: two kinds of contributions

1-loop Barr-Zee 2-loop

• Persistent anomaly with 4.2σ which has been around for some time
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5. Muon g-2

• Higgs aligned type-X cannot explain Lepton Flavor Universality (LFU) data

1. For the ⌧ decay,

g⌧

gµ
,

g⌧

ge
,

gµ

ge
,

✓
g⌧

gµ

◆

⇡

,

✓
g⌧

gµ

◆

K

.

2. Michel parameters, based on the energy and angular distribution of `� in the decay of

⌧
� ! `

�
⌫⌫⌧ :

⇢e, (⇠�)
e
, ⇠e, ⌘µ, ⇢µ, (⇠�)

µ
, ⇠µ, ⇠⇡, ⇠⇢, ⇠a1 .

3. Leptonic Z decays:

�(Z ! µ
+
µ
�)

�(Z ! e+e�)
,

�(Z ! ⌧
+
⌧
�)

�(Z ! e+e�)
.

The theoretical calculations of the LFU observable in type-X are summarized in Appendix

??. For the experimental data, we refer to Ref. [82]. Including �aµ, we have 17 independent

observables in the global fit. Since the model parameters have already been restricted through

three steps (Step-I, II, and III), we take the number of degrees of freedom to be Ndof = 17 and

demand the p-value larger than 0.01.

B. type-II and type-Y

The results in this subsection are common for type-II and type-Y: they are almost indistin-

guishable from the eyes. In type-II and type-Y, the biggest impact comes from the condition of

⇤c > 1 TeV. Figure ?? shows the allowed parameter points of (�MH ,�MA) at the Step-(ii) in

the left panel, at the Step-(iii) in the middle panel, and at the Step-(iv) in the right panel. The

EWPD after the CDF mW measurement allow the hyperbola-shape with a su�ciently large

mass gaps of �MH and �MA: see Fig. ??.2 Imposing ⇤c > 1 TeV (middle panel) drastically

curtails the parameter space, which excludes the mass gaps above ⇠ 200 GeV. In addition,

the positive �MH,A case is more severely restricted by ⇤c > 1 TeV, leaving a much smaller al-

lowed region. It is because the heavy Higgs bosons invoke fast running of the quartic couplings,

and thus failure of the unitarity and vacuum stability at the energy scale below 1 TeV. The

constraints from the collider data do not change �MA versus �MH much.

Finally, a brief discussion on the constraint from b ! s� is in order here. We took a

conservative bound on the charged Higgs boson mass as MH± > 580 GeV. But the lower mass

bound considerably increases to about 800 GeV if we adopt the calculation of the NNLO QCD

corrections to B(B̄ ! Xs�) in the SM without the interpolation in the charm quark mass [113].

There still exist certain parameter points like 800 GeV . MH± . 1100 GeV. But the survival

2 The di↵erence in the negative �MH,A region from Fig. ?? is attributed to the assumption of the Higgs

alignment limit for Fig. ??. Our main results do not depend on any prerequisites for the model parameters.

5
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5. Muon g-2

• Higgs aligned type-X cannot explain Lepton Flavor Universality (LFU) data

Global fit to �aµ and the LFU data

after all the theoretical/experimental constraints

p(SM) = 0.003, p(aligned type-X) = 0.02

On the other hand, the Higgs-phobic type-X has �2
min = 27.40 in the CDF case (correspond-

ing to p = 0.052), which is consistent at 95% C.L.: the p value in the PDG case is almost the

same. Since the number of the allowed parameter points at 95% C.L. is tiny, we adopt 99%

C.L. in our analysis.

II. CONCLUSIONS

The recent W boson mass measurement by the CDF collaboration has a significant impact

on new physics models. In terms of the Peskin-Takeuchi parameters of S and T , the central

values shift to larger values: S = 0.15±0.08 and T = 0.27±0.06 with U = 0. In the framework

of two-Higgs-doublet model, including type-I, type-II, type-X, and type-Y, we have studied the

e↵ects of the new m
CDF
W

together with other constraints, which include theoretical requirements

(potential bounded from below, unitarity, perturbativity, vacuum stability), flavor-changing

neutral currents in B physics, maintaining the perturbativity of the model until the cuto↵ scale

⇤c = 1 TeV, Higgs precision data, and direct collider search limits from the LEP, Tevatron, and

LHC. The still-valid parameter space has been illustrated. The most unprecedented consequence

is the emergence of upper bounds on the masses of the heavy Higgs boson MH,A,H± . 1.1 TeV

in the normal scenario and MH±(A) . 450 (420) GeV in the inverted scenario. Such interesting

findings imply that the upcoming LHC run can readily close out the still-available parameter

space.

Before closing, a few more findings from our study are o↵ered as follows:

1. The updated fit on the oblique parameters of S and T indicates that the newmW measure-

ment requires larger mass splittings among the isospin components in multiplet models.

2. In subsequent steps of imposing constraints on the parameters, we found that the survival

probabilities for the case of using the new m
CDF
W

are much smaller than the case of using

the PDG value, thus implying more restriction on physics beyond the SM (not only for

2HDM). This behavior has been demonstrated in all four types and two scenarios of

2HDM.

3. The tan � is bounded from above more severely when the new m
CDF
W

value is used in

the normal scenario: tan � . 45, 8, 43, 17 for type-I, II, X, and Y, respectively. On the

other hand, tan � is not bounded in type I and type X in the inverted scenario. There is

no parameter space satisfying all the requirements in type-II and type-Y of the inverted

scenario.

4. If we raise the cuto↵ scale ⇤c beyond 1 TeV, the restriction on the parameter space would

become more severe.

7

Why?

• step I: �aµ+Theory

• step II: S/T

• step III: Higgs precision and direct search bounds (Collider)

• step IV: global fit to �aµ+LFU

�Mi = Mi �MH± p(SM) = 0.003 p(aligned type� X) < 0.02

3⌧ 4⌧ 4⌧ +W 4⌧ + Z 4⌧ +WW 4⌧ + ZW

Pj!⌧h
' 0.01 =) P

4
j!⌧h

' 10�8

�(pp ! 4⌧ + ZW
±) ' 0.26 ab,

�(pp ! 4⌧ +W
+
W

) ' 0.54 ab.

1
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FIG. 2: In the normal scenario, the allowed parameter space of (MA, t�) after Step I (�a
obs
µ ), Step

II (Step I+Theory+EWPD), and Step III (Step II+Collider), with the color code indicating the value

of �aµ.

FIG. 3: The allowed (MH , MH±) in the normal scenario at Step III. The color code indicates the

value of �aµ.

and MH± . This feature is shown in Fig. 3 by the allowed (MH , MH±) at Step III: Step II and

Step III have similar results for MH and MH± . There exist upper bounds of MH . 245 GeV

and MH± . 285 GeV. Besides, the correlation of �aµ with MH or MH± is weak, as indicated

by the mixed colors of �aµ. As only the intermediate MH survives, the negative contribution

of the CP -even H to �aµ becomes significant.

Let us go back to discussing the allowed (MA, t�). At Step III, which additionally imposes

the constraints from the collider data at the LEP, Tevatron, and LHC, a large portion of the

parameter space is removed: see the right panel in Fig. 2. We found that the recent LHC

10

5. Muon g-2

muon g-2 Theory + S/T/U Collider

is almost the same. Since the number of the allowed parameter points at 95% C.L. is tiny, we

adopt 99% C.L. in our analysis.

The impact of the LFU data on the masses of new Higgs bosons is most profound. The region

of MA & 38 GeV is eliminated. The exclusion is primarily from the tree-level contributions to

the lepton flavor violating decays of ⌧ , mediated by the charged Higgs boson. The key parameter

is [103]

�tree =
mµm⌧ t

2
�

M
2
H±

. (25)

Very large t�, which accords with heavy MA because of �aµ, blows up the �
2 value in the global

fit. Since the light pseudoscalar boson is feasible in our model, �tree can be in an acceptable

range. We also observe that there is a correlation between MA and MH,H± for MA . 38 GeV:

the lighter MA is, the heavierMH,H± is.

FIG. 5: tan� versus | sin(� � ↵)| with color code of MH± at Step-II (left panels), Step-III (middle

panels), and Step-IV (right panels). We compare the PDG (upper panels) and the CDF (lower panels).

Now we show t� versus |s��↵| with color code of MH± in Fig. 5. We sequentially present the

allowed parameter points at Step-II (left panels), Step-III (middle panels), and Step-IV (right

panels).4 We compare the results of the PDG (upper panels) with those of the CDF (lower

panels). As shown in Fig. 1, the Higgs-phobic type-X generically has the Higgs alignment,

although not 100%. When imposing the Higgs precision data at Step-III, the tendency toward

4 The ranges of |s��↵| at Step-III and Step-IV are set di↵erently from that at Step-II.

12

Global fit to �aµ and the LFU data

after all the theoretical/experimental constraints

p(SM) = 0.003, p(aligned type-X) = 0.02

Very large tan �

On the other hand, the Higgs-phobic type-X has �2
min = 27.40 in the CDF case (correspond-

ing to p = 0.052), which is consistent at 95% C.L.: the p value in the PDG case is almost the

same. Since the number of the allowed parameter points at 95% C.L. is tiny, we adopt 99%

C.L. in our analysis.

II. CONCLUSIONS

The recent W boson mass measurement by the CDF collaboration has a significant impact

on new physics models. In terms of the Peskin-Takeuchi parameters of S and T , the central

values shift to larger values: S = 0.15±0.08 and T = 0.27±0.06 with U = 0. In the framework

of two-Higgs-doublet model, including type-I, type-II, type-X, and type-Y, we have studied the

e↵ects of the new m
CDF
W

together with other constraints, which include theoretical requirements

(potential bounded from below, unitarity, perturbativity, vacuum stability), flavor-changing

neutral currents in B physics, maintaining the perturbativity of the model until the cuto↵ scale

⇤c = 1 TeV, Higgs precision data, and direct collider search limits from the LEP, Tevatron, and

LHC. The still-valid parameter space has been illustrated. The most unprecedented consequence

is the emergence of upper bounds on the masses of the heavy Higgs boson MH,A,H± . 1.1 TeV

in the normal scenario and MH±(A) . 450 (420) GeV in the inverted scenario. Such interesting

findings imply that the upcoming LHC run can readily close out the still-available parameter

space.

Before closing, a few more findings from our study are o↵ered as follows:

1. The updated fit on the oblique parameters of S and T indicates that the newmW measure-

ment requires larger mass splittings among the isospin components in multiplet models.

2. In subsequent steps of imposing constraints on the parameters, we found that the survival

probabilities for the case of using the new m
CDF
W

are much smaller than the case of using

the PDG value, thus implying more restriction on physics beyond the SM (not only for

2HDM). This behavior has been demonstrated in all four types and two scenarios of

2HDM.

3. The tan � is bounded from above more severely when the new m
CDF
W

value is used in

the normal scenario: tan � . 45, 8, 43, 17 for type-I, II, X, and Y, respectively. On the

other hand, tan � is not bounded in type I and type X in the inverted scenario. There is

no parameter space satisfying all the requirements in type-II and type-Y of the inverted

scenario.

7

• Higgs aligned type-X  h ➡ AA
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5. Muon g-2

• Higgs-phobic A in type-X

boson becomes Higgs-phobic. So we consider type-X with the Higgs-phobic pseudoscalar boson

A, simply called the Higgs-phobic type-X in what follows.

The trilinear coupling for the h-A-A vertex is

�̂hAA =
1

4s�c�

⇥�
2M2

A
� m

2
h

�
c↵�3� �

�
2M2

A
+ 3m2

h
� 4M2

�
c↵+�

⇤
. (11)

Since s��↵ and c��↵ are useful parameters for the Higgs precision data, we use the identities of

c↵�3�

s�c�

= �2s��↵ �

✓
t� �

1

t�

◆
c��↵, (12)

c↵+�

s�c�

= 2s��↵ �

✓
t� �

1

t�

◆
c��↵,

and write �̂hAA as

�̂hAA =
�
2M2

� 2M2
A

� m
2
h

�
s��↵ + (m2

h
� M

2)

✓
t� �

1

t�

◆
c��↵. (13)

Then, the condition of �̂hAA = 0 accords with

Higgs-phobic A:
s��↵

c��↵

= �

✓
t� �

1

t�

◆
m

2
h

� M
2

2M2 � 2M2
A

� m
2
h

. (14)

Note that the exact Higgs alignment cannot coexist with the Higgs-phobic A limit. Since s��↵

is determined by t�, M
2, and MA, the model has five parameters of

{t�, MA, MH , MH± , m
2
12} (15)

An interesting consequence of the Higgs-phobic A is that the Higgs alignment naturally

arises, although not exact. In Fig. 1, we show s��↵ as a function of M satisfying Eq. (14).

For t� = 100, two cases are considered, MA = 70 GeV (left panel) and MA = 300 GeV (right

panel). In both cases, we have |s��↵| ⇡ 1 over the whole range of M , except for extremely

narrow region of M . If we restrict ourselves to M ⇠ MA, as shown by the colored regions

corresponding to M 2 [0.5MA, 2MA], the preference for the alignment is greater.

III. SCANNING STRATEGIES AND THE RESULTS

Focusing on the Higgs-phobic type-X, we study the implication of the CDF mW and muon

g � 2 anomalies as well as other theoretical and experimental constraints. Over the randomly

generated parameters in the ranges of

t� 2 [1, 200] , m
2
12 2 [0, 15000] GeV2

, (16)

MH 2 [130, 1000] GeV, MA 2 [10, 200] GeV, MH± 2 [80, 1000] GeV,
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panel). In both cases, we have |s��↵| ⇡ 1 over the whole range of M , except for extremely
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6

• Higgs-phobic A cannot coexist with 100% alignment. BUT
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5. Muon g-2

• Higgs-phobic ➞ almost Higgs alignment
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FIG. 1: sin(� � ↵) as a function of M(⌘
p

M2) in the Higgs-phobic type-X. For t� = 100, we

consider MA = 70 GeV (left panel) and MA = 300 GeV (right panel). The colored regions correspond

to M 2 [0.5MA, 2MA].

we cumulatively enforce the following steps:2

Step-I: �aµ +Theory

(1) We obtain s��↵ from the model parameters by using the condition in Eq. (14). For

more e�cient scanning, we preliminarly demand 0.8 < |s��↵| < 1 at this level,

considering the most updated results on the Higgs coupling modifiers of Z > 0.86

and W > 0.94 in the category of W,Z  1 at 95% C.L. [116].

(2) We demand the bounded-from-below potential [122], the unitarity of scalar-scalar

scatterings [108, 123], the perturbativity of Higgs quartic couplings [115], and the

stability of the vacuum [124–126].

(3) We require that the model explains �aµ in Eq. (2). The contributions to �aµ in the

2HDM are summarized in Appendix A.

Step-II: EWPD+Step-I

We consider the Peskin-Takeuchi electroweak oblique parameters S and T with U = 0 be-

fore and after the CDF mW measurement [4], called the PDG and CDF cases respectively

in what follows:

PDG: S = 0.05 ± 0.08, T = 0.09 ± 0.07, ⇢ST = 0.92, (17)

CDF: S = 0.15 ± 0.08, T = 0.27 ± 0.06, ⇢ST = 0.93, (18)

2 An important constraint is from flavor physics like b ! s� [120, 121]. In type-X, the region with small t� and

the light charged Higgs boson is significantly constrained: tan� > 2.7 (2.6) for MH+ = 110 (140) GeV [120].

But the observed �aµ requires large t� above 35. The FCNC processes have negligible e↵ects.
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5. Muon g-2

• Random scanning

• step I: �aµ+Theory

• step II: S/T

• step III: Higgs precision and direct search bounds (Collider)

• step IV: global fit to �aµ+LFU

Parameter Input Value PDG 2021

mW [GeV]
80.379(12) 80.361(6) �1.47 80.357(6) �1.86 – – – – [? ]

80.4335(94) – – – – 80.381(5) �5.80 80.357(6) �8.53

�↵
(5)
had

1 0.02761(11) 0.02756(11) �0.44 0.02716(38) �4.06 0.02746(10) �1.37 0.02603(36) �14.37 [? ? ? ]

mh [GeV] 125.25(17) 125.25(17) �0.02 92(21)(18) �193.26 125.24(17) �0.06 42(10)(8) �489.71 [? ]

mt [GeV]2 172.76(58) 173.02(56) 0.45 176.2(20) 5.83 174.04(55) 2.19 184.2(16) 19.55 [? ]

↵s(mZ) 0.1179(9) 0.1180(9) 0.14 0.1193(9) 1.53 0.1177(9) �0.26 0.1152(29) �0.22 [? ]

�W [GeV] 2.085(42) 2.0905(5) 0.13 2.0905(5) 0.13 2.0919(5) 0.16 2.919(5) 0.16 [? ]

�Z [GeV] 2.4952(23) 2.4942(6) �0.45 2.4940(7) �0.51 2.4946(6) �0.26 2.4945(7) �0.31 [? ]

mZ [GeV] 91.1875(21) 91.1882(20) 0.34 91.2037(90) 7.72 91.1909(20) 1.63 91.2393(77) 24.66 [? ]

A
0,b
FB 0.0992(16) 0.1031(3) 2.44 0.1033(3) 2.54 0.1036(3) 2.72 0.1037(3) 2.83 [? ]

A
0,c
FB 0.0707(35) 0.0737(3) 0.85 0.0737(3) 0.85 0.0740(3) 0.95 0.07404(25) 0.95 [? ]

A
0,`
FB 0.0171(10) 0.01623(10) �0.87 0.01622(10) �0.88 0.01637(10) �0.73 0.01636(10) �0.74 [? ]

Ab 0.923(20) 0.93462(4) 0.58 0.93462(4) 0.58 0.93464(4) 0.58 0.93464(4) 0.58 [? ]

Ac 0.670(27) 0.6679(2) �0.08 0.6679(2) �0.08 0.6682(2) �0.07 0.6682(2) �0.07 [? ]

A`(SLD) 0.1513(21) 0.1471(5) �2.00 0.1469(5) �2.10 0.1478(5) �1.70 0.1476(5) �1.78 [? ]

A`(LEP) 0.1465(33) 0.1471(5) 0.18 0.1469(5) 0.12 0.1478(5) 0.37 0.1476(5) 0.32 [? ]

R
0
b

0.21629(66) 0.21583(10) �0.69 0.21582(10) �0.71 0.21580(10) �0.74 0.21579(10) �0.76 [? ]

R
0
c

0.1721(30) 0.17222(6) 0.04 0.17222(6) 0.04 0.17223(6) 0.04 0.17223(6) 0.04 [? ]

R
0
`

20.767(25) 20.735(8) �1.28 20.732(8) �1.40 20.733(8) �1.35 20.730(8) �1.48 [? ]

�
0
h
[nb] 41.540(37) 41.491(8) �1.34 41.489(8) �1.39 41.490(8) �1.35 41.488(8) �1.39 [? ]

sin2
✓
`

e↵(QFB) 0.2324(12) 0.23151(6) �0.74 0.23151(6) �0.74 0.23143(6) �0.81 0.23143(6) �0.81 [? ]

sin2
✓
`

e↵(Teva) 0.23148(33) 0.23151(6) 0.10 0.23151(6) 0.10 0.23143(6) �0.15 0.23143(6) �0.15 [? ]

mc [GeV] 1.27(2) 1.27(2) 0.00 – – 1.27(2) 0.00 – – [? ]

mb [GeV] 4.18(3)(2) 4.18(3)(2) 0.00 – – 4.18(3)(2) 0.00 – – [? ]

1

• Survival probabilities about step Ipoints that pass Step-I. Setting Step-I as the reference, we calculate the survival probabilities

at each step as

PDG: PStep�II = 5.47%, PStep�III = 3.15%, PStep�IV = 0.62%, (22)

CDF: PStep�II = 1.56%, PStep�III = 1.00%, PStep�IV = 0.21%.

The Higgs-phobic type-X does have considerable parameter points that explain all the theoret-

ical and experimental constraints, including the CDF mW and muon g � 2 anomalies. Whether

we take the W -mass before or after the CDF measurement does not intrinsically a↵ect the

validity of the model, though yielding di↵erent survival probabilities. The PDG result has

approximately three times greater probability than the CDF result. But just because the PDG

case has more viable parameter points does not mean it is a better solution.

As shown in Eq. (22), each step plays a di↵erent role in curtailing the parameter space. The

exclusion at Step-II by the oblique parameters of S and T is significant, more for the CDF case.

Delicate balance among the masses of new Higgs bosons is required to satisfy Eq. (18), which

rules out most of the parameter points. The Higgs precision data and direct search bounds at

Step-III a↵ect mildly, which nearly maintain the survival probabilities. But the LFU data at

the final step is a killer, which eliminates about 80% of the surviving parameters at Step-III.

FIG. 2: Allowed regions of (MA, tan�) at Step-I, with the color code indicating �aµ.

Now we investigate which regions of the model parameters are excluded as we go through

four steps. First, we present t� versus MA at Step-I in Fig. 2, which is common for the PDG

and CDF cases. The color code indicates �aµ. The observed �aµ allows the band shape in

(MA, t�), which gets wider as MA or t� increases. We need large t� above ⇠ 35 and light MA

below ⇠ 170 GeV. MA above 170 GeV is also feasible if t� is greater than 200. But we avoid

too large t� to retain the perturbativity of the Yukawa coupling of the tau lepton to H and A.
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5. Muon g-2

• step I: �aµ+Theory

• step II: S/T

• step III: Higgs precision and direct search bounds (Collider)

• step IV: global fit to �aµ+LFU
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Ac 0.670(27) 0.6679(2) �0.08 0.6679(2) �0.08 0.6682(2) �0.07 0.6682(2) �0.07 [? ]

A`(SLD) 0.1513(21) 0.1471(5) �2.00 0.1469(5) �2.10 0.1478(5) �1.70 0.1476(5) �1.78 [? ]

A`(LEP) 0.1465(33) 0.1471(5) 0.18 0.1469(5) 0.12 0.1478(5) 0.37 0.1476(5) 0.32 [? ]

R
0
b

0.21629(66) 0.21583(10) �0.69 0.21582(10) �0.71 0.21580(10) �0.74 0.21579(10) �0.76 [? ]

R
0
c

0.1721(30) 0.17222(6) 0.04 0.17222(6) 0.04 0.17223(6) 0.04 0.17223(6) 0.04 [? ]

R
0
`

20.767(25) 20.735(8) �1.28 20.732(8) �1.40 20.733(8) �1.35 20.730(8) �1.48 [? ]

�
0
h
[nb] 41.540(37) 41.491(8) �1.34 41.489(8) �1.39 41.490(8) �1.35 41.488(8) �1.39 [? ]

sin2
✓
`

e↵(QFB) 0.2324(12) 0.23151(6) �0.74 0.23151(6) �0.74 0.23143(6) �0.81 0.23143(6) �0.81 [? ]

sin2
✓
`

e↵(Teva) 0.23148(33) 0.23151(6) 0.10 0.23151(6) 0.10 0.23143(6) �0.15 0.23143(6) �0.15 [? ]

mc [GeV] 1.27(2) 1.27(2) 0.00 – – 1.27(2) 0.00 – – [? ]

mb [GeV] 4.18(3)(2) 4.18(3)(2) 0.00 – – 4.18(3)(2) 0.00 – – [? ]

1

(3) We also incude the accurate measurement of the leptonic Z decays. Two ratios of

the partial decay rates are considered [156]:

�(Z ! µ
+
µ

�)

�(Z ! e+e�)
,

�(Z ! ⌧
+
⌧

�)

�(Z ! e+e�)
. (23)

The theoretical calculations of the LFU observable in type-X are summarized in Appendix

B and the experimental data are referred to Ref. [103]. Including �aµ, we have 17

independent observables in the global fit. Since the model parameters have already been

restricted through step I, II, and III, we consider the number of degrees of freedom to

be Ndof = 17 and demand the p-value larger than 0.01. In the SM, the p-value is only

0.003 [103].

We randomly scan the five-dimensional parameter space in Eq. (18). For the PDG and CDF

cases, we independently obtained 107 parameter points that pass step I. Setting step I as the

reference, we calculate the survival probabilities at each step:

PDG: PstepII = 5.47%, PstepIII = 3.15%, PstepIV = 0.62%, (24)

CDF: PstepII = 1.56%, PstepIII = 1.00%, PstepIV = 0.21%.

The Higgs-phobic type-X does have considerable parameter points that explain all the con-

straints. Although the validity of the model is largely irrelevant to whether we take the W

boson mass before or after the CDF measurement, the survival probabilities are di↵erent. The

PDG case has approximately three times greater probability than the CDF. But just because

the PDG case has more viable parameter points does not mean it is a better solution.

FIG. 2: Allowed regions of (MA, tan�) at step I with �aµ and the theoretical constraints. The color

code indicates �aµ.

9

• Light MA and large tan β 



Now we investigate which constraint excludes which region of the parameter space. First,

we present t� versus MA at step I in Fig. 2, which is common for the PDG and CDF cases.

The color code indicates �aµ. The observed �aµ allows the band shape in (MA, t�). We need

large t� above ⇠ 35 and light MA below ⇠ 170 GeV. MA above 170 GeV is also feasible if t� is

greater than 200. But we avoid too large t� to retain the perturbativity of the Yukawa coupling

of the tau lepton to the BSM Higgs bosons.

FIG. 3: MH± versus MA at step II (left panels), step III (middle panels), and step IV (right panels),

with the color code indicating MH . We consider the PDG results (upper panels) and the CDF results

(lower panels).

As we go through the remaining steps, the masses of the other BSM Higgs bosons are also

constrained. In Fig. 3, we show MH± versus MA with the color code of MH at step II (left

panels), step III (middle panels), and step IV (right panels). We compare the PDG case (upper

panels) with the CDF (lower panels). Let us begin with their common features. The first

and most important one is that upper bounds exist on the masses of new Higgs bosons, which

appear in step II. It is because the light MA, which is required to explain �aµ, brings down MH

and MH± to yield small S and T . The upper bounds on MH and MH± remain almost intact to

the last step such that MH,H± . 600 GeV in both cases.

The second common feature is the exclusion of the lower-left corner in (MA, MH±) at step

III (Collider), mainly from h ! ⌧
+
⌧

�. In Fig. 4, we show for the CDF case MH± versus MA

with the color code of |⇠
h

⌧
| (left panel) and c��↵ (right panel), over the parameter points that

pass step II (EWPD). As can be seen in the left panel of Fig. 4, the area that disappears as
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62

5. Muon g-2

• Random scanning



Now we investigate which constraint excludes which region of the parameter space. First,

we present t� versus MA at step I in Fig. 2, which is common for the PDG and CDF cases.

The color code indicates �aµ. The observed �aµ allows the band shape in (MA, t�). We need

large t� above ⇠ 35 and light MA below ⇠ 170 GeV. MA above 170 GeV is also feasible if t� is

greater than 200. But we avoid too large t� to retain the perturbativity of the Yukawa coupling

of the tau lepton to the BSM Higgs bosons.

FIG. 3: MH± versus MA at step II (left panels), step III (middle panels), and step IV (right panels),

with the color code indicating MH . We consider the PDG results (upper panels) and the CDF results

(lower panels).

As we go through the remaining steps, the masses of the other BSM Higgs bosons are also

constrained. In Fig. 3, we show MH± versus MA with the color code of MH at step II (left

panels), step III (middle panels), and step IV (right panels). We compare the PDG case (upper

panels) with the CDF (lower panels). Let us begin with their common features. The first

and most important one is that upper bounds exist on the masses of new Higgs bosons, which

appear in step II. It is because the light MA, which is required to explain �aµ, brings down MH

and MH± to yield small S and T . The upper bounds on MH and MH± remain almost intact to

the last step such that MH,H± . 600 GeV in both cases.

The second common feature is the exclusion of the lower-left corner in (MA, MH±) at step

III (Collider), mainly from h ! ⌧
+
⌧

�. In Fig. 4, we show for the CDF case MH± versus MA

with the color code of |⇠
h

⌧
| (left panel) and c��↵ (right panel), over the parameter points that

pass step II (EWPD). As can be seen in the left panel of Fig. 4, the area that disappears as
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Now we investigate which constraint excludes which region of the parameter space. First,

we present t� versus MA at step I in Fig. 2, which is common for the PDG and CDF cases.

The color code indicates �aµ. The observed �aµ allows the band shape in (MA, t�). We need

large t� above ⇠ 35 and light MA below ⇠ 170 GeV. MA above 170 GeV is also feasible if t� is

greater than 200. But we avoid too large t� to retain the perturbativity of the Yukawa coupling

of the tau lepton to the BSM Higgs bosons.

FIG. 3: MH± versus MA at step II (left panels), step III (middle panels), and step IV (right panels),

with the color code indicating MH . We consider the PDG results (upper panels) and the CDF results

(lower panels).

As we go through the remaining steps, the masses of the other BSM Higgs bosons are also

constrained. In Fig. 3, we show MH± versus MA with the color code of MH at step II (left

panels), step III (middle panels), and step IV (right panels). We compare the PDG case (upper

panels) with the CDF (lower panels). Let us begin with their common features. The first

and most important one is that upper bounds exist on the masses of new Higgs bosons, which

appear in step II. It is because the light MA, which is required to explain �aµ, brings down MH

and MH± to yield small S and T . The upper bounds on MH and MH± remain almost intact to

the last step such that MH,H± . 600 GeV in both cases.

The second common feature is the exclusion of the lower-left corner in (MA, MH±) at step

III (Collider), mainly from h ! ⌧
+
⌧

�. In Fig. 4, we show for the CDF case MH± versus MA

with the color code of |⇠
h

⌧
| (left panel) and c��↵ (right panel), over the parameter points that

pass step II (EWPD). As can be seen in the left panel of Fig. 4, the area that disappears as
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from h ➞ 𝜏 𝜏

FIG. 4: For the parameter points that pass step II, MH± versus MA with the color code of |⇠
h
⌧ | (left

panel) and with the color code of c��↵ (right panel). We focus on the CDF case.

we go from step II to step III in Fig. 3 almost coincides with the region of too large |⇠
h

⌧
|. This

behavior is attributed to ⇠
h

⌧
in Eq. (10). When the Higgs alignment is broken even a little,

large t� increases |⇠
h

⌧
| unacceptably. To reveal the feature in more detail, we present c��↵ via

the color code over the plane of (MA, MH±) in the right panel of Fig. 4. The region with light

MA and light MH± has relatively sizable c��↵, which further enhances |⇠
h

⌧
|. The exclusion by

h ! ⌧
+
⌧

� results in the lower bound on MH± for light MA.

The third common feature is that the global fit to �aµ and the LFU data removes most of

the parameter space with MA & 38 GeV: the exceptional island-shaped region in the PDG case

is deferred until we discuss the di↵erences between the PDG and CDF cases. The exclusion

of MA & 38 GeV is primarily from the tree-level contributions to the lepton flavor violating

decays of the tau lepton, mediated by the charged Higgs boson. The key parameter is [103]

�tree =
mµm⌧ t

2
�

M
2
H±

. (25)

Large t�, which corresponds to heavy MA because of �aµ, blows up the �
2
LFU value. So only

the region with very light MA is finally allowed.

Even though the PDG and CDF cases share many common features, significant di↵erences

also exist. The first noticeable di↵erence is the island-shaped region at step IV in the PDG case.

To facilitate discussion below, let us call this special region the PDG-island and call the bulk

region with MA . 38 GeV the mainland. The parameters in the PDG-island are populated

around

PDG-island: MH 2 [130.0, 165.3] GeV, MA 2 [84.1, 111.9] GeV, (26)

MH± 2 [96.5, 127.9] GeV, t� > 154.9.

11



Now we investigate which constraint excludes which region of the parameter space. First,

we present t� versus MA at step I in Fig. 2, which is common for the PDG and CDF cases.

The color code indicates �aµ. The observed �aµ allows the band shape in (MA, t�). We need

large t� above ⇠ 35 and light MA below ⇠ 170 GeV. MA above 170 GeV is also feasible if t� is

greater than 200. But we avoid too large t� to retain the perturbativity of the Yukawa coupling

of the tau lepton to the BSM Higgs bosons.

FIG. 3: MH± versus MA at step II (left panels), step III (middle panels), and step IV (right panels),

with the color code indicating MH . We consider the PDG results (upper panels) and the CDF results

(lower panels).

As we go through the remaining steps, the masses of the other BSM Higgs bosons are also

constrained. In Fig. 3, we show MH± versus MA with the color code of MH at step II (left

panels), step III (middle panels), and step IV (right panels). We compare the PDG case (upper

panels) with the CDF (lower panels). Let us begin with their common features. The first

and most important one is that upper bounds exist on the masses of new Higgs bosons, which

appear in step II. It is because the light MA, which is required to explain �aµ, brings down MH

and MH± to yield small S and T . The upper bounds on MH and MH± remain almost intact to

the last step such that MH,H± . 600 GeV in both cases.

The second common feature is the exclusion of the lower-left corner in (MA, MH±) at step

III (Collider), mainly from h ! ⌧
+
⌧

�. In Fig. 4, we show for the CDF case MH± versus MA

with the color code of |⇠
h

⌧
| (left panel) and c��↵ (right panel), over the parameter points that

pass step II (EWPD). As can be seen in the left panel of Fig. 4, the area that disappears as
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Now we investigate which constraint excludes which region of the parameter space. First,

we present t� versus MA at step I in Fig. 2, which is common for the PDG and CDF cases.

The color code indicates �aµ. The observed �aµ allows the band shape in (MA, t�). We need

large t� above ⇠ 35 and light MA below ⇠ 170 GeV. MA above 170 GeV is also feasible if t� is

greater than 200. But we avoid too large t� to retain the perturbativity of the Yukawa coupling

of the tau lepton to the BSM Higgs bosons.

FIG. 3: MH± versus MA at step II (left panels), step III (middle panels), and step IV (right panels),

with the color code indicating MH . We consider the PDG results (upper panels) and the CDF results

(lower panels).

As we go through the remaining steps, the masses of the other BSM Higgs bosons are also

constrained. In Fig. 3, we show MH± versus MA with the color code of MH at step II (left

panels), step III (middle panels), and step IV (right panels). We compare the PDG case (upper

panels) with the CDF (lower panels). Let us begin with their common features. The first

and most important one is that upper bounds exist on the masses of new Higgs bosons, which

appear in step II. It is because the light MA, which is required to explain �aµ, brings down MH

and MH± to yield small S and T . The upper bounds on MH and MH± remain almost intact to

the last step such that MH,H± . 600 GeV in both cases.

The second common feature is the exclusion of the lower-left corner in (MA, MH±) at step

III (Collider), mainly from h ! ⌧
+
⌧

�. In Fig. 4, we show for the CDF case MH± versus MA

with the color code of |⇠
h

⌧
| (left panel) and c��↵ (right panel), over the parameter points that

pass step II (EWPD). As can be seen in the left panel of Fig. 4, the area that disappears as

10
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Now we investigate which constraint excludes which region of the parameter space. First,

we present t� versus MA at step I in Fig. 2, which is common for the PDG and CDF cases.

The color code indicates �aµ. The observed �aµ allows the band shape in (MA, t�). We need

large t� above ⇠ 35 and light MA below ⇠ 170 GeV. MA above 170 GeV is also feasible if t� is

greater than 200. But we avoid too large t� to retain the perturbativity of the Yukawa coupling

of the tau lepton to the BSM Higgs bosons.

FIG. 3: MH± versus MA at step II (left panels), step III (middle panels), and step IV (right panels),

with the color code indicating MH . We consider the PDG results (upper panels) and the CDF results

(lower panels).

As we go through the remaining steps, the masses of the other BSM Higgs bosons are also

constrained. In Fig. 3, we show MH± versus MA with the color code of MH at step II (left

panels), step III (middle panels), and step IV (right panels). We compare the PDG case (upper

panels) with the CDF (lower panels). Let us begin with their common features. The first

and most important one is that upper bounds exist on the masses of new Higgs bosons, which

appear in step II. It is because the light MA, which is required to explain �aµ, brings down MH

and MH± to yield small S and T . The upper bounds on MH and MH± remain almost intact to

the last step such that MH,H± . 600 GeV in both cases.

The second common feature is the exclusion of the lower-left corner in (MA, MH±) at step

III (Collider), mainly from h ! ⌧
+
⌧

�. In Fig. 4, we show for the CDF case MH± versus MA

with the color code of |⇠
h

⌧
| (left panel) and c��↵ (right panel), over the parameter points that

pass step II (EWPD). As can be seen in the left panel of Fig. 4, the area that disappears as
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FIG. 4: For the parameter points that pass step II, MH± versus MA with the color code of |⇠
h
⌧ | (left

panel) and with the color code of c��↵ (right panel). We focus on the CDF case.

we go from step II to step III in Fig. 3 almost coincides with the region of too large |⇠
h

⌧
|. This

behavior is attributed to ⇠
h

⌧
in Eq. (10). When the Higgs alignment is broken even a little,

large t� increases |⇠
h

⌧
| unacceptably. To reveal the feature in more detail, we present c��↵ via

the color code over the plane of (MA, MH±) in the right panel of Fig. 4. The region with light

MA and light MH± has relatively sizable c��↵, which further enhances |⇠
h

⌧
|. The exclusion by

h ! ⌧
+
⌧

� results in the lower bound on MH± for light MA.

The third common feature is that the global fit to �aµ and the LFU data removes most of

the parameter space with MA & 38 GeV: the exceptional island-shaped region in the PDG case

is deferred until we discuss the di↵erences between the PDG and CDF cases. The exclusion

of MA & 38 GeV is primarily from the tree-level contributions to the lepton flavor violating

decays of the tau lepton, mediated by the charged Higgs boson. The key parameter is [103]

�tree =
mµm⌧ t

2
�

M
2
H±

. (25)

Large t�, which corresponds to heavy MA because of �aµ, blows up the �
2
LFU value. So only

the region with very light MA is finally allowed.

Even though the PDG and CDF cases share many common features, significant di↵erences

also exist. The first noticeable di↵erence is the island-shaped region at step IV in the PDG case.

To facilitate discussion below, let us call this special region the PDG-island and call the bulk

region with MA . 38 GeV the mainland. The parameters in the PDG-island are populated

around

PDG-island: MH 2 [130.0, 165.3] GeV, MA 2 [84.1, 111.9] GeV, (26)

MH± 2 [96.5, 127.9] GeV, t� > 154.9.

11
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In the CDF case, however, the parameter points in Eq. (26) are excluded from step II. To

understand the origin, let us present the oblique parameter T in the limit of MA ' MH ' MH± :

T '
�MA�MH

12⇡2↵ v2
, if MH± ' MA ' MH , (27)

where �Mi = Mi�MH± . The TCDF in Eq. (20) requires �MA,H & 80 GeV that the PDG-island

cannot satisfy. On the contrary, TPDG permits the mass degeneracy among BSM Higgs bosons,

which the PDG-island requires.

FIG. 5: MH± versus t� at step IV, with the color code indicating �
2
LFU. We focus on the PDG case.

An important question about the PDG-island is how it can evade the most profound con-

straints from the LFU data. As discussed before, the key parameter �tree in Eq. (25) requires

small t� and thus light MA. But there exists an alternative way to evade the LFU constraints

through another key parameter of

✏
⌧

tree = �tree


�tree

8
�

mµ

m⌧

g (⇢µ

⌧
)

f (⇢µ

⌧ )

�
, (28)

where g(x), f(x), and ⇢
i

j
are referred to Appendix B. If the first and second terms in Eq. (28)

are exquisitely cancelled, the value of �
2
LFU can be substantially reduced. The cancellation

demands a relation of MH± to t�. In Fig. 5, we show MH± versus t� with the color code of

�
2
LFU, after the final step IV in the PDG case. Here we only show the parameter points with

�
2
LFU < 33.41, i.e., p > 0.01 with 17 degrees of freedom. It is clearly seen that the minimum

of �
2
LFU occurs in the mainland region with MH± & 250 GeV and t� ' 35. Almost all the

parameter points outside the mainland have p-value below 0.01. Exceptional is the band-shape

PDG-island with MH± 2 [96.5, 127.9] GeV and t� > 154.9, which yields the cancellation in

Eq. (28).

The second di↵erence between the PDG and CDF cases is the lower bound on MH± for

MA . 38 GeV: MH± & 250 GeV in the PDG case while MH± & 300 GeV in the CDF case.

12

In the CDF case, however, the parameter points in Eq. (26) are excluded from step II. To

understand the origin, let us present the oblique parameter T in the limit of MA ' MH ' MH± :

T '
�MA�MH

12⇡2↵ v2
, if MH± ' MA ' MH , (27)

where �Mi = Mi�MH± . The TCDF in Eq. (20) requires �MA,H & 80 GeV that the PDG-island

cannot satisfy. On the contrary, TPDG permits the mass degeneracy among BSM Higgs bosons,

which the PDG-island requires.

FIG. 5: MH± versus t� at step IV, with the color code indicating �
2
LFU. We focus on the PDG case.

An important question about the PDG-island is how it can evade the most profound con-

straints from the LFU data. As discussed before, the key parameter �tree in Eq. (25) requires

small t� and thus light MA. But there exists an alternative way to evade the LFU constraints

through another key parameter of

✏
⌧

tree = �tree


�tree

8
�

mµ

m⌧

g (⇢µ

⌧
)

f (⇢µ

⌧ )

�
, (28)

where g(x), f(x), and ⇢
i

j
are referred to Appendix B. If the first and second terms in Eq. (28)

are exquisitely cancelled, the value of �
2
LFU can be substantially reduced. The cancellation

demands a relation of MH± to t�. In Fig. 5, we show MH± versus t� with the color code of

�
2
LFU, after the final step IV in the PDG case. Here we only show the parameter points with

�
2
LFU < 33.41, i.e., p > 0.01 with 17 degrees of freedom. It is clearly seen that the minimum

of �
2
LFU occurs in the mainland region with MH± & 250 GeV and t� ' 35. Almost all the

parameter points outside the mainland have p-value below 0.01. Exceptional is the band-shape

PDG-island with MH± 2 [96.5, 127.9] GeV and t� > 154.9, which yields the cancellation in

Eq. (28).

The second di↵erence between the PDG and CDF cases is the lower bound on MH± for

MA . 38 GeV: MH± & 250 GeV in the PDG case while MH± & 300 GeV in the CDF case.

12



Now we investigate which constraint excludes which region of the parameter space. First,

we present t� versus MA at step I in Fig. 2, which is common for the PDG and CDF cases.

The color code indicates �aµ. The observed �aµ allows the band shape in (MA, t�). We need

large t� above ⇠ 35 and light MA below ⇠ 170 GeV. MA above 170 GeV is also feasible if t� is

greater than 200. But we avoid too large t� to retain the perturbativity of the Yukawa coupling

of the tau lepton to the BSM Higgs bosons.

FIG. 3: MH± versus MA at step II (left panels), step III (middle panels), and step IV (right panels),

with the color code indicating MH . We consider the PDG results (upper panels) and the CDF results

(lower panels).

As we go through the remaining steps, the masses of the other BSM Higgs bosons are also

constrained. In Fig. 3, we show MH± versus MA with the color code of MH at step II (left

panels), step III (middle panels), and step IV (right panels). We compare the PDG case (upper

panels) with the CDF (lower panels). Let us begin with their common features. The first

and most important one is that upper bounds exist on the masses of new Higgs bosons, which

appear in step II. It is because the light MA, which is required to explain �aµ, brings down MH

and MH± to yield small S and T . The upper bounds on MH and MH± remain almost intact to

the last step such that MH,H± . 600 GeV in both cases.

The second common feature is the exclusion of the lower-left corner in (MA, MH±) at step

III (Collider), mainly from h ! ⌧
+
⌧

�. In Fig. 4, we show for the CDF case MH± versus MA

with the color code of |⇠
h

⌧
| (left panel) and c��↵ (right panel), over the parameter points that

pass step II (EWPD). As can be seen in the left panel of Fig. 4, the area that disappears as
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The di↵erence begins in step II. When MA ⌧ MH± , S and T are approximated into

S ' �
5

72⇡
, (29)

T ' �
MH±�MH

16⇡2↵ v2


1 �

�MH

6MH±
+ O

✓
�M

3
H

M
3
H±

◆�
.

The positive TCDF in Eq. (20) prefers negative and nonzero �MH for light MA. Therefore,

the heavy mass of H, above 125 GeV by definition, pushes up the lower bound on MH± in the

CDF case. The substantial mass gap between MA and MH± guarantees the dominant decay

mode of H
±

! W
±
A. In the PDG case, there are two di↵erent regions in the charged Higgs

boson phenomenology, the mainland region with MH± & 250 GeV and the island region with

MH± ' 100 GeV.

FIG. 6: tan� versus | sin(� � ↵)| with color code of MH± at step II (left panels), step III (middle

panels), and step IV (right panels). We compare the PDG (upper panels) and the CDF (lower panels).

The third di↵erence is found in the allowed t� and s��↵. In Fig. 6, we present t� versus s��↵

with the color code of MH± at step II (left panels), step III (middle panels), and step IV (right

panels). We compare the results of the PDG (upper panels) with those of the CDF (lower

panels). The generic feature of the Higgs-phobic type-X, the almost exact Higgs alignment,

appears from step II. When imposing the Higgs precision data at step III, the tendency toward

the Higgs alignment is stronger. A dramatic change occurs in step IV. Large t� above ⇠ 65

is excluded in the CDF case. In the PDG case, however, the region with t� 2 [170, 200] and

s��↵ ⇡ 1 remains, corresponding to the PDG-island.
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+
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1

FIG. 7: MH± versus MA with the color code of ⇠h
⌧ ⇥ sgn(⇠h

t ) in the PDG case.

The last di↵erence is the sign of the tau lepton Yukawa coupling. Considering the definitions

of the right-sign and wrong-sing ⌧ Yukawa coupling in Eq. (17), we present ⇠
h

⌧
⇥ sgn(s��↵) via

color codes over the parameter space of (MA, MH±) in Fig. 7. The mainland with MA . 38 GeV,

in the PDG and CDF cases, has wrong-sign ⌧ Yukawa coupling, as discussed in Ref. [112]. In

the PDG-island, however, right-sign ⌧ Yukawa coupling is also possible in a sizable portion,

about 10%, of the finally allowed parameter space. It is attributed to almost 100% alignment

in the PDG-island (see Fig. 7): if c��↵ is small enough to suppress the large t� in Eq. (10), ⇠
h

⌧

and s��↵ have the same sign. Probing the wrong-sign ⌧ Yukawa coupling at the LHC will give

us an important implication on the PDG-island.

IV. CUTOFF SCALES VIA THE RGE ANALYSIS

Now that the Higgs-phobic type-X is shown to explain all the constraints, a question arises as

to what energy scale this model is valid. To answer the question, we run each parameter point

via the RGEs and check three conditions—unitarity, perturbativity, and vacuum stability—as

increasing the energy scale. If any condition is broken at a particular energy scale, we stop the

evolution and record the energy scale as the cuto↵ scale ⇤c.

We use the public code 2HDME [157, 158] to run the following parameters:

gs, g, g
0
, �1,··· ,5, ⇠

h,H,A

f
, m

2
ij
, vi, (i = 1, 2). (30)

First, we convert the model parameters in Eq. (16) into those in Eq. (30). The top quark pole

mass of m
pole
t = 173.4 GeV is used to match the 2HDM to the SM parameters. The boundary

conditions at m
pole
t are referred to Ref. [157]. And we evolve them into higher energy scale

through the one-loop RGEs.3

3 The two-loop results are not substantially di↵erent from the one-loop results.
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FIG. 6: Distributions of the cuto↵ scales of the parameter points at Step-III (left panel) and Step-IV

(right panel) in the CDF case.

the alignment is stronger. A dramatic change happens in Step-IV from the LFU data. Large

t� above ⇠ 65 is excluded. Rare parameter points with t� 2 [170, 200] and s��↵ ⇡ 1 remain

in the PDG case. Since their survival probability is of the order of 10�7, it is hard to consider

them as a meaningful di↵erence between the PDG and CDF.

IV. CUTOFF SCALES VIA THE RGE ANALYSIS

Now that the Higgs-phobic type-X is shown to simultaneously explain m
CDF
W

, �aµ, the LFU

data, and other theoretical/experimental constraints, a question arises as to what energy scale

this model is valid. To answer the question, we run each parameter point via the RGEs,

and check three conditions—unitarity, perturbativity, and vacuum stability—as increasing the

energy scale. If any condition is broken at a particular energy scale, we stop the evolution and

record the energy scale as the cuto↵ scale ⇤c. An excellent way to present the high energy

behavior of all the viable parameter points is to show the distribution of ⇤c.

We use the public code 2HDME [147, 148] to run the following parameters:

gs, g, g
0
, �1,··· ,5, ⇠

h,H,A

f
, m

2
ij
, vi, (i = 1, 2). (26)

First, we convert model parameters of Eq. (15) into those in Eq. (26). Note that we also

incorporate the RG running of v1 and v2, originated from the mixing e↵ects of two scalar doublet

fields with equal quantum numbers. The top quark pole mass scale, m
pole
t = 173.4 GeV, is used

to match the 2HDM to the SM parameters. The boundary conditions at m
pole
t are referred to

Ref. [147]. And we evolve them into higher energy scale through the one-loop RGEs.5

5 In the ⇤c distributions, the di↵erence between one-loop and two-loop RGEs are not significant. To save

13

1. Run each parameter point via the RGEs.

2. Check three conditions—unitarity, perturbativity, and vacuum 

stability—as increasing the energy scale. 

3. If any condition is broken at a particular energy scale, we 

stop the evolution and record the energy scale as the cutoff 
scale.
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FIG. 8: Distributions of the cuto↵ scales of the parameter points at step III (left panel) and step IV

(right panel) in the CDF case.

To present the high energy behavior of all the viable parameter points, we show the distribu-

tion of ⇤c in Fig. 8, focusing on the CDF case. We compare the ⇤c distribution of the parameter

points at step III (left panel) with those at step IV (right panel). The “Rate” in the y-axis

denotes the ratio N⇤c/Nstep, where N⇤c is the number of the parameter points with the cuto↵

scale ⇤c and Nstep is the total number of the parameter points at step III (left panel) and at step

IV (right panel). At step III, the Higgs-phobic type-X is stable up to about 107 GeV. After step

IV, however, the model is valid only up to about 105 GeV. Although the Higgs-phobic type-X

is a viable model at the electroweak scale, it needs an extension at the energy scale not far from

the current LHC reach. Future colliders at
p

s = 100 TeV, such as the Future hadron-hadron

Circular Collider (FCC-hh) at CERN [159] and the CEPC [160, 161], are expected to find a

hint of the next-level BSM model.

If we further require a high cuto↵ scale, the parameter space is considerably constrained. For

⇤c > 1 TeV, the surviving probability is almost halved. If ⇤c > 10 TeV, the survival probability

in the CDF case goes down to 0.01% with the parameter points of

if ⇤CDF
c > 10 TeV : MA 2 [11, 38] GeV, MH 2 [249, 306] GeV, (31)

MH± 2 [283, 338] GeV, M 2 [249, 306] GeV,

t� 2 [36.6, 64.7].

Since the BSM Higgs boson masses are within the LHC reach, we expect that the HL-LHC can

probe the model with high ⇤c.

The final discussion is on the di↵erence in the high-energy scale behaviors between the PDG

and CDF cases. In Fig. 9, we present the cuto↵ scales via the color code in the finally allowed

(MA, MH±). The left (right) panel shows the results in the PDG (CDF) case. The di↵erence

15

• In the CDF, the maximum cutoff scale is about 100 TeV, due to LFU. 
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• The maximum cutoff scale is in the PDG-island. 
FIG. 9: Cuto↵ scales via the color code in the finally allowed (MA,MH±). The left (right) panel

shows the results in the PDG (CDF) case.

is clear. The PDG case can accommodate a larger cuto↵ scale. In the mainland region with

MA . 38 GeV, ⇤c can go up to 106 GeV, which is about ten times higher than ⇤c in the CDF

case. In the PDG-island, the cuto↵ scale is much higher up to about 107 GeV. In terms of the

high energy scale stability, the PDG-island is the most attractive.

V. GOLDEN DISCOVERY CHANNELS AT THE LHC

For the LHC phenomenology of the Higgs-phobic type-X, we first study the branching ratios

of the BSM Higgs bosons. The pseudoscalar boson decays only into the fermionic sector:

neither light MA (. 38 GeV) nor approximately degenerate MA with MH,H± in the PDG-island

can accommodate the bosonic decays of A ! H
±
W

±(⇤)
/HZ

(⇤). Furthermore, the suppressed

couplings of A to the quark sector by large t� make A ! ⌧
+
⌧

� dominant [109, 162]: its

branching ratio is almost 100%. Another interesting decay channel is A ! µ
+
µ

�. Although

it has a small branching ratio of about 0.3%, the absence of neutrinos helps reconstruct the

pseudoscalar mass. On the other hand, H
± and H can have the bosonic decay modes of

H
±

! W
±
A and H ! ZA for light MA. Since their partial decay widths are enhanced by

a factor of (M2
H±/m

2
W

)2 and (M2
H

/m
2
Z
)2, H

±
! W

±
A and H ! ZA are dominant in the

mainland regions with MA . 38 GeV.

In Fig. 10, we present the branching ratios of H
± (left panels) and H (right panels) in the

PDG (upper panels) and CDF cases (lower panels) over the parameter points at step IV. The

results of the PDG-island correspond to separate groups of the points for the light MH±/MH in

the upper panels. In the PDG-island, H
±

! ⌧⌫ and H ! ⌧
+
⌧

� have almost 100% branching

ratios. The muon modes, H
±

! µ⌫ and H ! µ
+
µ

�, have about 0.3% branching ratios, which

are omitted to avoid congestion. In the PDG-island, the bosonic decay modes are extremely

16
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FIG. 10: Branching ratios of H± (left panels) and H (right panels) in the PDG (upper panels) and

CDF cases (lower panels), over the parameter points at the final step IV. The muon modes are not

shown for simplicity.

suppressed such that B(H±
! AW

⇤) . 1.1 ⇥ 10�5 and B(H ! AZ
⇤) . 3.5 ⇥ 10�5. In the

mainland regions of the PDG and CDF cases, the bosonic decay modes of H
± and H are

dominant over the leptonic modes. The minimum of B(H±
! W

±
A) is about 60% (70%) in

the PDG (CDF) case. And B(H ! ZA) is above about 60% in both the PDG and CDF cases.

Based on the branching ratios, we investigate the possible multi-⌧ states through the elec-

troweak processes. The 3⌧ states are through

3⌧ : pp ! H
±
A ! [⌧±

⌫⌧ ][⌧
+
⌧

�], (32)

pp ! H
±
H ! [⌧±

⌫⌧ ][⌧
+
⌧

�].

The 4⌧ states consist of

4⌧ : pp ! HA ! [⌧+
⌧

�][⌧+
⌧

�], (33)

4⌧ + V : pp ! H
±
A ! [W±

A]A ! [W±
⌧

+
⌧

�][⌧+
⌧

�], (34)

pp ! HA ! [ZA]A ! [Z⌧
+
⌧

�][⌧+
⌧

�],

4⌧ + V V
0 : pp ! H

±
H ! [W±

A][ZA] ! [W ⌧
+
⌧

�][Z⌧
+
⌧

�],

pp ! H
+
H

�
! [W+

A][W�
A] ! [W+

⌧
+
⌧

�][W�
⌧

+
⌧

�], (35)

17

• In most of the parameter space, bosonic modes are dominant. 
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• In the PDG-island, the leptonic decays are dominant. 

FIG. 10: Branching ratios of H± (left panels) and H (right panels) in the PDG (upper panels) and

CDF cases (lower panels), over the parameter points at the final step IV. The muon modes are not

shown for simplicity.

suppressed such that B(H±
! AW

⇤) . 1.1 ⇥ 10�5 and B(H ! AZ
⇤) . 3.5 ⇥ 10�5. In the

mainland regions of the PDG and CDF cases, the bosonic decay modes of H
± and H are

dominant over the leptonic modes. The minimum of B(H±
! W

±
A) is about 60% (70%) in

the PDG (CDF) case. And B(H ! ZA) is above about 60% in both the PDG and CDF cases.

Based on the branching ratios, we investigate the possible multi-⌧ states through the elec-

troweak processes. The 3⌧ states are through

3⌧ : pp ! H
±
A ! [⌧±

⌫⌧ ][⌧
+
⌧

�], (32)

pp ! H
±
H ! [⌧±

⌫⌧ ][⌧
+
⌧

�].

The 4⌧ states consist of

4⌧ : pp ! HA ! [⌧+
⌧

�][⌧+
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�], (33)

4⌧ + V : pp ! H
±
A ! [W±
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+
⌧

�][⌧+
⌧

�], (34)
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+
⌧

�][⌧+
⌧

�],
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+
⌧
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�],
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�
! [W+

A][W�
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⌧
+
⌧
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⌧

+
⌧
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FIG. 10: Branching ratios of H± (left panels) and H (right panels) in the PDG (upper panels) and

CDF cases (lower panels), over the parameter points at the final step IV. The muon modes are not

shown for simplicity.

suppressed such that B(H±
! AW

⇤) . 1.1 ⇥ 10�5 and B(H ! AZ
⇤) . 3.5 ⇥ 10�5. In the

mainland regions of the PDG and CDF cases, the bosonic decay modes of H
± and H are

dominant over the leptonic modes. The minimum of B(H±
! W

±
A) is about 60% (70%) in

the PDG (CDF) case. And B(H ! ZA) is above about 60% in both the PDG and CDF cases.

Based on the branching ratios, we investigate the possible multi-⌧ states through the elec-

troweak processes. The 3⌧ states are through

3⌧ : pp ! H
±
A ! [⌧±

⌫⌧ ][⌧
+
⌧

�], (32)

pp ! H
±
H ! [⌧±

⌫⌧ ][⌧
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FIG. 10: Branching ratios of H± (left panels) and H (right panels) in the PDG (upper panels) and

CDF cases (lower panels), over the parameter points at the final step IV. The muon modes are not

shown for simplicity.
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⇤) . 1.1 ⇥ 10�5 and B(H ! AZ
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mainland regions of the PDG and CDF cases, the bosonic decay modes of H
± and H are

dominant over the leptonic modes. The minimum of B(H±
! W

±
A) is about 60% (70%) in

the PDG (CDF) case. And B(H ! ZA) is above about 60% in both the PDG and CDF cases.

Based on the branching ratios, we investigate the possible multi-⌧ states through the elec-

troweak processes. The 3⌧ states are through

3⌧ : pp ! H
±
A ! [⌧±

⌫⌧ ][⌧
+
⌧

�], (32)

pp ! H
±
H ! [⌧±

⌫⌧ ][⌧
+
⌧

�].

The 4⌧ states consist of

4⌧ : pp ! HA ! [⌧+
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4⌧ + V : pp ! H
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⌧
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⌧
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⌧
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⌧
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⌧
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FIG. 11: Production cross-sections of multi-⌧ states as a function of MH± : 3⌧/4⌧ (left panel) are

via leptonic decays of H±, H, and A, while 4⌧ + W (Z) (middle panel) and 4⌧ + ZW (WW ) (right

panel) modes are through the bosonic decays of H± and H. The PDG (CDF) results are in the upper

(lower) panels.

where V
(0) = Z, W

±. The production of HA (H±
A), mediated by Z (W±), is favored by the

Higgs alignment because the vertex of Z-H-A (W±-H±-A) is proportional to s��↵.

To calculate the production cross sections of the multi-⌧ states, we first implement the

type-X 2HDM in FeynRules [163] to obtain the Universal FeynRules Output (UFO) [164].

Interfering the UFO file with MadGraph5-aMC@NLO [165], we compute the cross-sections of pp !

H
±
A/H

±
H/HA/H

+
H

� at 14 TeV LHC using NNPDF31 lo as 0118 [166] parton distribution

function set. The two-body cross-sections are multiplied by relevant branching ratios of A, H
±

and H from the 2HDMC [122].4

Figure 11 presents the parton level cross-sections of 3⌧ and 4⌧ states in Eqs. (32) and (33).

We compare the PDG results (upper panels) with the CDF results (lower panels). The left

panels show the cross-sections of the 3⌧ and 4⌧ states without a gauge boson. In the middle

(right) panels, we show the cross-sections of 4⌧ + V (4⌧ + V V
0). The PDG-island, which

corresponds to MH± . 128 GeV in the upper panels, shows di↵erent behaviors: the cross

sections of 3⌧ and 4⌧ are substantially large, of the order of 1 pb and 100 fb respectively; the

cross sections of 4⌧ + V and 4⌧ + V V
0 are highly suppressed like �(pp ! 4⌧ + V V

0) . 10�7 fb.

It is attributed to the similar masses of BSM Higgs bosons as in Eq. (26), which suppress the

4 The 2HDM UFO file in the MadGraph misses some important decay modes of BSM scalar bosons such as

H
±

! cs and A ! gg.
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• step I: �aµ+Theory

• step II: S/T

• step III: Higgs precision and direct search bounds (Collider)

• step IV: global fit to �aµ+LFU

3⌧ 4⌧ 4⌧ +W 4⌧ + Z 4⌧ +WW 4⌧ + ZW

Parameter Input Value PDG 2021

mW [GeV]
80.379(12) 80.361(6) �1.47 80.357(6) �1.86 – – – – [2]

80.4335(94) – – – – 80.381(5) �5.80 80.357(6) �8.53

�↵
(5)
had

1 0.02761(11) 0.02756(11) �0.44 0.02716(38) �4.06 0.02746(10) �1.37 0.02603(36) �14.37 [? ? ? ]

mh [GeV] 125.25(17) 125.25(17) �0.02 92(21)(18) �193.26 125.24(17) �0.06 42(10)(8) �489.71 [2]

mt [GeV]2 172.76(58) 173.02(56) 0.45 176.2(20) 5.83 174.04(55) 2.19 184.2(16) 19.55 [2]

↵s(mZ) 0.1179(9) 0.1180(9) 0.14 0.1193(9) 1.53 0.1177(9) �0.26 0.1152(29) �0.22 [2]

�W [GeV] 2.085(42) 2.0905(5) 0.13 2.0905(5) 0.13 2.0919(5) 0.16 2.919(5) 0.16 [2]

�Z [GeV] 2.4952(23) 2.4942(6) �0.45 2.4940(7) �0.51 2.4946(6) �0.26 2.4945(7) �0.31 [? ]

mZ [GeV] 91.1875(21) 91.1882(20) 0.34 91.2037(90) 7.72 91.1909(20) 1.63 91.2393(77) 24.66 [? ]

A
0,b
FB 0.0992(16) 0.1031(3) 2.44 0.1033(3) 2.54 0.1036(3) 2.72 0.1037(3) 2.83 [? ]

A
0,c
FB 0.0707(35) 0.0737(3) 0.85 0.0737(3) 0.85 0.0740(3) 0.95 0.07404(25) 0.95 [? ]

A
0,`
FB 0.0171(10) 0.01623(10) �0.87 0.01622(10) �0.88 0.01637(10) �0.73 0.01636(10) �0.74 [? ]

Ab 0.923(20) 0.93462(4) 0.58 0.93462(4) 0.58 0.93464(4) 0.58 0.93464(4) 0.58 [? ]

Ac 0.670(27) 0.6679(2) �0.08 0.6679(2) �0.08 0.6682(2) �0.07 0.6682(2) �0.07 [? ]

A`(SLD) 0.1513(21) 0.1471(5) �2.00 0.1469(5) �2.10 0.1478(5) �1.70 0.1476(5) �1.78 [? ]

A`(LEP) 0.1465(33) 0.1471(5) 0.18 0.1469(5) 0.12 0.1478(5) 0.37 0.1476(5) 0.32 [? ]

R
0
b

0.21629(66) 0.21583(10) �0.69 0.21582(10) �0.71 0.21580(10) �0.74 0.21579(10) �0.76 [? ]

R
0
c

0.1721(30) 0.17222(6) 0.04 0.17222(6) 0.04 0.17223(6) 0.04 0.17223(6) 0.04 [? ]

R
0
`

20.767(25) 20.735(8) �1.28 20.732(8) �1.40 20.733(8) �1.35 20.730(8) �1.48 [? ]

�
0
h
[nb] 41.540(37) 41.491(8) �1.34 41.489(8) �1.39 41.490(8) �1.35 41.488(8) �1.39 [? ]

sin2
✓
`

e↵(QFB) 0.2324(12) 0.23151(6) �0.74 0.23151(6) �0.74 0.23143(6) �0.81 0.23143(6) �0.81 [? ]

sin2
✓
`

e↵(Teva) 0.23148(33) 0.23151(6) 0.10 0.23151(6) 0.10 0.23143(6) �0.15 0.23143(6) �0.15 [? ]
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• Cross sections of 3𝜏 and 4𝜏 states associated with gauge bosons

5. Muon g-2

FIG. 11: Production cross-sections of multi-⌧ states as a function of MH± : 3⌧/4⌧ (left panel) are

via leptonic decays of H±, H, and A, while 4⌧ + W (Z) (middle panel) and 4⌧ + ZW (WW ) (right

panel) modes are through the bosonic decays of H± and H. The PDG (CDF) results are in the upper

(lower) panels.

where V
(0) = Z, W

±. The production of HA (H±
A), mediated by Z (W±), is favored by the

Higgs alignment because the vertex of Z-H-A (W±-H±-A) is proportional to s��↵.

To calculate the production cross sections of the multi-⌧ states, we first implement the

type-X 2HDM in FeynRules [163] to obtain the Universal FeynRules Output (UFO) [164].

Interfering the UFO file with MadGraph5-aMC@NLO [165], we compute the cross-sections of pp !

H
±
A/H

±
H/HA/H

+
H

� at 14 TeV LHC using NNPDF31 lo as 0118 [166] parton distribution

function set. The two-body cross-sections are multiplied by relevant branching ratios of A, H
±

and H from the 2HDMC [122].4

Figure 11 presents the parton level cross-sections of 3⌧ and 4⌧ states in Eqs. (32) and (33).

We compare the PDG results (upper panels) with the CDF results (lower panels). The left

panels show the cross-sections of the 3⌧ and 4⌧ states without a gauge boson. In the middle

(right) panels, we show the cross-sections of 4⌧ + V (4⌧ + V V
0). The PDG-island, which

corresponds to MH± . 128 GeV in the upper panels, shows di↵erent behaviors: the cross

sections of 3⌧ and 4⌧ are substantially large, of the order of 1 pb and 100 fb respectively; the

cross sections of 4⌧ + V and 4⌧ + V V
0 are highly suppressed like �(pp ! 4⌧ + V V

0) . 10�7 fb.

It is attributed to the similar masses of BSM Higgs bosons as in Eq. (26), which suppress the

4 The 2HDM UFO file in the MadGraph misses some important decay modes of BSM scalar bosons such as

H
±

! cs and A ! gg.
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• In the PDG-island, 3𝜏 and 4𝜏 states are the golden channels. 
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• Cross sections of 3𝜏 and 4𝜏 states associated with gauge bosons

5. Muon g-2

FIG. 11: Production cross-sections of multi-⌧ states as a function of MH± : 3⌧/4⌧ (left panel) are

via leptonic decays of H±, H, and A, while 4⌧ + W (Z) (middle panel) and 4⌧ + ZW (WW ) (right

panel) modes are through the bosonic decays of H± and H. The PDG (CDF) results are in the upper

(lower) panels.

where V
(0) = Z, W

±. The production of HA (H±
A), mediated by Z (W±), is favored by the

Higgs alignment because the vertex of Z-H-A (W±-H±-A) is proportional to s��↵.

To calculate the production cross sections of the multi-⌧ states, we first implement the

type-X 2HDM in FeynRules [163] to obtain the Universal FeynRules Output (UFO) [164].

Interfering the UFO file with MadGraph5-aMC@NLO [165], we compute the cross-sections of pp !

H
±
A/H

±
H/HA/H

+
H

� at 14 TeV LHC using NNPDF31 lo as 0118 [166] parton distribution

function set. The two-body cross-sections are multiplied by relevant branching ratios of A, H
±

and H from the 2HDMC [122].4

Figure 11 presents the parton level cross-sections of 3⌧ and 4⌧ states in Eqs. (32) and (33).

We compare the PDG results (upper panels) with the CDF results (lower panels). The left

panels show the cross-sections of the 3⌧ and 4⌧ states without a gauge boson. In the middle

(right) panels, we show the cross-sections of 4⌧ + V (4⌧ + V V
0). The PDG-island, which

corresponds to MH± . 128 GeV in the upper panels, shows di↵erent behaviors: the cross

sections of 3⌧ and 4⌧ are substantially large, of the order of 1 pb and 100 fb respectively; the

cross sections of 4⌧ + V and 4⌧ + V V
0 are highly suppressed like �(pp ! 4⌧ + V V

0) . 10�7 fb.

It is attributed to the similar masses of BSM Higgs bosons as in Eq. (26), which suppress the

4 The 2HDM UFO file in the MadGraph misses some important decay modes of BSM scalar bosons such as

H
±

! cs and A ! gg.
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A`(SLD) 0.1513(21) 0.1471(5) �2.00 0.1469(5) �2.10 0.1478(5) �1.70 0.1476(5) �1.78 [? ]

A`(LEP) 0.1465(33) 0.1471(5) 0.18 0.1469(5) 0.12 0.1478(5) 0.37 0.1476(5) 0.32 [? ]

R
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b

0.21629(66) 0.21583(10) �0.69 0.21582(10) �0.71 0.21580(10) �0.74 0.21579(10) �0.76 [? ]
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0.1721(30) 0.17222(6) 0.04 0.17222(6) 0.04 0.17223(6) 0.04 0.17223(6) 0.04 [? ]
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mb [GeV] 4.18(3)(2) 4.18(3)(2) 0.00 – – 4.18(3)(2) 0.00 – – [2]
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• step I: �aµ+Theory

• step II: S/T

• step III: Higgs precision and direct search bounds (Collider)

• step IV: global fit to �aµ+LFU

3⌧ 4⌧ 4⌧ +W 4⌧ + Z 4⌧ +WW 4⌧ + ZW

Parameter Input Value PDG 2021
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80.379(12) 80.361(6) �1.47 80.357(6) �1.86 – – – – [2]

80.4335(94) – – – – 80.381(5) �5.80 80.357(6) �8.53
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(5)
had

1 0.02761(11) 0.02756(11) �0.44 0.02716(38) �4.06 0.02746(10) �1.37 0.02603(36) �14.37 [? ? ? ]

mh [GeV] 125.25(17) 125.25(17) �0.02 92(21)(18) �193.26 125.24(17) �0.06 42(10)(8) �489.71 [2]

mt [GeV]2 172.76(58) 173.02(56) 0.45 176.2(20) 5.83 174.04(55) 2.19 184.2(16) 19.55 [2]

↵s(mZ) 0.1179(9) 0.1180(9) 0.14 0.1193(9) 1.53 0.1177(9) �0.26 0.1152(29) �0.22 [2]

�W [GeV] 2.085(42) 2.0905(5) 0.13 2.0905(5) 0.13 2.0919(5) 0.16 2.919(5) 0.16 [2]

�Z [GeV] 2.4952(23) 2.4942(6) �0.45 2.4940(7) �0.51 2.4946(6) �0.26 2.4945(7) �0.31 [? ]

mZ [GeV] 91.1875(21) 91.1882(20) 0.34 91.2037(90) 7.72 91.1909(20) 1.63 91.2393(77) 24.66 [? ]

A
0,b
FB 0.0992(16) 0.1031(3) 2.44 0.1033(3) 2.54 0.1036(3) 2.72 0.1037(3) 2.83 [? ]
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FB 0.0707(35) 0.0737(3) 0.85 0.0737(3) 0.85 0.0740(3) 0.95 0.07404(25) 0.95 [? ]
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FB 0.0171(10) 0.01623(10) �0.87 0.01622(10) �0.88 0.01637(10) �0.73 0.01636(10) �0.74 [? ]

Ab 0.923(20) 0.93462(4) 0.58 0.93462(4) 0.58 0.93464(4) 0.58 0.93464(4) 0.58 [? ]

Ac 0.670(27) 0.6679(2) �0.08 0.6679(2) �0.08 0.6682(2) �0.07 0.6682(2) �0.07 [? ]

A`(SLD) 0.1513(21) 0.1471(5) �2.00 0.1469(5) �2.10 0.1478(5) �1.70 0.1476(5) �1.78 [? ]

A`(LEP) 0.1465(33) 0.1471(5) 0.18 0.1469(5) 0.12 0.1478(5) 0.37 0.1476(5) 0.32 [? ]
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• step II: S/T

• step III: Higgs precision and direct search bounds (Collider)

• step IV: global fit to �aµ+LFU
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80.379(12) 80.361(6) �1.47 80.357(6) �1.86 – – – – [2]

80.4335(94) – – – – 80.381(5) �5.80 80.357(6) �8.53
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1 0.02761(11) 0.02756(11) �0.44 0.02716(38) �4.06 0.02746(10) �1.37 0.02603(36) �14.37 [? ? ? ]

mh [GeV] 125.25(17) 125.25(17) �0.02 92(21)(18) �193.26 125.24(17) �0.06 42(10)(8) �489.71 [2]

mt [GeV]2 172.76(58) 173.02(56) 0.45 176.2(20) 5.83 174.04(55) 2.19 184.2(16) 19.55 [2]

↵s(mZ) 0.1179(9) 0.1180(9) 0.14 0.1193(9) 1.53 0.1177(9) �0.26 0.1152(29) �0.22 [2]

�W [GeV] 2.085(42) 2.0905(5) 0.13 2.0905(5) 0.13 2.0919(5) 0.16 2.919(5) 0.16 [2]

�Z [GeV] 2.4952(23) 2.4942(6) �0.45 2.4940(7) �0.51 2.4946(6) �0.26 2.4945(7) �0.31 [? ]

mZ [GeV] 91.1875(21) 91.1882(20) 0.34 91.2037(90) 7.72 91.1909(20) 1.63 91.2393(77) 24.66 [? ]
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Ab 0.923(20) 0.93462(4) 0.58 0.93462(4) 0.58 0.93464(4) 0.58 0.93464(4) 0.58 [? ]

Ac 0.670(27) 0.6679(2) �0.08 0.6679(2) �0.08 0.6682(2) �0.07 0.6682(2) �0.07 [? ]

A`(SLD) 0.1513(21) 0.1471(5) �2.00 0.1469(5) �2.10 0.1478(5) �1.70 0.1476(5) �1.78 [? ]
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• step II: S/T

• step III: Higgs precision and direct search bounds (Collider)

• step IV: global fit to �aµ+LFU

3⌧ 4⌧ 4⌧ +W 4⌧ + Z 4⌧ +WW 4⌧ + ZW
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80.379(12) 80.361(6) �1.47 80.357(6) �1.86 – – – – [2]

80.4335(94) – – – – 80.381(5) �5.80 80.357(6) �8.53
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1 0.02761(11) 0.02756(11) �0.44 0.02716(38) �4.06 0.02746(10) �1.37 0.02603(36) �14.37 [? ? ? ]

mh [GeV] 125.25(17) 125.25(17) �0.02 92(21)(18) �193.26 125.24(17) �0.06 42(10)(8) �489.71 [2]

mt [GeV]2 172.76(58) 173.02(56) 0.45 176.2(20) 5.83 174.04(55) 2.19 184.2(16) 19.55 [2]

↵s(mZ) 0.1179(9) 0.1180(9) 0.14 0.1193(9) 1.53 0.1177(9) �0.26 0.1152(29) �0.22 [2]

�W [GeV] 2.085(42) 2.0905(5) 0.13 2.0905(5) 0.13 2.0919(5) 0.16 2.919(5) 0.16 [2]

�Z [GeV] 2.4952(23) 2.4942(6) �0.45 2.4940(7) �0.51 2.4946(6) �0.26 2.4945(7) �0.31 [? ]

mZ [GeV] 91.1875(21) 91.1882(20) 0.34 91.2037(90) 7.72 91.1909(20) 1.63 91.2393(77) 24.66 [? ]
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0,b
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Ab 0.923(20) 0.93462(4) 0.58 0.93462(4) 0.58 0.93464(4) 0.58 0.93464(4) 0.58 [? ]

Ac 0.670(27) 0.6679(2) �0.08 0.6679(2) �0.08 0.6682(2) �0.07 0.6682(2) �0.07 [? ]

A`(SLD) 0.1513(21) 0.1471(5) �2.00 0.1469(5) �2.10 0.1478(5) �1.70 0.1476(5) �1.78 [? ]

A`(LEP) 0.1465(33) 0.1471(5) 0.18 0.1469(5) 0.12 0.1478(5) 0.37 0.1476(5) 0.32 [? ]
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mc [GeV] 1.27(2) 1.27(2) 0.00 – – 1.27(2) 0.00 – – [2]

mb [GeV] 4.18(3)(2) 4.18(3)(2) 0.00 – – 4.18(3)(2) 0.00 – – [2]
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• step I: �aµ+Theory

• step II: S/T

• step III: Higgs precision and direct search bounds (Collider)

• step IV: global fit to �aµ+LFU

3⌧ 4⌧ 4⌧ +W 4⌧ + Z 4⌧ +WW 4⌧ + ZW

Parameter Input Value PDG 2021

mW [GeV]
80.379(12) 80.361(6) �1.47 80.357(6) �1.86 – – – – [2]

80.4335(94) – – – – 80.381(5) �5.80 80.357(6) �8.53
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(5)
had

1 0.02761(11) 0.02756(11) �0.44 0.02716(38) �4.06 0.02746(10) �1.37 0.02603(36) �14.37 [? ? ? ]

mh [GeV] 125.25(17) 125.25(17) �0.02 92(21)(18) �193.26 125.24(17) �0.06 42(10)(8) �489.71 [2]

mt [GeV]2 172.76(58) 173.02(56) 0.45 176.2(20) 5.83 174.04(55) 2.19 184.2(16) 19.55 [2]

↵s(mZ) 0.1179(9) 0.1180(9) 0.14 0.1193(9) 1.53 0.1177(9) �0.26 0.1152(29) �0.22 [2]

�W [GeV] 2.085(42) 2.0905(5) 0.13 2.0905(5) 0.13 2.0919(5) 0.16 2.919(5) 0.16 [2]

�Z [GeV] 2.4952(23) 2.4942(6) �0.45 2.4940(7) �0.51 2.4946(6) �0.26 2.4945(7) �0.31 [? ]
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Ab 0.923(20) 0.93462(4) 0.58 0.93462(4) 0.58 0.93464(4) 0.58 0.93464(4) 0.58 [? ]

Ac 0.670(27) 0.6679(2) �0.08 0.6679(2) �0.08 0.6682(2) �0.07 0.6682(2) �0.07 [? ]

A`(SLD) 0.1513(21) 0.1471(5) �2.00 0.1469(5) �2.10 0.1478(5) �1.70 0.1476(5) �1.78 [? ]

A`(LEP) 0.1465(33) 0.1471(5) 0.18 0.1469(5) 0.12 0.1478(5) 0.37 0.1476(5) 0.32 [? ]
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mc [GeV] 1.27(2) 1.27(2) 0.00 – – 1.27(2) 0.00 – – [2]

mb [GeV] 4.18(3)(2) 4.18(3)(2) 0.00 – – 4.18(3)(2) 0.00 – – [2]
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• In the mainland, 4𝜏+VV’ states are the golden channels. 



• Almost the background-free environment

• Irreducible backgrounds 

 
 
 

• Reducible backgrounds: 4 QCD jets + VV’ can be tamed 
 
 

5. Muon g-2
• step I: �aµ+Theory

• step II: S/T

• step III: Higgs precision and direct search bounds (Collider)

• step IV: global fit to �aµ+LFU

3⌧ 4⌧ 4⌧ +W 4⌧ + Z 4⌧ +WW 4⌧ + ZW
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) ' 0.54 ab.

Parameter Input Value PDG 2021

mW [GeV]
80.379(12) 80.361(6) �1.47 80.357(6) �1.86 – – – – [2]

80.4335(94) – – – – 80.381(5) �5.80 80.357(6) �8.53

�↵
(5)
had

1 0.02761(11) 0.02756(11) �0.44 0.02716(38) �4.06 0.02746(10) �1.37 0.02603(36) �14.37 [? ? ? ]

mh [GeV] 125.25(17) 125.25(17) �0.02 92(21)(18) �193.26 125.24(17) �0.06 42(10)(8) �489.71 [2]

mt [GeV]2 172.76(58) 173.02(56) 0.45 176.2(20) 5.83 174.04(55) 2.19 184.2(16) 19.55 [2]

↵s(mZ) 0.1179(9) 0.1180(9) 0.14 0.1193(9) 1.53 0.1177(9) �0.26 0.1152(29) �0.22 [2]

�W [GeV] 2.085(42) 2.0905(5) 0.13 2.0905(5) 0.13 2.0919(5) 0.16 2.919(5) 0.16 [2]

�Z [GeV] 2.4952(23) 2.4942(6) �0.45 2.4940(7) �0.51 2.4946(6) �0.26 2.4945(7) �0.31 [? ]

mZ [GeV] 91.1875(21) 91.1882(20) 0.34 91.2037(90) 7.72 91.1909(20) 1.63 91.2393(77) 24.66 [? ]
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0,b
FB 0.0992(16) 0.1031(3) 2.44 0.1033(3) 2.54 0.1036(3) 2.72 0.1037(3) 2.83 [? ]
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FB 0.0707(35) 0.0737(3) 0.85 0.0737(3) 0.85 0.0740(3) 0.95 0.07404(25) 0.95 [? ]
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FB 0.0171(10) 0.01623(10) �0.87 0.01622(10) �0.88 0.01637(10) �0.73 0.01636(10) �0.74 [? ]

Ab 0.923(20) 0.93462(4) 0.58 0.93462(4) 0.58 0.93464(4) 0.58 0.93464(4) 0.58 [? ]

Ac 0.670(27) 0.6679(2) �0.08 0.6679(2) �0.08 0.6682(2) �0.07 0.6682(2) �0.07 [? ]

A`(SLD) 0.1513(21) 0.1471(5) �2.00 0.1469(5) �2.10 0.1478(5) �1.70 0.1476(5) �1.78 [? ]
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0.1721(30) 0.17222(6) 0.04 0.17222(6) 0.04 0.17223(6) 0.04 0.17223(6) 0.04 [? ]

R
0
`

20.767(25) 20.735(8) �1.28 20.732(8) �1.40 20.733(8) �1.35 20.730(8) �1.48 [? ]

�
0
h
[nb] 41.540(37) 41.491(8) �1.34 41.489(8) �1.39 41.490(8) �1.35 41.488(8) �1.39 [? ]

sin2
✓
`

e↵(QFB) 0.2324(12) 0.23151(6) �0.74 0.23151(6) �0.74 0.23143(6) �0.81 0.23143(6) �0.81 [? ]

sin2
✓
`

e↵(Teva) 0.23148(33) 0.23151(6) 0.10 0.23151(6) 0.10 0.23143(6) �0.15 0.23143(6) �0.15 [? ]

mc [GeV] 1.27(2) 1.27(2) 0.00 – – 1.27(2) 0.00 – – [2]

mb [GeV] 4.18(3)(2) 4.18(3)(2) 0.00 – – 4.18(3)(2) 0.00 – – [2]

1

• step I: �aµ+Theory

• step II: S/T

• step III: Higgs precision and direct search bounds (Collider)

• step IV: global fit to �aµ+LFU

3⌧ 4⌧ 4⌧ +W 4⌧ + Z 4⌧ +WW 4⌧ + ZW

�(pp ! 4⌧ + ZW
±) ' 0.26 ab,

�(pp ! 4⌧ +W
+
W

) ' 0.54 ab.

Parameter Input Value PDG 2021

mW [GeV]
80.379(12) 80.361(6) �1.47 80.357(6) �1.86 – – – – [2]

80.4335(94) – – – – 80.381(5) �5.80 80.357(6) �8.53

�↵
(5)
had

1 0.02761(11) 0.02756(11) �0.44 0.02716(38) �4.06 0.02746(10) �1.37 0.02603(36) �14.37 [? ? ? ]

mh [GeV] 125.25(17) 125.25(17) �0.02 92(21)(18) �193.26 125.24(17) �0.06 42(10)(8) �489.71 [2]

mt [GeV]2 172.76(58) 173.02(56) 0.45 176.2(20) 5.83 174.04(55) 2.19 184.2(16) 19.55 [2]

↵s(mZ) 0.1179(9) 0.1180(9) 0.14 0.1193(9) 1.53 0.1177(9) �0.26 0.1152(29) �0.22 [2]

�W [GeV] 2.085(42) 2.0905(5) 0.13 2.0905(5) 0.13 2.0919(5) 0.16 2.919(5) 0.16 [2]

�Z [GeV] 2.4952(23) 2.4942(6) �0.45 2.4940(7) �0.51 2.4946(6) �0.26 2.4945(7) �0.31 [? ]

mZ [GeV] 91.1875(21) 91.1882(20) 0.34 91.2037(90) 7.72 91.1909(20) 1.63 91.2393(77) 24.66 [? ]

A
0,b
FB 0.0992(16) 0.1031(3) 2.44 0.1033(3) 2.54 0.1036(3) 2.72 0.1037(3) 2.83 [? ]

A
0,c
FB 0.0707(35) 0.0737(3) 0.85 0.0737(3) 0.85 0.0740(3) 0.95 0.07404(25) 0.95 [? ]

A
0,`
FB 0.0171(10) 0.01623(10) �0.87 0.01622(10) �0.88 0.01637(10) �0.73 0.01636(10) �0.74 [? ]

Ab 0.923(20) 0.93462(4) 0.58 0.93462(4) 0.58 0.93464(4) 0.58 0.93464(4) 0.58 [? ]

Ac 0.670(27) 0.6679(2) �0.08 0.6679(2) �0.08 0.6682(2) �0.07 0.6682(2) �0.07 [? ]

A`(SLD) 0.1513(21) 0.1471(5) �2.00 0.1469(5) �2.10 0.1478(5) �1.70 0.1476(5) �1.78 [? ]

A`(LEP) 0.1465(33) 0.1471(5) 0.18 0.1469(5) 0.12 0.1478(5) 0.37 0.1476(5) 0.32 [? ]

R
0
b

0.21629(66) 0.21583(10) �0.69 0.21582(10) �0.71 0.21580(10) �0.74 0.21579(10) �0.76 [? ]

R
0
c

0.1721(30) 0.17222(6) 0.04 0.17222(6) 0.04 0.17223(6) 0.04 0.17223(6) 0.04 [? ]

R
0
`

20.767(25) 20.735(8) �1.28 20.732(8) �1.40 20.733(8) �1.35 20.730(8) �1.48 [? ]

�
0
h
[nb] 41.540(37) 41.491(8) �1.34 41.489(8) �1.39 41.490(8) �1.35 41.488(8) �1.39 [? ]

sin2
✓
`

e↵(QFB) 0.2324(12) 0.23151(6) �0.74 0.23151(6) �0.74 0.23143(6) �0.81 0.23143(6) �0.81 [? ]

sin2
✓
`

e↵(Teva) 0.23148(33) 0.23151(6) 0.10 0.23151(6) 0.10 0.23143(6) �0.15 0.23143(6) �0.15 [? ]

mc [GeV] 1.27(2) 1.27(2) 0.00 – – 1.27(2) 0.00 – – [2]

mb [GeV] 4.18(3)(2) 4.18(3)(2) 0.00 – – 4.18(3)(2) 0.00 – – [2]

1



6. Conclusions
• The new W boson mass measurement by the CDF 

constrains NP models.

• NP scale is below about 1 TeV.

• When combined with the muon g-2 anomaly, the NP scale 

is further reduced.

• High-energy and high-luminosity experiments are more 

important than ever.
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