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Abstract In view of the recent high precision measurement
of the Standard Model W boson mass at the CDF II detector,
we compute the contributions to the oblique parameters S,
T and U coming from the two additional Higgs doublets
(one inert and one hidden) as well as the hidden neutral dark
gauge bosons and extra heavy fermions in the gauged two-
Higgs-doublet model (G2ZHDM). While the effects from the
hidden Higgs doublet and new heavy fermions are found to
be minuscule, the hidden gauge sector SU (2) y x U (1) x with
gauge coupling strength > 1072 and gauge boson mass >
100 GeV can readily explain the W boson mass anomaly but
is nevertheless excluded by the dilepton high-mass resonance
searches at the Large Hadron Collider. On the other hand, the
new global fits to the oblique parameters due to the new W
boson mass measurement can give discernible impacts on the
mass splitting and mixing angle for the inert Higgs doublet in
G2HDM. We also study the impact on the signal strength of
diphoton mode of the 125 GeV Higgs boson 7 — yy and the
detectability of the yet to be observed process h — Zy at the
High Luminosity Large Hadron Collider. Current constraints
for the dark matter candidate W’ including the dark matter
relic density, dark matter direct detections and invisible Higgs
decays are also taken into account in this study.

1 Introduction

Based on the data with an integrated luminosity of 8.8 fb~!
collected by the CDF II detector between 2002 and 2011,
after over 10 years of dedicated analysis, the CDF Collabo-
ration at the Tevatron Collider has recently unveiled a high-
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precision direct measurement of the standard model (SM) W
boson mass. The reported result is [1]

mw (CDF II) = 80, 433.5 + 9.4 MeV/c?, (1)

which is ~ 70 away from the SM prediction from elec-
troweak (EW) global fits [2]

mw(SM — Global Fits) = 80, 359.1 £5.2 MeV/c2.  (2)

The CDF result (1) also represents a ~ 30 deviation from
other direct measurements from the more recent ATLAS [3]
and LHCb [4] experiments. This immediately stirs a great
deal of excitement in the field and triggers many subsequent
studies. This recent measurement has significant implications
for the electroweak precision global fit [5—7]. Specifically, the
fit can accommodate the recent CDF my measurement by
incorporating a large and nonzero value of the U parameter
or a large positive value of 7' parameter in the case of U = 0.
These two parameters 7 and U, together with a third param-
eter S, are well-known in the community of electroweak pre-
cision test as oblique parameters [8]. We will briefly review
them later in Sect. 3. We note that the deviation of the CDF
W boson mass measurement with the global fit only shifts
slightly from 7o to 60 if a theoretical calculation tool used
by CDF is updated by a more recent version [9]. More impor-
tant and optimistic view is that the global fit could entail new
physics (NP) beyond the SM (BSM).

While combined result of the measurements from LEP,
Tevatron and ATLAS are still lacking, pending on evaluation
of uncertainty correlations [1, 10], and the new CDF result of
mw is needed to be independently confirmed, BSM enthu-
siast has already offering various NP interpretations of the
new CDF result. See for example, Refs. [11-13] for extra
U (1) implications, [14-29] for extended or composite Higgs
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sectors, [30,31] for SMEFT, [32,33] for lepto-quark, [34,35]
for dark matter (DM) models, [36—40] for low energy super-
symmetry, and [41-44] for grand unification, etc. Another
interesting point to support the BSM physics as pointed out
in [45] is that the hadronic uncertainties in the fine structure
constant and hadronic vacuum polarization that affects the
SM W boson mass and muon anomalous magnetic dipole
moment respectively are anti-correlated with each other.

In this work, we study the impact of the new CDF
result to the extra particle mass spectra in the gauged two-
Higgs-doublet model (G2HDM) first proposed in [46] and
explored further in [47-56]. G2ZHDM is a gauged DM model
based on the extended electroweak gauge group GGoupm =
SUQR2)L x U(l)y x SUR2)y x U(1)x. The extra gauge
group SU(2)g x U(1)x represents the dark gauge sector
interacting feebly with the visible SM sector, in the sense
that the new gauge couplings gy and gy are much smaller
than the SM electroweak gauge couplings g and g’, as sug-
gested by our recent detailed studies [54,55]. Additional
Higgses and heavy fermions must be included in G2ZHDM
to make it phenomenologically viable and free from gauge
and gravitational anomalies. The crucial idea of G2ZHDM is
that the usual two Higgs doublets (H; and H») in general
two-Higgs-doublet model (2HDM) is lumped together in a
2 dimensional spinor representation H = (Hj H2)T of a
hidden local SU (2) g gauge group. Hence we christened the
model as gauged 2HDM. Nevertheless, a hidden doublet ®
of SU(2) g is necessarily introduced so as to provide realis-
tic Yukawa couplings and mass spectra for the extra vector
bosons and fermions in the model. Effectively we have a
tailor-made 3HDM in the scalar sector.

One distinctive feature of the model is that there is no need
to impose an ad hoc discrete Z, symmetry to stabilize the
DM. There is a hidden h-parity in the model [52], admitted
readily once one writes down all possible gauge invariant and
renormalizable interactions, that will guarantee the lightest
h-parity odd particle to be the DM candidate, provided that it
is not broken spontaneously.! Another interesting feature is
that the new gauge bosons W’ ("™ = (W] F i W;)/~/2 are
electrically neutral and don’t mix with the SM W bosons.
They are also h-parity odd and can be the DM candidate. A
scenario of sub-GeV low mass W’ (P as DM was studied in
[54,55]. In this work, we will turn our attention to the scenario
of W' (7™ as DM candidate with a wider mass range.

The G2HDM model is renormalizable and anomaly-free.
Furthermore, the model has arange of intriguing phenomeno-
logical implications, including the emergence of new signals
from extra gauge bosons at the LHC [50], the enhancement

! The h-parity can be broken spontaneously if H» gets a non-zero vac-
uum expectation value. This would lead to the undesirable domain wall
problem in cosmology which one usually argues away by invoking
inflation.
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of di-Higgs production [51], and the possibility of charged
lepton flavor violation processes [56]. Recent studies also
suggest that the GZHDM model has great potential to be
probed in both dark matter and dark photon search experi-
ments [54,55]. In addition, the DM candidate W’ (7™ has
non-abelian and complex nature which can make it to be both
asymmetric and self-interacting DM. These features of the
W’ P-m) in G2HDM as DM candidate may be interesting to
explore in the future so as to resolve some well-known issues
such as the too-big-to-fail and core-cusp problems encoun-
tered in the conventional WIMP cold dark matter scenario
[57] in astrophysics and cosmology.

In the next Sect. 2, we will briefly review the particle con-
tent in the minimal G2HDM [54,55], their masses and inter-
actions that are relevant to our study. In Sect. 3, we remind
ourselves by reviewing the Peskin-Takeuchi oblique param-
eters [8] that not only entered in the art of global fit anal-
ysis which correlates all electroweak observables but also
provided important constraints on NP models. In Sect. 4,
we compute the new contributions to the oblique parameters
from the mixings of the neutral gauge bosons (Sect. 4.1),
extended Higgs sector (Sects. 4.2 and 4.3) and extra heavy
fermions (Sect. 4.4) in G2ZHDM. In Sect. 5, we present and
discuss our numerical results by including the new contribu-
tions to the oblique parameters to compare with the updated
global fits [6]. In addition, we will take the opportunity in this
section to explore the detectability of the process h — Zy
in the High Luminosity Large Hadron Collider (HL-LHC).
Conclusions are given in Sect. 6. We reserve an appendix
for the analytical expressions of the one-loop amplitudes of
the two processes h; — yy (i = 1,2) and h; — Z;y
@ =1,2;j = 1,2,3) in G2HDM, where h; and Z; are
identified as the SM 125 GeV Higgs scalar (%) and 91 GeV
Z vector boson respectively.

2 Model setup

In this section, we will briefly review the minimal G2HDM.
The original model was introduced in Ref. [46], and various
refinements [48,49,52] and collider implications [47,50,51]
were pursued subsequently with the same particle content as
the original model. As advocated recently in [54,55], we will
drop the triplet field A g of the extra SU (2) . This is mainly
due to the fact that realistic mass spectra for all particles in
G2HDM can be achieved without including the triplet. This
important fact has been overlooked in the original work [46]
because a couple of terms were missing in the scalar potential.
Additionally, removing the triplet field results in a reduction
of 6 arbitrary parameters in the scalar potential.

We will refer this as the minimal G2ZHDM in what follows.
The quantum numbers of the matter particles in G2ZHDM
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under SU(3)e x SUQR)L x SUR)y x U(1)y x U(1)x are 2
Scalars:

11
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T 1
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T 1
Eg = (e{{ eR) ~ (1, 1, 2,—1,—5) ;

vil ~(1,1,1,0,0), e ~1,1,1,-1,0).

L».)

The most general renormalizable Higgs potential which is
invariant under both SU(2);, x U(1)y and SU(2)g x U (1) x
can be written down as follows

. . 2
V== iy (H Hai) = 13 ®} @ + 2 (H Ha )

+ e (@) @ SR ve (i g, . Bi g
o (®}®n) +3¥nease” (H* Hy:) (HP Hy,

ne (HTH) (<DLd>H> + My (HchH) (cDLH) ,

3

where (i, j) and («, B, y, §) referto the SU (2); and SU 2) g
indices respectively, all of which run from one to two, and
H* = H},.

To study spontaneous symmetry breaking (SSB) in the
model, we parameterize the Higgs fields according to stan-

dard lore
Gt HT
Hl = <U+hSM + ) H2 - <H()) )

2 The last two entries in the tuples are the hypercharge and X charge
of the two U (1) factors. Note that fields with Qx = 41 in our earlier
works [46,48-52,54,55] have been changed to +1/2. The anomaly
cancellations of the model remain intact with these changes.

GY .
O = ( vussn 10} @
V2 V2

where v and v¢ are the only non-vanishing vacuum expec-
tation values (VEVs) in H; and &y fields respectively.
v = 246 GeV is the SM VEV.

The relevant interaction Lagrangian for the computation
of the one-loop oblique parameters in G2HDM is

Lint = Eintl + EintZa (5)

where

1
Linct D =3 (Ouhsm) [(sW3' — ¢'B") G°
+ig (GTW™H —G=WTH)]
1
+3 (rswi +v) {(8,G°) (gWy' — ¢'B")
+ig [(8MG+) W — (B#G_) W+M]}

(gW3M - g/BM) [(aquo*) H) — (%Hg) Hf*]

E
L (eWd + g B [(uH) B~ (3,17 HY
8
HiE W (0, 1) 1Y (0,08%) 7]
—w [(BMH_) H20 - (8MH20) H_]}
T ©)
and
1
Lin2 D 3 [¢* (W' Way, +2WH W)+ g'2B"B,,|
x [(hsm +v)* +2 (HY*HY + HTH™)] - %gg/Wé‘B
x [(hsm +v)? +2 (HY*HY —HYH™ )] +---. (7
Note that the - - - in (6) and (7) indicate terms of first and

second order in gy and gx have been ignored under our
approximations. Their effects will be taking into account at
the tree level via the mass mixings in the neutral gauge bosons
in the model as will be explained further in Sect. 4.1.

In G2HDM, the SM Zgn and A fields are defined as usual

wh [ cw sw zk
() = (5 o) G ®

where
Sw = sinfy = g—’ cw = cosfy = L
Ve +¢? Ve +g?

©))

@ Springer
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and the electric charge e is given by

l 2
e:L and a:e—. (10)

NeEe =

In G2HDM, the SM W boson does not mix with W’ and
its mass is the same as in SM: my = gv/2. However in
general the SM Zgy will mix further with the gauge field
W3’ associated with the third generator of SU(2)y and the
U (1) x gauge field X via the following mass matrix:

2 1 1
mz —38HVvmz —38xvmz
2 1 1
M7 = | —38nvmz m%v, Zgngv% ,
1 1 2 1,22 2
—>8xvmz 18HEXVZ 78xvy + My
(11

1

mz = Ev\/g2 + g2, (12)
1

my = EgH‘/U2+UgI>’ (13)

vi = (v’ +v3) and M is the Stueckelberg mass for the

U(l)x.

The real and symmetric mass matrix MZZ in (11) can
be diagonalized by a 3 by 3 orthogonal matrix OF, i.e.
(OG)TM%C’)G = Diag(mzzI , m2zz, m223), where mz, is the
mass of the physical fields Z; fori = 1, 2, 3. We will identify
Z1 = Z to be the neutral gauge boson resonance with a mass
of 91.1876 GeV observed at LEP [58]. The lighter/heavier
of the other two states is the dark photon (y’)/dark Z (Z').
These neutral gauge bosons are h-parity even in the model,
despite the adjective ‘dark’ are used for the other two states.
We note that these neutral gauge bosons can decay into SM
particles and thus they can be constrained by experimental
data, including the electroweak precision measurement at the
Z pole physics from LEP, searches for dark Z and dark pho-
ton at colliders, beam-dump experiments, and astrophysical
observations. The DM candidate considered in this work is
W’ (Pm) which is electrically neutral but carries one unit of
dark charge and chosen to be the lightest z-parity odd particle
in the parameter space.

In G2HDM there are mixings effects of the two doublets
H; and H, with the hidden doublet ® . The neutral com-
ponents hsy and ¢y in Hy and ® g respectively are both
h-parity even. They mix to form two physical Higgs fields
hl and h2

hSM S hl _ COSG[ sin 91 h]
(¢>H) =0 (hz) o (— sin 6y cos@l> (hz) (14

@ Springer

The mixing angle 6 is given by

AHOVVOD

tan20) = ————.
)\.([)Ué — Agv?

15)

The masses of &1 and hj are given by

2 2 2
mhl,hz = )\.HU +)»q>v¢

¢\/)\§,v4 + 2508 + (044 — 2Anre) V205
(16)

Depending on its mass, k1 or hp = h is identified as the
observed Higgs boson at the LHC. Currently the most precise
measurement of the Higgs boson massismj; = 125.38+0.14
GeV [59].

The complex fields Hg* and GZ in Hy and &y respec-
tively are both h-parity odd. They mix to form a physical dark
Higgs D* and a unphysical Goldstone field G* absorbed by
the W’'P

GH\ _ D G _ [ cosBy sin6, G
(Hé))_o <D>_<—sin92cos92> (D) {17

The mixing angle 6, satisfies

2000
tan 26, = 3 5 (18)
vy — U
and the mass of D is
» 1, 2, .2
mh = e (v +143). (19)

In the Feynman-"t Hooft gauge the Goldstone field G* (G)
has the same mass as the W'? (W’™) which is given by (13).
Finally the charged Higgs H™ is also h-parity odd and has a
mass

1
i =3 (Mrovd = 2i0?). (20)
One can do the inversion to express the fundamental
parameters in the scalar potential in terms of the particle
masses [54,55]:

vecotbr, for6 >0,
v = (2D
—vtan6,, for 6, <O,
1
Ag = m( %1 005291+m%2 sin291), (22)
1 2 .2 2 2
A = I ( i, sin® 01 +mj cos 91), (23)
Ao = : (m,% —m3 )sin (26), 24
2000 2 !
2m?2
A, — D , 25
Ao = 2 vé )
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2 m%v2
Vy == | =22 —m2. . 26
H v2 (v2+vé H* ( )
From (13), we also have

2mW/
g1 =———
U2+ vg

Thus one can use my,, my’, mp, my=, 01 and 6, as input in
our numerical scan.

The Feynman rules can be straightforwardly derived by
rewriting the two Lagrangians (6) and (7) using the phys-
ical fields mentioned above. The h-parity odd particles in
G2HDM are W/ »™ D™ G®  HE and all new heavy
fermions fH. Among them, W’ (pm) D& and vH are elec-
trically neutral and hence any one of them can be a DM
candidate. The connector sector linking the SM particles and
the DM W'(P-™) consists of the h-parity even or odd particles.
Specifically, we have y, Z;(i = 1,2,3) and h,(n = 1, 2)
in the s-channel, and new heavy fermions f Hg or even the
DM W™ jtself in the ¢-channel and/or u-channel. Phe-
nomenology of a complex scalar D™ as DM was studied
in detail in [52,53] and for low mass W’ (P as DM, see
[54,55]. For further details of G2ZHDM, we refer our read-
ers to the earlier works [48,49]. Phenomenology of a new
heavy neutrino v as DM in the model, which is necessar-
ily implying both DM and neutrino physics, has yet to be
explored.

27

3 Oblique parameters and W boson mass shift

As is well known, the oblique parameters S, T, and U [8]
represent the most important electroweak radiative correc-
tions since they are defined by the transverse pieces of the
vacuum polarization tensors of the SM vector gauge bosons.
They are process independent whereas the other vertex and
box corrections are necessarily attached to the particles in
the initial and final states in the elementary processes in high
precision experiments.

The vacuum polarization tensor i1} (g) involving the
SM gauge bosons I and J has the following decomposition

inyy @) =i (Ms@He™ = Augha'e”).  @8)

The form factor A;;(g?) needs no concern to us since at
high energy experiments like LEP I and II where electroweak
precision measurements were carried out, g* will dot into
the helicity spinors of light leptons and will give vanishing
results. The vacuum polarization amplitude I,y (qz) has the
following expansion

My, (¢*) = ¢, (0) + -+, (29)

Mz, (q%) = ¢’y 0) + -+, (30)
Mz2(q%) = Mz2(0) 4+ ¢*T,0) +-- -, 31)
Mww (g% = Mww(©0) + ¢ Ty 0) + - - . (32)

The oblique parameters S, 7 and U are defined with an
overall factor of & = é2 /4 extracted out in front as [8]

& 52
&S = 45%,¢3, | 11,0 — X W11, 0)—T11,,(0) |,
o chw|: ZZ( ) EW@W Z)/( ) yy( )
(33)
o Tyw(©) Tzz(0
4T — Wv;/( ) ZZZ( )’ (34)
My mz

QU = 487 [Ty (0) — &5, T4 (0) — 28wéwTTy, (0)

— Sy I, (0)]. (35)

The W boson mass shift can be related to the oblique param-
eters according to [8]

Am? & S &2, — 53
Wo=a |:——+6WT-|—WA—2WU . (36)
ms, Cy—Sw | 2 45y,

Here the hat quantities ¢y, Sw and & are understood to be
evaluated at the Z pole. In order to compare with the dif-
ference of the central values of the CDF II result (1) and
the global fit number (2), namely, Amy ~ 75 MeV, we use
Amy ~ (Am?%, + m%,)l/2 — mw with my given by the SM
expression my = gv/2 and Am%v by (36).

4 New contributions to the oblique parameters in
G2HDM

In this section, we compute the contributions to the oblique
parameters from all the new particles introduced in G2ZHDM.
First, we will handle the tree level contributions to the oblique
parameters coming from the mass mixing matrix for the three
massive neutral gauge bosons given in (11).

4.1 Contributions from the tree level mixings of Zgy, W3’
and X

The kinetic and mass mixings of an extra U (1) boson with
the SM B and W3 gauge fields violate the custodial sym-
metry in the SM at the tree level and can give rise to the
effective shift of the oblique parameters [60] (see also [13]).
The neutral gauge boson mass mixings (11) of Zsy, W5 and
X in G2HDM also violate the custodial symmetry in the
SM and can give rise to a non-vanishing vacuum polariza-
tion amplitude I1z7(g) at the tree level. The other 3 vacuum
polarization amplitudes vanish at tree level in the model. For
gH,8x <K g, g, from the Feynman diagram in Fig. 1, one

@ Springer
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!/
ZsM W Zsm

AVAVAVAVAVSY SAVAVAVAVYS JaVAVAVAVAY:

Zsm X Zsm

Fig. 1 Tree level diagrams (to second orders of gy and gx) that contribute to the oblique parameters from the mass mixings (11) between the

Zsm, W5 and X in G2HDM

— Amy =1 MeV

— Amy =20 MeV |
—— Amy at CDF-Il ]

1 1 | 1 ]
200 400 600 800 1000

my (GeV)
Fig. 2 The W mass shift from the tree level mixing of the neutral gauge
bosons spanned on the (my, gg) plane. Here we set gx = 0. The solid
green, solid blue and solid red lines represent the W mass shift of 1 MeV,
20 MeV and the one measured at the CDF II, respectively. The light
gray shaded region is the excluded region (Amz > 2.1 MeV) from the
measurement of Z boson mass at LEP [58]. The orange region is the

excluded region from the di-lepton high mass resonance search from
ATLAS [62]

obtains

1 g7 g5
Mzz(q*) ~ ;vmy | -+ 25|, 3D
q q- —my

where m%v, is given by (13) and m%( is the 33 entry of (11),
namely

my = (M%), = igff (v +03) + M3, (38)

The Z boson propagator is modified as

i Hg" term
Mz2(g?) —Ta '

Ay (q) = —i <q2

_mZ

(39)

This modified propagator implies a mass correction 8m22 and
a wave function renormalization constant Z for the Z boson,
viz.

sm% ~ Tzz(m%) —m% 1, (m%), (40)

1
VZa1+ E1'1/Zz(m2z). (41)

@ Springer

The mass shift for the physical Z field is then given by
Am% ~ $m?% +m%(Z — 1) ~ Tzz(m%).> One can then
deduce the effective oblique parameters by using the EFT
approach with the following effective Lagrangian [61]

Lett = Lsm + Lnp, (42)

where Lsy is the SM Lagrangian and Lnp is the Lagrangian
from NP effects which is defined as

A~ . B .. -« C. =
Lnp = —ZFWF“” — EWJVWW — Zzwz/“
G

S hm

— wiiy W W — %rhziﬂiﬂ. 43)
Here £, and Z,,, represent the usual Abelian field strengths
whereas W,w =D, WU D, W with the covariant D W,, =
oy W,,—i—leAM WU. The mw (z) is the W (Z) mass in the SM and
the coefficients A, B, C, G, w and z represent either the wave
function renormalizations or mass corrections from NP. Since
neutral gauge boson mass mixings are tree-level effects, this
effective Lagrangian approach seems more appropriate to
deduce the oblique parameters. We therefore identify C =
—1I1,,(m%) and z = (TIzz(m%) —m% 11, ,(m%))/m% 4 All
the other effective parameters A, B, G and w in Eq. (43) are
zeros at tree level in GZHDM. Using Eq. (2) in [61], we then
obtain the tree level oblique parameters as

"2 "2
Swee (W', X}) ~ —Upee (W', X}) ~ — WO[W v? 2Z

2 >
X 81 + 8x ,
- -

(44)

1
Ttree({W/» X))~ —— v?
4a

(2m22 — m%)
(

m?, —m%)?
45)

2 2
, @mz —my,)
X 18
H (m2 _m2 )2
Z w’

8k

3 Amy can then be computed as Amz ~ (Am% +m )1/ —my =~
(l'[ZZ(mZ) + mz)l/ — myz with mz given by the SM expression
Eq. (12) and l'[zz(mz) by Eq. (37).

4 One can also extract C and z directly from the Z mass and neutral cur-
rent interaction terms in the Lagrangian. In particular, C = 2 (1 - OlGl)
andz = (mZZl — mzz)/mz2 + C where the rotation matrix ©¢ and phys-

ical Z boson mass mz, are obtained by diagonalizing the mass matrix
in Eq. (11).
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h;

1
~

b \ W/ Zsu

W

W=/ Zsm

W*/Zev + ’
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\
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G:t

Fig. 3 Vacuum polarization diagrams that contribute to the oblique parameters from the mixing between the SM doublet H; and the hidden doublet

W*/Zsu ‘\ /, W*/Zsu
ANNNNNNBSNANNNNNS
&y in G2ZHDM
T T T T
P 0.1f -
£
o
E, 0.0
()
€
© —0.1F R
(0]
o
q) — —
E =027 A7ysin’e,
2 AS/sin20
© -0.3f =2 :
—— AU/sin“6,
| | 1 1
200 400 600 800 1000
mp, (GeV)
T T T T

— 005_ =
D
Nln
o
(@]
= 0.00f
g
£
© —0.05 .
©
o
()
 —0.10F —— AT/cos?6; -
g AS/cos?0,
~ 2

—0.15F i i —I AU/CIOS 6, |

25 50 75 100 125
mp, (GeV)

Fig. 4 Upper panels: the oblique parameters divided by sin?6; as a
function of m, (left) and contours for the W boson mass shift, Amy,
projected on the (mp,, sin® @;) plane (right) for the case where hy is
identified to be the observed Higgs boson. Lower panels: likewise but
sin? §; — cos? 0; and mp, <> my,, for the case where h» is identified
to be the observed Higgs boson. The dashed black, blue and green (solid
black, blue and green) lines on the upper (lower) right panel represent

The corresponding W boson mass shift at the tree level
can be computed using (36).

InFig. 2, we show the contours of W boson mass shift from
the contribution of the tree level mixings between the neutral
gauge bosons projected on the plane of my- and gg. Here
we have fixed gx = 0 for simplicity. Including contributions
from both W’ and X do not change our conclusions in a

1.0 i N I I
0.81t | ]
1 |‘\ \\\\\6\0
_0.60 ]
D 1 “\ \ \?*b
e AN
7 0.4 %L ~~~~~~
0.2 ‘\\ \\\\\\\\\\\\ L_ H_?_I_Imlt
“‘~-~-?_5_["_’§V _____
0.0 ' T T e
©7200 400 600 800 1000
0.2 LHC limit _
I L L '
0.0 25 50 75 100 125
mp, (GeV)

the mass shift Amy = — 5, — 20 and — 60 (5, 20 and 60) MeV, respec-
tively. The solid red line indicates the upper bound on the mixing angle
sin? 61 < 0.2 (upper right panel) or cos? 8 < 0.2 (lower right panel)

~

from the Higgs signal strength measurement at the LHC. We note this
upper bound for sin? 61 (or cos? 01) changes if mp, is close to my, [65]

significant way. In my» 2 mz regions and for relative large
values of g, one can reach the W boson mass shift (Amy =
75 MeV) measured at the CDF 1. However these large values
of gy alsoyield alarge Z boson mass shift which is in conflict
with the great precision measurement of the Z mass at LEP
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(58]

mz(LEP) = 91.1876 + 0.0021 GeV. (46)
In the heavy mass region of W’ boson, the gauge coupling
gn is also constrained to be g < 1072 from the di-lepton
high mass resonance searches at ATLAS [62]. In the allowed
region, the W boson mass shift is relatively small from these
extra massive neutral gauge bosons in G2ZHDM. In other
words, the mass mixing effects from (11) to the W boson
mass shift is not significant. We note that for lower mass
regions of W’ and X bosons (my x < mz), the oblique
parameters in Eqgs. (44, 45) calculated from the EFT approach
may not be justified. However in these low mass regions, the
gauge couplings are constrained to be smaller (gg x < 1073
) [54,55], one expects the contribution to the W boson mass
shift from these mixing effects is also negligible.

In the next three subsections, we will turn to one-loop
contributions to the oblique parameters from all other new
particles in G2ZHDM. We will treat Z; = Z =~ Zgy and work
in the Feynman-’t Hooft gauge.

4.2 Contributions from the SU (2) g doublet ® g

Since ®p is a SU(2)y doublet but a SU(2)y singlet, its
contribution can only arise from the mixing effects between
hsm and ¢, and therefore similar to the singlet extension
of the SM. The relevant Feynman diagrams are depicted in
Fig. 3.

For the AT parameter, we find

3sinZ 6 m? m? m2
16753, mj, —my miy my,

2 2
2 2
m m
——"2— log (%)] —[hy — hl]} .
my, —my myz

The above result agrees with [63,64].

Compact expressions for the AS(®y) and AU(Pg)
parameters can also be obtained using their definitions given
in (33) and (35).

sin? 61
127
2m22 (m%l — m%2) (Zm%”m,%z + 3m22 <mﬁ1 + miz) - Smé)
(i =)k, =3
m%z (mz — Bmﬁzmzz + 12m‘é>

2
3
2 2
<mhz - mZ)

2
mj

X log( ;2> — (mpn, —>mhl)i|},
myz
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AS(Pn) =

(48)

and

sin 0,
127

2 2 2 2 2 2 2 2 4
{|:2mz (mhl — mhz) (th]mh2 + 3m7 <mh1 +mh2) — SmZ)
2 2
2 2 2 2
(mh] _mZ> (mh2 _mZ>
m?, (9mﬁ2 +m22) (,ﬁ)
———— = log =

3 2
2 2 m
(mh2 - mz)

zZ
my (om2 +m2) w3
+————"log ' :|

3
2 2
(mh1 — mz)

T}

Asoneexpects,allthree AS(®y), AT(Py)and AU (Py)
vanish as my, — my, or6; — 0. In this limit, from Eq. (16),
we must require Age = 0, Ay = Ao and ,u%{ = M%I)' The
scalar potential with Aye = 0, Ay = A¢ and ,u%{ = uczb
for the three doublets Hy, H> and ® g can then be simplified
to manifest a custodial symmetry of SO (12), preventing the
deviation of the oblique parameters from nil for the degener-
ated 1 and hy. The other two couplings A, and A, 4, in the
scalar potential break this custodial symmetry but they are
not relevant for the masses of &1 and h5.

We note that the above expressions (47), (48), and (49)
are written down assuming the lighter % is identified as the
observed Higgs boson. If instead the heavier 4, is identified
to be the observed Higgs boson, analogous expressions can
be obtained by setting sin?9; — cos? 6, and my, | <> my, in
(47), (48), and (49).

We will first study the case where /1 is the observed Higgs
boson. In the upper left panel of Fig. 4, we show the oblique
parameters divided by sin? 0; calculated from (47), (48), and
(49) as a function of mp,. One can see that AS is positive
value while AT is opposite, and | AU| is much smaller than
|AS|and |AT|.In the upper right panel of Fig. 4, we show the
contours for the W mass shift projected on the (my,, sin” 6;)
plane. The W boson mass shift is seen to be negative for
Mpy, > My, .

Similar plots in the lower left and right panels of Fig. 4 are
made for the case where the heavier £, is the observed Higgs
boson. In this case, the oblique parameters flip their signs as
compared with the previous case as shown in the lower left
panel in Fig. 4. As a result, a positive W boson mass shift
is obtained as shown in the lower right panel in Fig. 4. The
mass shift can be large in the large cos? ) and small mp,
regions.

Due to the Higgs data at the LHC which require sin” 6;
(or cos?61) < 0.2 (from the Higgs boson coupling modifier
kz = 0.99 £ 0.06 [66]) for the case where h; (or hy) is
the observed Higgs boson, the W boson mass shift from this

AU(®y) =

(49)
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Fig. 5 Vacuum polarization diagrams that contribute to the oblique parameters from the inert doublet H, in G2ZHDM

contribution is constrained to be relatively small in both cases
and thus makes it difficult for the hidden SU (2) iy doublet ® g
to explain the CDF W boson mass anomaly.

4.3 Contributions from the inert Higgs doublet H; in
G2HDM

The second Higgs doublet H, in G2ZHDM plays a similar
role as the inert Higgs doublet in 2HDM [67-70]. However
the neutral component Hz0 of H can be treated as a complex
scalar field in G2HDM instead of decomposing into (S +
i A)/+/2in12HDM, where S and A are the scalar and pseudo-
scalar fields. In addition, as already given in (17), HS(HS )
mixes with G’} (G[;,) from the hidden doublet ® 5 to form a
physical dark Higgs D(D*) and a Goldstone boson G (G*),
with the latter of which absorbed by the complex gauge fields
W™ (W’'P) of SU(2) . The relevant Feynman diagrams for
the inert Higgs doublet contributions are depicted in Fig. 5.
For the T parameter, we got

AT (Hy) = |:F(mHi, mp) cos® 6,

8124v?

+F (my=, my) sin® 6,

1
= F(mp, my) sin® 292]. (50)

where my is the mass the Goldstone boson G which is
absorbed by the new gauge boson W’ (7™ of SU(2)y, and
the function F (m 1, m») is defined as

2 2 2.2 2
mi+m mim m
5= — 2 log| =5 |, formy #mg,
F(my,mp) = my—mj m3
0 for m; = my.
(51)

Again, analytical formulas for the AS(H>) and AU (H>)
parameters can be obtained using their definitions given in
(33) and (35).

1 m%.[i 4
AS(H) = ﬁ{ — 3log (—2> + 6<cos 6 — 1)

mp

2
+3 <2 — log (mTD>> sin* 6,
mW,

1
+ZG(mD,mW/)sin2 292} (52)

and

1 mzi 4
AU (H,) = E{ —3log (%) —6<cos 6 + 1>

mp

+G<mD, mHi> cos’ ()

2
—3(2 — log <m—2D)) sin* 6,
my,

m, )
—| 6log| —= ) — G(mwy, my+) | sin” 6>

mW,

1
_ZG(mD,mW/) sin? 292}, (53)

(54)

Note that in the limit of m, — m, G(my, mp) = 12.
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In the pure inert limitof 6 — 0, D — Hg and we simply
have

. 1 m%.]i
lim AS(Hy) = ———log [ —5—|. (55)

6,—0 127 Mo

2

‘ 1
iy AT ) = gz FOmass M), 6
1 m3

lim AU(Hy) = ——— log | —=

6,—0 127 Mo

2

o (6o - 12)-

The above expressions of (55) and (56) are consistent with
the inert Higgs results [68]. Furthermore, if my+ = m HY
AS(Hy) = AT (Hy) = AU(H3) = 0 in this limit.

4.4 Contributions from the new heavy fermions in G2ZHDM

Since all the new heavy fermions £ in G2HDM are SU (2)1.
singlets, they don’t interact with the charge W bosons.
Under the assumption that gy, gx < g, g, the heavy
fermions interacts with both the SM y and Z are vector-like
described by the following Lagrangian

L7 = eQyn (]FHVufH) (A” —tan@WZ") 4o,
(58)

where we have dropped terms that are proportional to gy or
gx. Thus we have

My (@) =0, (59)
M/, (4% = Nee? %4 Moo(g?), (60)
H;Z @ = —NcezQicH tan Oy Moo (¢2), 61)
i, = Nee> Q2 tan’ Oy Tl oo (7). (62)

where I1g is the oblique loop amplitude IT,,,, with both the
color and electric charge factors trimming off [71], i.e.

I oo Leflp ld 1—
QQ(Q)—2n2q A xx(l—x)

6
m?H —x (1 —x)q2
x log . | (63)
%

with E = % —yEe+log4m. Using the above expressions (59)—
(63), we can demonstrate easily that all the oblique parame-
ters from the heavy fermions fs in G2HDM vanish:

AS(f!y = AT (") = AU = 0. (64)

@ Springer

The non-trivial leading contributions from the heavy fermions
in G2ZHDM to the oblique parameters start at order g%l /1672
and g% /1672, which we are neglecting in this study.

The rationale behind the vector-like results in Eqgs. (59)—
(62) and (64) is as follows. From Eq. (11), we can see that
setting g7 and gy to zeros implies there are no mixings in the
neutral gauge bosons. As a result, from the quantum numbers
of the heavy fermions £ givenin Sect. 2 for the model setup,
we know that all fs are strictly singlets under SU(2) 7, i.e.
T (f Hy — Owhere T; (i = 1, 2, 3) are the three generators of
SU(2)... This immediately implies 1/, = IT{; = I1{, =
0. In this case, the only SM gauge field that fs couple to
is the hypercharge B field. Since both left-handed and right-
handed heavy fermions have the same hypercharge, we left

with 1'[;5 = ng # 0. Furthermore, it is well-known that
all oblique parameters vanish for the electroweak singlets
with arbitrary hypercharge.

To summarize, we have computed all possible nontriv-
ial sources of new physics effects to the oblique parame-
ters AS, AT and AU in G2ZHDM under the approxima-
tion of gy, gx < g, g'. While the tree level mixings of
the neutral gauge bosons and the extra heavy fermions in
G2HDM contribute to the oblique parameters are of order
g%{ x and g%_, x/ 1672 respectively and therefore not signif-
icaht, there are new contributions from the inert doublet H,
and the H-®py mixings, as well as from the hidden dou-
blet &y through the Hi-®y mixings. These new contribu-
tions from the extended scalar sector in G2ZHDM are of order
g%/167? and g’? /1672 which are the same order as the SM
one-loop contributions. In the next section, we will focus on
the detailed numerical analysis of these new contributions.

5 Numerical results

In this section we present the numerical results in the light
of new W boson mass measurement at the CDF II. Among
the h-parity odd particles, we require W’ to be the lightest
particle so that it can be a DM candidate in this model. We
propose two setups of scan based on the mass of the DM,
one is the light DM mass scenario and another is the heavy
DM mass scenario. The parameter space setup for these two
scenarios is given in Table 1. We sample the parameter space
in the model using MCMC scans emcee [72]. For the light
DM mass scenario, my, Mx and gy are scanned in the log
scale, while the rest are in the linear scale in both scenarios
except My and gy are fixed in the heavy DM mass scenario.
We also assume that the lighter £ is the observed Higgs
boson and all heavy fermion masses are degenerated and
fixed to be 3 TeV.

We closely follow the analysis for the current constraints
in the model from [54,55]. In particular, we take into account



Eur. Phys. J. C (2023) 83:346

Page 11 of 23 346

Table 1 The parameter space
setup for the scan. For the light
DM mass scenario, my, my

Parameter [units]

Range/value [scan prior]

Light DM mass scenario Heavy DM mass scenario

and gy are scanned in log scale
while the rest are in linear scale.
All the new heavy fermion
masses are set equal to 3 TeV

my [GeV]

My [GeV]

8x

mp, [GeV]

mpy=+ [GeV]

(my+ —mp) [GeV]
9|,2 [rad]

[0.01, 50] [log] [100, 2000] [linear]
[0.01, 100] [log] 3000
[10°, 0.1] [log] 1073

[mp,, 2000] [linear]

[100, 2000] [linear]

[—500, 500] [linear]

[—%, 5] [linear]

the theoretical constraints on the scalar potential, the collider
physics from the LHC including the signal strengths of 4 —
yy [73],h — WYW~—,ZZ [66] and h — t+7~ [74] from
the gluon-gluon fusion, the constraints from the electroweak
precision measurement at Z pole [58] and from Z’ [62] and
dark photon y’ physics (see [75] for a recent review). To take
into account the new W boson mass measurement at the CDF
11, the recent global fit values for the oblique parameters due
to NP contributions is adapted from [6], which are given as

AS = 0.005 £ 0.096,
AT =0.04 £0.12,
AU = 0.134 £ 0.087, (65)

and the correlation coefficients are 0.91, —0.65 and —0.88
for (AS, AT), (AS, AU) and (AT, AU), respectively.

We also take into account the constraints from DM
searches including the DM relic density Qh> = 0.120 +
0.001 measured from Planck collaboration [76], DM direct
detections from CRESST III [77], DarkSide-50 [78],
XENONIT [79,80], PandaX-4T [81] and LZ [82], and the
Higgs invisible decays constraint from the LHC [83]. We note
that, due to the kinematical forbiddance, the Higgs invisible
decays constraint is not applied for the heavy DM mass sce-
nario. The branching ratio of invisible Higgs decay is given
in [54,55]. We use mictOMEGAs package [84] to calculate
the DM relic density and the DM-proton scattering cross sec-
tion. We note that the production cross section of the mono-
jet signals pp — W/PW’™j in the model is small due to
the smallness of the gauge coupling gy [54,55] and hence
evading the current constraint from the LHC [85,86]. Thus
we do not include the mono-jet constraint in our analysis.

Hereafter, we denote the scan without the DM con-
straints as CDF-2022 and with the DM constraints as
CDF-2022+DM. To see the impacts due to the CDF II W
boson mass measurement, we employ other scans with the
old global fit values for the oblique parameters taken from
the Particle Data Group (PDG) [58] which are given as

AS = —-0.01 £0.1,
AT =0.03 £0.12,

AU =0.02£0.11, (66)

and the correlation coefficients are 0.92, —0.8 and —0.93
for (AS, AT), (AS, AU) and (AT, AU), respectively. We
then denote the PDG scan without the DM constraints as
PDG-2021 and with the DM constraints as PDG-2 021 +DM.

5.1 Heavy DM mass scenario

In Fig. 6, we show first the favored regions from CDF-2022
(orange regions) and PDG-2021 (gray regions) spanned on
the parameter space without imposing the DM constraints.
On the left panel of Fig. 6, we project the favored regions
on the plane of the mass splitting (Am = my+ — mp) and
the mixing angle 6. The mixing angle 6, is allowed to be
either a nearly maximal mixing region (6, ~ —m/2) or a tiny
mixing region (6, < 5 x 1073). Since the relation between
0, and gy is given as

2mw/

8H =

=|sin02|, for 6, > 0, )

v |cosBa|, for 6y <O,

the upper bound on 6, is due to the upper bound on the gauge
coupling gy which is from the constraints of the Z mass shift
and the di-lepton high mass resonance search at the LHC as
shown in Fig. 2. For the tiny mixing 6, region, the impact
from the new W mass measurement at CDF II is significant.
In particular, within 20 favored region, CDF-2022 prefers
a large mass splitting between the charged Higgs and dark
Higgs, while the PDG-2021 prefers a smaller mass splitting
and even allows the degenerated case. On the other hand,
for the nearly maximal mixing region, both CDF-2022 and
PDG-2021 allow the degenerated mass between the charged
Higgs and dark Higgs. However CDF-2022 still allows for
a larger mass splitting as compared with the region favored
by PDG-2021.

On the right panel of Fig. 6, we project the favored regions
on the plane of the charged Higgs and W’ masses. The favored
regions from CDF-2022 and PDG-2021 are almost the
same. For the region of my 2 1.4 TeV, the favored region
has a thin cigar shape indicating the charged Higgs and W’
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Fig. 6 The favored regions projected on the planes of (Am = my+ — mp, 67) (left panel) and (my, m y+) (right panel) for the heavy DM mass
scenario. The dark (light) orange region represents the 1o (20') favored by CDF-2022, while the dark (light) gray region indicates the 1o (20)

favored by PDG-2021

W’ SM W’ SM
hz Z 7
W SM W SM
w' M X SM
fH
w’ M X SM

Fig. 7 The DM annihilation and coannihilation processes in the model.
The top left, top right and bottom left panels represent the DM annihi-
lation processes mediated by the scalar /;, the neutral gauge boson Z;
via the s-channel and the heavy hidden fermions f# via the t-channel,
respectively. The bottom right panel indicates the DM coannihilation
processes where x; = {W’, H* DYyandi # j

masses are correlated linearly and hence their mass ratio is
close to unity.

Similar to the well known WIMP DM scenario, the DM
candidate W’ is kept in the chemical equilibrium with the
SM thermal bath via its 2 <> 2 annihilations before starting
to freeze-out due to the expansion of the universe. The DM
relic abundance can be determined by solving the Boltzmann
equation for the evolution of the DM number density which
heavily influenced by the 2 <> 2 annihilations between the
DM and SM particles.

In G2HDM, beside the standard annihilation of the
W’ (P pair to pairs of SM particles, the coannihilation—
mutual annihilation of multiple A-parity odd species—to
pairs of SM particles can be also occurred. The Feynman
diagrams for the DM annihilation and coannihilation pro-
cesses are depicted in Fig. 7. In the coannihilation limit, the
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Fig. 8 The lo (dark) and 20 (light) favored regions of the data from
CDF-2022+DM (blue) and PDG-2021+DM (gray) projected on the
plane of the mass splittings (m g+ —my)/my and (mp —myr) /my
for the heavy DM mass scenario

xi < xj with x; = {W’, H®, D} and i # j, is rapid until

after annihilations decouple. The effective annihilation rate
in this limit can be given by [87]

3
ocoann Zaij glf/ (1 + Ai)3/2(1 + Aj)3/2€—x(A1+Aj)’
i,j 8etf
(68)

where o;; is the annihilation cross section, x = my/T with
T is the temperature, A; = (m; — my)/my, g counts the
number of internal degrees of freedom and

3
gett = Y _ gi(1+ Ap)Y e,

i=1

(69)
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Fig. 9 The lo (dark) and 2o (light) favored regions of the data from CDF-2021+DM (blue) and PDG-2022+DM (gray) projected on the planes
of (Am = mpy+ — mp, 63) (left panel) and (my, m g+) (right panel) for the heavy DM mass scenario

From Eq. (68), we see that the coannihilation process can
be significant if the masses of W’ and the other -parity odd
particles are nearly degenerated.

For large mass splittings between W’ and other h-parity
odd particles, the pairs of W’ (") mainly annihilate into
pairs of SM fermions and W W ~, which are mediated by
the neutral gauge bosons Z, Z’, v’ and scalar bosons /1, h7
via the s-channel as well as the new heavy fermions via the
t-channel. The cross sections of such processes are propor-
tional to g%,, thus they are suppressed due to constraints on
this new gauge coupling unless a resonant DM annihilation
process occurs through the s-channel. To fulfill the resonant
condition, the mediator mass must be nearly twice that of the
W' mass.

For the heavy DM mass scenario, we found out that the
main contribution that yields the DM relic density observed
at Planck Collaboration is the coannihilation channels. The
annihilation processes are subdominant because the cross
sections are suppressed due to the smallness of the new gauge
couplings gy and gy. Figure 8 shows the mass difference
between the DM W’ and h-parity odd particles H* and D
when the DM constraints are included. The mass differences
(my=x — my)/my and (mp — my)/my are required to
be O(10~% — 10~!) within 20 region. The CDF-2022+DM
prefers a larger region of the mass differences while the
PDG-2021+DM can extend to a lower region.

Figure 9 shows the favored regions on (Am, 6,) (left
panel) and (my, mgy+) (right panel) planes when the DM
constraints are taken into account. As compared with the
results without the DM constraints (shown in Fig. 6), the
nearly maximal mixing regions of the angle 6, are not favored
anymore. The degeneracy of the charged Higgs and dark
Higgs (i.e. Am = 0) favored by the PDG-2021 is no
longer favored when the DM constraint is included. Within

500 1000
myy (GeV)

1500 2000

Fig. 10 The 1o (dark blue) and 2o (light blue) favored regions of the
data from CDF-2022+DM projected on the plane of the DM mass and
spin independent DM-proton scattering cross section for the heavy DM
mass scenario. The dark and light gray regions are the exclusion from
PandaX 4T [81] and LZ [82] experiments. The dashed green, red and
purple lines represent future sensitivities from the DM direct detections
at XENONNT [88], DarkSide-20k [89] and DARWIN [90], respectively.
Green region is the neutrino floor background

20 region, it requires the mass splitting to be in the range
of 33GeV < Am < 78GeV for PDG-2021+DM and
72GeV < Am < 100GeV for CDF-2022+DM. The mix-
ing angle is also required to be smaller 6, < 2 x 1073,
The cigar shape of the favored region on the right panel
of Fig. 9 is due to the happenstance of DM coannihilation
ie. (my=x — my)/myr ~ (9(10_2 — 10_1) as suggested
already in the right panel of Fig. 6 for my, = 1.4 TeV even
before imposing DM constraints. The DM mass is predicted
to be my» > 700 GeV while the charged Higgs mass is
mpy= > 800 GeV within 20 region. The CDF-2022+DM
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Fig. 11 The favored regions projected on the planes of (Am = my+ —mp, mpy+) (left panel) and (my-, 65) (right panel) for the light DM mass
scenario. The dark (light) orange region represents the 1o (20) favored by CDF-2022, while the dark (light) gray region indicates the 1o (20)

favored by the PDG-2021

prefers a bit higher in the charged Higgs mass region as com-
pared with the result from PDG-2021+DM.

In Fig. 10, we show the CDF-2022+DM favored region
on the (my-, o‘%}/p) plane for the DM direct detection. Due to
the constraint from the di-lepton high mass resonance search
at the LHC [62], the gauge coupling is required to be g <
102 in the favored DM mass region. It results in a small
DM-proton spin-independent scattering cross section 0%},17
and thus the favored region lies far below the current limits
from PandaX 4T [81] and LZ [82] (gray regions). Most of the
CDF-2022+DM favored region overlaps with the neutrino
floor background region. However a portion of the favored
region predicted by the model can be probed by future DM
direct detections at DarkSide-20k [89] and DARWIN [90].

5.2 Light DM mass scenario

Again we show first the favored regions from CDF-2022 and
PDG-2021 for the light DM mass scenario in Fig. 11 without
the DM constraints imposed. Similar to the heavy DM mass
scenario, the significant difference between CDF-2022 and
PDG-2021 is the favored region projected on the mass
splitting between the charged Higgs and dark Higgs which
is shown in the left panel of Fig. 11. In particular, within
20 region, CDF-2022 prefers a mass splitting 60 GeV <
Am < 100 GeV, while PDG-2021 favors a smaller region
10GeV < Am < 75 GeV. However, unlike the heavy DM
mass scenario, both CDF-2022 and PDG-2021 in this sce-
nario disfavor the degeneracy of the charged Higgs and dark
Higgs masses. The favored regions projected on (my — 63)
plane is shown in the right panel of Fig. 11. The results
between CDF-2022 and PDG-2021 projected on this plane
is slightly different. CDF -2 022 prefers aregion with the DM
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mass (my < 20 GeV within 20 region) and the mixing angle
(62 < 0.15 rad within 20 region) while PDG-2021 favors a
bit lighter DM mass and larger mixing angle region. There is
alower bound on the DM mass (my 2 0.02 GeV within 20
region) which is due to the constraints from the dark photon
searches [54,55]. In particular, because the relation between
my and myz shown in (11), the lower bound on my due
to NA64 [91], E141 [92] v-CAL I [93] experiments can be
translated to a lower bound on the DM mass. The constraints
from the dark photon searches also put a strong upper limit
on the gauge couplings gy and gx [54,55]. Since the rela-
tion between gy and 6 given in (67), the upper limit on gg
induces the upper limit on 6, as shown in the right panel of
Fig. 11.

Next, we take into account the DM constraints for this
light DM mass scenario. Due to the scanned mass ranges of
D, H* and W', the mass splitting between DM and other
h—parity odd particles H* and D are relatively large and
hence forbids the DM coannihilation channels. The annihi-
lations of W/?W’™ to the SM fermion pairs via s-channel
with the mediation of Z’, " are dominant processes. How-
ever the cross sections of such processes are suppressed due
to the smallness of the gauge couplings gy and gy except
near the resonant regions where the mass of mediators are
about twice DM mass. Because the mass of the lighter '
can not satisfy the resonant condition i.e. m,s % 2 X myy,
only the annihilation process with a heavier mediator Z’ near
the resonance can provide a DM relic density observed at the
Planck Collaboration.

We show the results with the DM constraints included in
Fig. 12. In this scenario, since the DM physics is not signif-
icantly impacted by the charged Higgs and dark Higgs, the
favored regions projected on (Am, mg=+) plane as shown in
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Fig. 13 The 1o (dark blue) and 2o (light blue) favored regions of the
data from CDF-2022+DM projected on the plane of the DM mass and
spin independent DM-proton scattering cross section for the light DM
mass scenario. The gray regions are the exclusion from CRESST-III
[77], DarkSide-50 [78] and XENONIT [80] experiments. The dashed
green, red, purple and orange lines represent the future sensitivities
from DM direct detection experiments at NEWS-G [94], SuperCDMS
[95], CDEX [96] and HeRALD [97], respectively. Green region is the
neutrino floor background

the left panel of Fig. 12 are almost unchanged as compared
with the one without DM constraints as shown in the left
panel of Fig. 11. On the other hand, due to the DM direct
detection constraints from CRESST-III [77], DarkSide-50
[78] and XENONIT [80] experiments, the DM mass is
requiredtobe mys < 2 GeV within 20 region as shown in the
right panel of Fig. 12. In the same panel, we also see that it is
required to have a lower bound on 6, > 1.8 x 1072 rad. This
is because of the DM relic density observed at the Planck
Collaboration. A smaller 6 results in a smaller ggv/my
value as shown in (67), which can cause a smaller DM anni-

hilation cross section and eventually lead to an overabundant
DM in the universe.

In Fig. 13, we project the favored regions from the
CDF-2022+DM data on the plane of the DM mass and spin
independent DM-proton scattering cross section. The cur-
rent constraints from CRESST-III [77], DarkSide [78] and
XENONIT [80] experiments are shown as the gray shaded
regions. These constraints put an upper limit on the DM mass
in this scenario. We find out that a portion of the favored
region at my ~ 1 GeV and U‘,SVI, ~ [10=* = 1073 cm?
can be probed by future DM direct detection experiments at
NEWS-G [94], SuperCDMS [95], CDEX [96] and HeRALD
[97]. Note also a small fraction of the 20" favored region lies
below the neutrino floor background (light green).

S

5.3 The processes h — yy and h — Zy at the LHC

Given the favored parameter space obtained in previous two
subsections for the heavy and light DM scenarios, one would
like to study their impacts to the diphoton and Zy channels
from the 125 GeV Higgs decays and the future searches for
these processes at the hadron collider. A precise measurement
of the signal strength of these processes at the colliders could
reveal the existence of new particles coupled to the Higgs
(see e.g. [98,99]). For the diphoton channel, measurements
with the current 13 TeV LHC data yield a signal strength
via the gluon-gluon fusion production mechanism: /L,g,%,h =
0.96 + 0.14 [73]. For 14 TeV LHC with 3 ab~! luminosity,
the signal strength is expected to be measured with a +0.04
uncertainty [100]. On the other hand, the Zy channel has not
yet been observed with the current data at the LHC[101,102].
With an expected uncertainty of 24% for the signal strength
measurement at the 14 TeV LHC with 3 ab~! luminosity,
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Fig. 14 The one-loop form factors for the individual particle run-
ning inside the loop of h — yy (left panel) and h — Zy (right
panel) processes as a function of |sin6;|. The data points are taken
in Ax? < 5.99 region from CDF-2022+DM for the heavy DM mass
scenario. The orange, green and red points represent the form factors
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Fig. 15 Same as Fig. 14 but for the light DM mass scenario

this Zy channel can be observed with 4.9 o significance at
ATLAS experiment [100].

The analytical expressions for the one-loop amplitudes
of h - yy and h — Zy in the G2ZHDM are given in
the Appendix. As compared with the SM predictions, the
production rates of these two channels can be modified due to
new contributions from the charged Higgs and new charged
heavy fermions running inside the loops as well as effects
from the mixing angle 6; between the SM Higgs boson sm
and the hidden scalar ¢ in the model. We note again that
in this analysis, we assume all new heavy fermions to be
degenerated and fixed their masses to be 3 TeV. We select
the data points from CDF-2022+DM with Ax? = x* —
Xém < 5.99 where x2 is the total x2 calculated from the
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Heavy DM mass scenario
T T

104

Fz/(X) x GeV

0

for the SM fermions, charged Higgs, new heavy fermions respectively.
The blue points represent the negative value of form factor for the W
boson. Note that F,,, (X) = F;(X) defined in Egs. (93, 94, 95, 96) and
Fzy(X) = F11(X) defined in Egs. (73, 80, 81, 87) in the Appendix.
Here X = (W, fSM_ rH pg*)

_a Light DM mass scenario

10 T T T
o —Fz (W*)
. Fzy(fSM)

10_5 ° FZY(Hi)

Fz,(f) ity

Higgs data at the LHC, Z-boson mass measurement from
LEP II, oblique parameters from Ref. [6], DM relic density
from Planck collaboration and the one-side limits from Z’
searches, DM direct detection and Higgs invisible decay.
Figure 14 shows the one-loop form factor for the indi-
vidual particle including W*, H*, charged SM fermions
(mainly top quark) and new charged heavy fermions run-
ning inside the loop of & — yy (left panel) and h — Zy
(right panel) processes as a function of | sin 61| in the heavy
DM scenario. The current data from ATLAS [66] puts an
upper limit on the mixing angle |sin6;| < 0.35. In both
h — yy and h — Zy processes, the W+ form factor gets
negative values but its magnitude is dominant. From the right
panel of Fig. 9 and the left panel of Fig. 12, we learnt that
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Fig. 17 Same as Fig. 16 but for the light DM mass scenario

our scan results prefer a heavy charged Higgs mass in both
heavy and light DM mass scenarios. One expects the charged
Higgs form factor is rather small. From Fig. 14, we have
Fyy.zy(HE) ~ O(1077 — 1075)/ GeV. The charged Higgs
form factor is smaller than the SM top quark form factor in
the h — yy process but it can be larger in the h — Zy pro-
cess. We also see that the new charged heavy fermions are
suppressed due to the large VEV v in this data. We note that
the SM fermion and new heavy fermion form factors for the
h — yy process are about one order of magnitude larger than
those for the & — Zy process, while the W boson (as well
as the charged Higgs) form factors stay almost the same for
these two processes. In the limit of no mixing between the SM
Higgs boson hgy and the hidden scalar ¢y, i.e. sinf; = 0,
the new heavy fermion form factor would be vanished.

Heavy DM mass scenario
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the two vertical red lines is 20 region of the expected diphoton sig-
nal strength measurement with a 4% uncertainty at the HL-LHC [100].
The horizontal dashed blue line represents the expected measurement
precision of 24% for Zy production at the HL-LHC [100]
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Figure 15 shows a similar plot as Fig. 14 but for the light
DM mass scenario. In this scenario, mj, > 2myy, the Higgs
boson can decay invisibly into a pair of W7 Furthermore,
a lighter DM mass also results in a smaller vg value, this
would enhance the contribution of new heavy fermions in
the loop. As shown in the left panel of Fig. 15 for the yy
case, the contribution from the new heavy fermions can be
comparable with the charged Higgs when |sin6;| 2 0.1.

In Fig. 16, we project the favored data points from
CDF- 2022+DM for the heavy DM mass scenario on the
(U2, 184z, |) plane, where

I'th — Zy)
I'(hsm — Zsmy)

Snzy =1 (70)
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is the normalized deviation of the h — Zy decay width from
its SM value. The signal strength of diphoton production from
the gluon-gluon fusion is given by

Mggh _ gy I'th— gge)l'(h — yy)
vy Iy T(hsm — g)T(hsm — yy)’

(71)

where the decay width of / into two gluons in the model can
be found in [46].

The deviation |8z, | can be large if the mixing angle 6,
is large as shown in the left panel of Fig. 16. Similarly, u22"
can be also impacted by this mixing effects, a larger mixing
angle 0 results in a wider region of M;%%P . Moreover, due to
the destructive interference between the charged Higgs and
W boson contributions, the diphoton signal strength becomes
smaller when the charged Higgs has a lighter mass as shown
in the right panel of Fig. 16. Future measurements for the
diphoton and Zy production from the HL-LHC can probe a
large portion of the CDF-2022+DM favored region in this
heavy DM scenario. The low mass region of charged Higgs
can be probed by the expected diphoton signal strength mea-
surement with a 4% uncertainty at the HL-LHC [100].

Similar plots as Fig. 16 but for the light DM mass sce-
nario are shown in Fig. 17. Similar to the heavy DM mass
scenario, both [6,z, | and u‘%,gyh can be impacted by the mix-
ing effects and the charged Higgs mass. We note that, in this
scenario, Higgs boson is kinematically allowed to decay into
light neutral gauge bosons Z'Z’, y'y’, ZZ' and Zy’, how-
ever the branching ratio of these processes are minuscule due
to the smallness of the gauge couplings gy and gx. As also
shown in Fig. 17, precision measurements on the diphoton
and Zy productions at the HL-LHC can further constraint the
parameter space of the model especially on the mixing angle
01 and charged Higgs mass for the light DM mass scenario.

6 Conclusions

Motivated by the new high-precision measurement of the SM
W boson mass by the CDF II [1], we scrutinize the minimal
G2HDM by computing the contributions from the inert Higgs
doublet, hidden Higgs doublet, hidden neutral dark gauge
bosons and extra heavy fermions in the model to the oblique
parameters S, T, and U. We found out that only inert Higgs
doublet can give a significant contribution while contribu-
tions from other new particles in the model are minuscule.
The favored regions on the model parameter space are
obtained using the updated electroweak global fits of these
oblique parameters [2,6] and the current constraints in the
model including the theoretical constraints on the scalar
potential, the Higgs data from the LHC, Z’, dark photon
physics constraints as well as relic density, direct detection
and Higgs invisible decays constraints for the dark matter

@ Springer

candidate W’'. We initiated two scenarios based on the dark
matter mass, one is heavy DM mass scenario and another is
light DM mass scenario. By comparing with the old global
fit values for the oblique parameters from PDG, we found
out that the CDF W boson mass measurement significantly
impacts the mass splitting Am = (mi — mp) in the inert
h-parity odd Higgs doublet H;. In particular, the result using
the updated global fit values [6] favors a larger mass split-
ting (72GeV < Am < 100GeV for the heavy DM mass
scenario and 60 GeV < Am < 100GeV for the light DM
mass scenario) as compared with one using the old global fit
values (33GeV < Am < 78GeV for the heavy DM mass
scenario and 10GeV < Am < 75GeV for the light DM
mass scenario) from the PDG. We also found that to satisfy
the DM relic density observed at the Planck collaboration,
it is required the W’ coannihilation processes to be occurred
for the heavy DM mass scenario and the nearly resonant
annihilation process with the dark photon as a mediator for
the light DM mass scenario. The former requires the dif-
ferences (my+ — myy)/my and (mp — myy)/my to be
in ~ O(1072,10~1), while the latter requires the media-
tor mass to be around twice the DM mass. For the heavy
DM mass scenario, the favored dark matter mass is around
1 TeV and can be probed by future dark matter direct detec-
tion experiments at DarkSide-20k and DARWIN as shown in
Fig. 10. Whereas, for the light DM mass scenario, the favored
DM mass locates at sub-GeV ~ (0.1 —1) GeV and also can
be probed by future dark matter direct detections at CDEX,
NEWS-G, SuperCDMS, and HeRALD as shown in Fig. 13.

Furthermore we studied the diphoton and Zy produc-
tions from the Higgs decays and the detectability of these
processes at the LH-LHC. We showed that the contribution
from the charged Higgs can be larger than the SM fermions
(mainly top quark) for the # — Zy process but not for the
diphoton channel. In the low charged Higgs mass region, the
contribution from charged Higgs can be significant and thus
reduces the decay widths of # — yy and h — Zy due to
the destructive interference with the W boson contribution.
We also showed that the deviations of the diphoton and Zy
productions from the SM predictions are highly depending
on the mixing angle 6; between the SM Higgs boson and the
scalar from the hidden doublet. A large portion of the favored
region, especially the large mixing angle 8; and low charged
Higgs mass regions, can be probed by more precise mea-
surement of the 4 — y y signal strength and the detection of
h — Zy process at the HL-LHC.

Other rare decay modes h — yy’, ¥ Z’ (one-loop) and
h — y'y',Z'Z', and y'Z’ (tree) in G2ZHDM may be kine-
matical allowed and thus have important impacts at collider
physics. For instance, the dark photon (') and dark Z (Z')
may be long-lived, traversing some macroscopic distances
for small enough gx and gy before they decay into SM light
fermion pairs. We reserve the exploration of these modes for
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future studies. For a recent analysis of 4 — yy’ at the LHC,
see [103].

Before closing, we reiterate that the results of the present
work are obtained under the approximation of the new gauge
couplings of SU (2) g x U (1) x are much smaller than the SM
gauge couplings, as suggested from the analysis of Z mass
shift and dark matter direct detection in our previous works
[54,55]. Consequently we can ignore the loop contributions
from the extra gauge bosons (W' (™) 7’ ') to the oblique
parameters since the effects would be down by the loop fac-
tor 1/167% compared with the tree level mass mixing effects
studied in Sect. 4.1. Furthermore, in analogous to the SM
case, there should be 8 more vacuum polarization amplitudes
Q) (oI | s U7 1 (P2 1 LS D S D) O} § A
and iT1},, that are needed to be worried about. The formal-
ism of the oblique parameters by Peskin and Takeuchi [8]
would have to extend properly so as to take into account
all new hidden particle contributions to all possible oblique
parameters in G2ZHDM. Such a task is very interesting but
beyond the scope of this present work. We hope to return to
this challenge in the future.
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Appendix

In this Appendix we provide the corrected general analytical
expressions for the one-loop amplitudes of the two processes

hi — yy and h; — Z;y> in G2HDM. As mentioned in the
text, the i1 and Z; are identified as the observed 125.38 &+
0.14 GeV [59] Higgs (h) and 91.1876 £ 0.0021 GeV [58]
neutral gauge boson (Z) respectively. Under the assumption
that gy, gx < g, g’ used in the present analysis, one can set
the couplings gy and gx to be zero and the mixing matrix
element (’)g = §;; in the following formulas. However the
analytical expressions are valid for general mixing cases.

/’li — Zj]/

~ The decay rate for h; — Zjy is

2

3

1 1/2 0
Fij+Fl.j +Fij

2 3
Fhi = Zyy) = ——m} (1= 4
i ]y _327_[ hi m%

(72)

where Fl:‘. with s = 0, 1/2, 1 denotes the loop form factor
for charge particle with spin equals 0, 1/2, 1 respectively
running inside the loop.

In G2HDM, the only charged spin 1 particle is the SM
W, thus F,.I/. = F;;(W%),

Fij (W)
! L osos
= —.e-9m . ocC —_ . .
1672 8w gew m3, =l

2o 2) 025

1
I (tiW’)"jW) — 16(] — W)]z (‘L’iw,)»jw)} .

(73)
We note that the two factors (1 —4/A;w) and (1 — 1/ ;w)
in (73) were not taken into account properly in [46]! Here
and in the following, we denote t;; = 4’"12 / m%i and Aj; =
4m[2/m%j. The two functions /;(t, A) and I(t, A) are well
known and given by [104]

7 ) = A 72)2 )
(00 = 5 s [ = fO)]
2
+m [g(z) —gM)], (74)
A
B3 = 5 s @ = f0, (75)
with
. [arcsin(l/ﬁ)]z, x>1),
= ! R S ) SO S
_ [ +/x — larcsin(1//x), (x> 1),
8= { LT x[nGr/n) —in]. @<1; 7

> See for example Refs. [104—108] for the computation of this process
in a variety of BSM.
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where
ne=1x+1-—x. (78)

We note that the arguments of the functions f(x) and g(x)
in (76) and (77) are defined to be the inverse of those in [46].
All the charged fermions in G2ZHDM, including both the
SM fermions £SM and the new heavy fermions f* contribute
1/2
to F; i Thus

1/2
F2 =3 Fi(f™+ Y Ry, (79)
’ fSM fH
where
1 m £SM
SM,y _ ~
Fij(f )—W'N;sm'EQfSM- ”
oM =2 o))
Vi meM 1i
X |:I] (TifSM, )\.]fSM) — 12 ('L'ifSM, )\.ijM)i|,
(80)
and
1 m sH
Hy _ f
Fij(f™) = WN;H ‘leH‘I
M =2 s
cl..—.0;3.
Vj me 2i

X|:11 (TifH,)\ij)—Iz ('L'l-fH,)»ij)i|, (81)

with N ‘]i being the color factor and Q ¢ the electric charge of
f in unit of ¢ > O; C(;j is the vector coupling of Z; with
fermion f given by®

cly =5 (cly+ k). (82)
where
e B o)) w
- £ o)) ()8
+ex0x () 05, (84)
el = £ ol 4)e,
et = (o) )08 st (1)
+8xQx (fH) 0F;. (86)

6 1t is well known that the axial vector couplings C /{ ;= C { it

C£ ;) /2 do not contribute to the #; — Z;y fermion loop amplitudes.
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Table 2 Coupling coefficients Czj and C{; ; for quarks

Cllfj ﬁ (% - %“24/) OIGj

Chy — £ (3) 3,08+ gn (+3) OF; + 1gx 0,

cf; £ (441308

ci; — 2 (1) 5500, + 8 (—1) OF, + gx (1) O
cyl ~£ (3)s3,0f,

Ciy — £ (3)53,00 + g (—3) OF; + 1¢xOF,

cyf —& (1) 505

Ciy — & (=) 53,08, + gu (+3) OF, +8x (-1) OF,

Table 3 Coupling coefficients C[ ; and C{; g for leptons

€L & (+3)0F;

Cgj gn (+3) 05, + 32x 0§,

Cz/ % (_% +s‘2)V) OlGj

Ch; — £ (=153, 00 + gn (=3) OF; + gx (—3) 05
czf 0

Ciy g1 (—1) 0, + 1gx 0§,

gl —& (-1 s}3,08

Chr — & (1) 53,08, + gu (+1) 05, + gx (=1) O

Table 4 Coupling coefficients C \]; ; for quarks

¢l 3[& G- Of, +en (+3) 0 + $ex 0

cly [ (538 0f +an (1) OF +ex () 0
il [~ (3508 +en (-3) 0F + Lex0§ |

cli [ Q) ROf +an (+5) 05 +ax (-3) 05 ]

Table 5 Coupling coefficients C \]; ; for leptons

Cly 3[& ()0 +en (+) OF + dex0f ]

Chy b [& (253 O +an (+4) OF +ax (-1) 05 ]
cv;  4fen (1) 05 + Jex0f ]

i & @500 +gn (+1) 05, +gx (-1) 0F]

TL3 H is the third component of the generators of SU (2) . H,
0 = TL3 + Y is the electric charge, and Qy is the U(1)x
charge. The explicit expressions for C { j and C {; ; for both the
SM fermions and new heavy fermions in G2ZHDM are listed
in Table 2 for quarks and Table 3 for leptons. The vector cou-
plings C‘j; j of quarks and leptons are listed in Tables 4 and 5
respectively.
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There is only one charged Higgs H* in G2HDM. Thus

Fj}) = Fij(H*) with

2
Fij(HF) = 5 eQu+ - 8nHtH- *8ZHYH~ " —5
167 mHi
'I] (TiHia)"jHi)v (87)
where Qp+ = +1, and g, y+y- and 8z;H+H- are the

hiHTH™ and Z;H" H™~ couplings in the G2ZHDM respec-
tively. Explicitly they are

Snmtn- = (2hu — Nyg) vOy; + (Ao + Myo) v O3,

(88)
1 1 G 1 G
8Z;HtH- = E(g cw—§ SW)OU - EgHOZj
1
+§gx(9§;j. (89)
hi — yy
The decay rate for h; — yy is
2 3 2
I3 "z, 1 1/2 0
L= ) = g, (1 ‘E) SR
90

with similar definitions of F} like Flsj before. The factor
of 1/64 instead of 1/32 is due to Bose statistics in the
diphoton final state. The previous formulas of F; j(Wi),
Fij(fSM), F;j(f") and F;;(HF) can be easily translated
into the diphoton case by taking mz; — 0 limit or equiva-
lently Aj; = 4m12/m22j — 00 and noting that

I(r, 00) = —% (1 —f(1)), o1)

I(t, 00) = %f(r)- 92)

The results are F;' = F;(W¥), Fl.l/2 = > psm Fi(fSM) 4+
Y pu Fi(f%), and FY = Fy(H*) with

—1
ROV = gy gm0
24 3tw +3uw C—nw) f(miw)],  (93)
1 m ¢sM 4
o 2SMy NCc 22 TP . OS5
Fi(f°") = 16722 NfSM e QfSM T m psm T
X {'Cl-fSM [1 + (1 — TifSM) f(TifSM)]} (%94)
1 m ¢H 4
(pHY — CNC 202, L T oS
Fl(f )— 167T2 NfH e QfH Vo me O2l
X {'L'l-fH [1 + (1 — TifH) f(TifH)]}, (95)
1 —1
Fi(H*) = 3 € gt —
167 mHi
. {TiHi [] — TiHif(TiHi)]} . (96)

Note that both the charged Higgs and new heavy fermion
contributions were not handled correctly in #; — yy and
hi — Zjy in [46].
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