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Abstract We present the currently most precise predictions
for the W-boson mass and the leptonic effective mixing angle
in the aligned Two-Higgs-Doublet Model. The evaluation
includes the full one-loop result, all known higher-order cor-
rections of the Standard Model, and the non-standard two-
loop contributions that increase with mass splittings between
charged and neutral THDM Higgs bosons. They depend on
tan § and the soft Z,-symmetry breaking parameter m%Z of
the scalar potential, in addition to the non-standard boson
masses. Whenever the one-loop corrections become large,
the two-loop contributions yield substantial modifications
of the predictions, which is of particular importance for
the W mass where large mass shifts are required to reach
the recently published final result of the CDF collaboration.
Numerical results are shown for the dependence on the vari-
ous non-standard parameters and in comparison with exper-
imental data.

1 Introduction

Precise measurements of electroweak observables at lepton
and hadron colliders provide important tests of the elec-
troweak Standard Model (SM) as well as of possible physics
beyond the Standard Model (BSM). Model parameters enter-
ing the theoretical predictions via loop corrections can be
constrained by comparison with the measured data provided
the theoretical precision can compete with the experimental
accuracy. Prominent cases of precision observables, mea-
sured with highest accuracy and very sensitive to virtual
heavy particles, are the effective leptonic mixing angle in
terms of sin? Befr, and the correlation of the gauge boson
masses My, Mz viathe Fermi constant G . The latter allows
a precise prediction of My from Mz, the electromagnetic
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fine-structure constant and the Fermi constant, in combina-
tion with additional parameters in the higher-order contribu-
tions. With the discovery of a SM-like Higgs boson by the
LHC experiments ATLAS [1] and CMS [2] all the required
input parameters of the SM are determined, and together
with the adequate calculation of the loop corrections, accu-
rate predictions for the electroweak observables have become
available.

Measurements of My at LEP [3], Tevatron [4], and the
LHC [5] resulted in the current world average [6]

My exp = 80.379 £ 0.012 GeV. (1)

Recently the final result of the W mass measurement by the
CDF Collaboration [7] has been presented,

Mw cpr = 80.4335 £ 0.0094 GeV 2)

which is in obvious tension with the average (1) from previ-
ous measurements and with the SM prediction.

The effective leptonic mixing angle at the Z resonance has
been measured in electron—positron reactions ete™ — f f
at the colliders LEP and SLC via the forward-backward and
T-polarization asymmetries as well as the left-right asymme-
try accessible by longitudinally polarized initial-state elec-
trons that were available at the SLC. The average is given by

(8]
$in® Ger exp = 0.23153 £ 0.00016. ©)

It is worth to note that the individual value measured by the
SLD Collaboration [9] via the left-right asymmetry,

sin? Oegr. sLp = 0.23097 + 0.00027, )

is about two standard deviations lower than (3) where all
asymmetries at the Z resonance have been combined. It is
the most precise measurement of the mixing angle from a
single observable.
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The SM prediction of My is based on the complete one-
loop [10,11] and two-loop contributions [12-25] and has
been further improved by the leading higher-order correc-
tions up to four loops [26-34]. The same level of accuracy
has been achieved for the effective leptonic mixing angle
[12,13,15-18,36-43].

For testing extensions of the SM the same level of accu-
racy is desirable. For example, in the minimal supersymmet-
ric version of the Standard Model, the MSSM, the one-loop
results [45-59] were improved by including the leading two-
loop corrections via calculations of the contributions Ap to
the p-parameter of O (aw;) [60,61] and of O (a?), O (arap),
O ((xl%) [62,63]. For a detailed analysis of precision observ-
ables in the MSSM see for example [59,64-67].

The mere extension of the SM by a second Higgs doublet,
the Two-Higgs-Doublet Model (THDM), can provide a new
type of large contributions to Ap arising from the Higgs sec-
tor, in contrast to the SM where the Higgs sector respects the
custodial symmetry and hence deviations of p from unity can
only originate from other sources, like gauge and Yukawa
couplings. The THDM Higgs sector accommodates three
neutral and a pair of charged Higgs particles, with masses
as independent free parameters; in general, custodial sym-
metry is broken and thus p different from unity can occur for
mass splittings between different isospin states of the scalar
sector. The non-standard one-loop corrections to precision
observables are very sensitive to mass differences between
charged and neutral Higgs bosons [68—76] and in particular
have a large impact on the prediction of My . Because of the
potentially large quantum effects, the THDM has become
popular to provide an explanation for the larger value of the
W mass given by the new CDF result; accordingly, a series
of recent papers deal with analyses of electroweak precision
data in various versions of the THDM [77-88].

The one-loop corrections in the THDM for scenarios with
large mass splittings, as required for My, are quite sizeable;
hence calculations beyond one loop are needed in order to
get reliable theoretical predictions for precision observables.
Since the dominating quantum effects are associated with the
p-parameter, the leading two-loop effects can be embedded
via Ap in case of broken custodial symmetry. In [89], we
presented the two-loop corrections to the p-parameter in the
C P-conserving THDM originating from the top- Yukawa and
the scalar self interactions. This was done under the assump-
tion that one of the neutral C P-even states of the THDM can
be identified with the scalar boson observed at the LHC with
properties like the Higgs particle of the SM.

In this paper we provide the currently most precise predic-
tions for My and the leptonic sin? Ocfr in the C P-conserving
THDM combining the two-loop corrections of [89] with the
THDM one-loop corrections and the complete set of avail-
able SM loop contributions. The outline is as follows: Sect. 2
specifies the C P-conserving THDM and gives a list of theo-
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retical constraints on the model parameters. A phenomeno-
logically interesting special case is the Inert Higgs Doublet
Model (IHDM), which is briefly described as well. Section 3
reviews the status of the W-boson mass prediction in the SM
and explains the incorporation of the available non-standard
corrections for the W-mass prediction in the THDM. Analo-
gously, Sect. 4 deals with the effective mixing angle. Numer-
ical results are presented in Sect. 5, with conclusions given
in Sect. 6.

2 The Two-Higgs-Doublet model

The Higgs sector of the THDM contains two SU (2);, dou-
blets of complex scalar fields with hypercharge ¥ = 1,

() eeE)
¢ ) 9

Under the assumption of a discrete Z, symmetry (&; —
®;, & — —Py) which is only softly broken by a non-
diagonal mass term, the general gauge invariant potential is
given by (see e.g. [90])

V (@1, B2) = m?, (cbﬁ@l) +m2, (q>Jq>2)
—miy ((@17@2) + (@21@1))
1 ) 1
581 (017 01) 2+ S0 (927)
2 2
+ A3 (4321'@2) (431%@1)
4 Ay (d>1T<D2> <q>2TcI>1)

+ %As <<<1>1T<D2) 24 (cpzchl) 2) . (6)

Assuming conserved C P symmetry in the Higgs sector, all
parameters in the potential are chosen to be real. The mini-
mum of the potential corresponds to the vacuum field con-
figurations

<¢.>_L<0) @)
i —\/5 vi)’

and the minimum conditions for v; and v, read as follows,

1
miy = miy tg — 5”20?3 (Al + A345t§) ,

md, = ”;_EZ g (Az + %“5) , ®)
with

v2=vf+v§, tﬂztanﬁzz%,
A3gs = A3 + Ag + As. )
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Expanding the scalar fields around the vacuum expectation
values,

@) = i
b= %(Ul+nl+in) ’

_ ¢y
cI>2_(\/%(1)2-#772+i)(2))’ (10)

yields the mass terms quadratic in the fields, which are diag-
onalized by unitary transformations

G* ¢1i G X1
(1#) —R() (ﬁ) , ( Ao) —R(®) (X2> ,
0
(Zﬁ) R (Z;) , (11

with
smx) _ (cx sx>7 (12)
cos x —Sy Cx
in order to disentangle the Goldstone bosons G° and G*
from the physical mass eigenstates: two C P-even states h”
and H°, one C P-odd state A°, and a pair H* of charged
Higgs bosons.

The gauge-boson masses are determined by v and the elec-
troweak gauge couplings g1, g2,

cos x
—sinx

R(x):(

I 1
M3, = Zg%vz, M2 = Z(g% +g3)v%. (13)

and provide the doublet-specific relation to the electroweak
mixing angle,

M2
2 2 w
cos” Oy = ¢y = —5
MZ
sin® Oy = 53, = 1 — ¥ (14)

Whereas the combination v = v% + v% is fixed by the vector

boson masses, there are seven other free parameters of the
Higgs potential, which can be expressed in terms of the Higgs
boson masses, the mixing angles « and §, and one remaining
independent parameter (see [90] for the general relations).
Conventionally the soft Z;-breaking mass parameter m%z is
chosen. In our previous calculation of the two-loop contri-
butions to the p-parameter [89], we used the dimensionless
quantity

2
2m7,

As (15)

~ v2cpsp
from the parameterisation given in [91] instead, which is
employed in the FeynArts model-file of the THDM. For
consistency we present the results of the W boson mass and
the effective leptonic mixing angle also using the combina-
tion As in (15).

Furthermore, two additional assumptions have been made
in [89], which are adopted also for the present study. First
the C P-even state h is identified with the scalar particle
observed by the LHC experiments. Second, the alignment
limit [92] is applied where the couplings of 4° to the gauge
bosons and fermions are identical to the corresponding cou-
plings of the SM Higgs boson. Formally this can be achieved
by setting

Flavour-changing neutral currents (FCNC) through neutral
Higgs exchange at the tree level can be avoided by the
arrangement that not more than one of the doublets cou-
ples to fermions of a given charge [93,94], This has lead to
four different model classes in the literature which go by the
names type-I, type-II, type-X and type-Y (see for example
the review [95] for more details). In all of them, however, the
couplings between up-type quarks and Higgs bosons are the
same. In our calculation of the non-standard two-loop cor-
rections in the THDM all the Yukawa couplings except those
of the top quark are neglected, hence the results of [89] are
valid independent of the model classification. In the align-
ment limit, the coupling between the SM-like scalar #° and
the top quark is identical to the top-Yukawa coupling in the
SM, while the couplings between the top quark and the non-
standard Higgs bosons A, H? and H* are modified by an
additional factor of g L

2.1 The Inert-Higgs-Doublet model

A particular interesting version of the THDM is the Inert-
Higgs-Doublet-Model (IHDM) [96] which is distinguished
by an unbroken Z, symmetry. Under this symmetry all the
SM fields and the doublet ®; are even, whereas ®; is odd.
The IHDM has received attention in the context of radia-
tive neutrino masses [97] or as a solution to the naturalness
problem [98]. Moreover, since the Z, symmetry is unbro-
ken, the lightest particle that is oddly charged can provide a
dark matter candidate [99]. An overview with more details
on phenomenology and additional references can be found
in [100].

The potential of the IHDM is given by (6) setting m%z =0.
The scalar doublets appear in the following form,

Gi
®1= (% (v+hO+ iGO)> ’

H:I:
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Only ®; has a non-vanishing vacuum expectation value v,
related to the parameters of (6) via the minimum condition,

vt = — AL (18)
With 10 = Hs)p and the Goldstone bosons GO, G¥, the dou-
blet ® is SM-like. The second doublet ®,, the inert doublet,
contains instead the non-standard Higgs fields H°, A? and
H¥. The four physical masses are related to the parameters
of the potential in the following way,

2 2 2
mho - _2m11 - Alv )

2 2 A Aut As) 2
mHo—M2+§(3+ 4+ As)v7,

2 _ 2 1 2
on—M2+§(A3+A4—A5)U,
1
mi =l + zA3v2. (19)

The couplings of the scalar 4 to fermions and gauge bosons
are identical to the corresponding couplings of the Higgs
boson in the SM. Owing to the Z, symmetry, the additional
particles H 0 A% and H* do not couple to fermions. More-
over, they can appear only pairwise in interaction vertices
and the lightest of these non-standard particles will be sta-
ble. If this is one of the neutral bosons, the IHDM provides
a suitable dark matter candidate.

In order to specify the free parameters of the IHDM, it
is convenient to choose, besides m 0 = Mpy,,, the masses
m o, m 40, m g+, the quartic coupling A, of the non-standard
scalars, and the quantity

Azgs = A3+ Ag + As, (20)

which is of special interest since A345 describes the coupling
of the standard-like Higgs particle to a potential dark matter
candidate.

2.2 Theoretical constraints

The parameters of the potential given in (6) are subject to
various restrictions. A stable vacuum requires the potential
to be bounded from below. In the THDM this requirement
has to be fulfilled for all possible directions along which the
component fields of ®; > go to large values. As explained in
[96,101,102] the conditions

A1 > 0,

Ay >0,

Az 4+ A1Ay >0,
Az + Aqy — |As] > =/ A1 Ay, (21)
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ensure that the quartic terms in the potential are positive for
large values of the field components in all directions. These
tree-level bounds can be improved by considering higher-
order corrections to the potential. For more details see the
discussion in [95] and references therein. For our analysis we
employ the tree-level bounds as an estimate for the allowed
parameter range.

The unitarity requirement for the scattering matrix puts
additional constraints on the parameters of the Higgs poten-
tial. Due to the optical theorem, the s-wave scattering length
ay is restricted to |ap| < 1/2. For scattering processes with
four scalars in the high-energy limit, ag is directly propor-
tional to the scalar couplings. Moreover, due to the Gold-
stone boson equivalence theorem the scattering of longitu-
dinal gauge bosons can be calculated as scalar—scalar scat-
tering by replacing the gauge boson with the corresponding
Goldstone bosons. In the SM, the constraints from tree-level
unitarity gives an upper bound on the Higgs mass [104,105].
The application of the analysis in the THDM [106—112] is
more complicated due to the larger number of possible scat-
tering processes and the involved structure of the scalar quar-
tic couplings. With the help of a unitary transformation, the
scattering matrix of the coupled scalar—scalar channels can
be simplified by using the original fields q&j‘ ,n; and x; from
(10) instead of the mass eigenstates. The restrictions on the
s-wave scattering length constrain the eigenvalues of the scat-
tering matrix at tree-level (see for example [95])

9
elp=z(A1+ M)+ \/4_1 (A1 —A2) %+ (2A3+ Ag) 2,

1
4= 5 (A1 + A2 & 2\ (A1 = A2 +4A3,

6562—(A1+A2)i1\/(A1 — Ay)2 +4A2
’ 2 2 ’

e7 = A3 +2A4 —3As,

— N = DN W

eg = A3 — As,

e9 = A3 +2A4 + 3As5,

ej0 = A3 + As,

el = A3z + Ay,

ey = A3 — Ay, (22)

to fulfill |e;| < 8m. We are employing these tree-level bounds
as an estimate of the validity of perturbativity. For more accu-
rate restrictions higher-order corrections have to be consid-
ered for the scattering processes. A one-loop analysis of the
unitarity bounds can be found in [113,114].

The constraints from vacuum stability and S-matrix uni-
tarity are identical in the aligned THDM and the IHDM. In
the IHDM the parameters are further constrained by the con-
dition



Eur. Phys. J. C (2022) 82:970

Page 50f 18 970

2 2
Mo *2
VAL T A
to ensure that v in (17) corresponds to the global minimum
of the potential [115].

(23)

3 The Mw — M7z interdependence

The correlation between the gauge boson masses My and
M7 can be established via the Fermi constant G g, which is
determined with high accuracy from precise measurements
of the muon lifetime and the calculation of the muon decay
width within the low-energy effective Fermi model including
QED corrections up to O(a?) for the point-like interactions
[116-121]. Comparison of the muon-decay amplitude calcu-
lated in electroweak theories like the SM or THDM with the
Fermi model result yields the relation

Gr To
or____ T
V2oam (- 5)

2
MZ

1+ Ar), (24)

where the non-QED loop corrections are summarized in the
quantity Ar. Since it depends on all the virtual particles in
the loop contributions,

Ar = Ar (My, Mz, m;,...) (25)

is a model-dependent quantity, and the relation (24) provides
the prediction of My in specific models in terms of the model
parameters and the highly accurate input quantities Mz, G
and the electromagnetic fine-structure constant «.

3.1 One-loop calculations

At the one-loop level, the contributions to Ar consist of
the W self-energy, vertex and box diagrams, and the related
counterterms. In the on-shell renormalization scheme, the
required counterterms arise from charge and mass renormal-
ization (see for example [122,123]),

eo = Zee = (1 +8WZ,)e,

M = M3+ 5003,
M7= M3 +5VM37, (26)

according to

()

1 % 7(0)
87, = STV (0) + XL 12
2 cw Mz

sOM3, =Rexy) (M7,).,

sOM2 = Re 2 (M%) , 7

with the transverse part Xy of the gauge-boson self-energies,
the photon vacuum polarization

1) (12
2,7 (k
(k) = =5 k2( ) (28)
and the non-diagonal photon—Z mixing self-energy. In the
on-shell scheme the electroweak mixing angle is a derived
quantity,

M2
sho=1-clo=1- MVZV’O =52, +80s2 +... (29
Z,0
yielding
2
siy=1—-2 & =1-s3, (30)
M3

and the one-loop counterterm

2~ 2 2 T2

8(1)S%V C%V 8(1)0%, C%V <8(1)M%
Sw Sw Cw Sw

s
Z——%). 3D
M3 My,

With the notation yertex+box for the vertex and box diagram

contributions including external wave-function

(1) a2
ArD _2gy, 4 ZW O sOM2,

2
MW
2 1 2 1 2
ey (8PME s,
-2 2 ) + Overtex+box - (32)
Sw M Z M w

At the one-loop level, Ar can be split

2
c
ArY = Aa — L Ap® + Arf}), (33)
Sw
into three parts, containing

e the shift of the fine-structure constant A« from charge
renormalization, originating from the light-fermion con-
tribution to the photon vacuum polarization;

e the loop correction Ap! to the p-parameter, which can
be written as

=3 (0) ~ =y (0)

; 34
M2 ) (34)

ApD =

e the remainder part Arr(i,)n summarizing all the other
terms.

The loop correction to the p-parameter is sensitive to the
mass splitting between the partners within an isospin dou-
blet [124]. In the SM, this yields a sizeable contribution from
the top—bottom quark doublet [124—126]. In the THDM, it
can moreover get large contributions from the non-standard
Higgs bosons in case of mass splittings between neutral and

@ Springer
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charged scalars, yielding the dominant non-standard loop
corrections in Ar.

In the alignment limit of the THDM, one can identify the
loop contributions of the scalars 10, G%, G* with the standard
scalar contributions to the SM part of Ar. Consequently, the
non-standard contributions to Ar arise from the scalars H°,
A, and HE. Thus, one can write at the one-loop level
ArY = Ard) + ArGy (35)
Since the scalar contributions to the vertex and box correc-
tions are negligible due to the small Yukawa couplings to
electron and muon, the non-standard scalars contribute to
Ar only through the gauge boson self-energies, yielding the
non-standard part

1
Siyns () — 8DM2, (¢

(e8] 14
Aryg = T{g (0) + 3
My,
g2 a2
_w (8( M7 s 0 )MW,NS) 36)
2 2 2 :
Sw Mz My,

The subindex NS indicates that only the non-standard parts
of the self-energies and counterterms, respectively, have to
be taken. The corresponding expressions are listed in the
Appendix. The dominant effect on Ar, as noted above, can
be traced back to the additional non-standard correction to
the p-parameter, entering (33) with

2 2 2
Apl) = o { M0 0 log " a0
NS ™ ]GﬂS%VM%V m2, —m2 m>

A0 HO HO
2 2 2
my oMy . mo
) 5 log| —
Mo — My My
2 .2 2
m m m
HO""H* HO 2
- — 5 log 5 + miy } 37
Mo — My miy s

The origin of Apl(vl; are the couplings of the non-standard
Higgs sector when they violate the custodial symmetry.
Apl(\}g vanishes for m o = mpg= orm 0 = mp=.

3.2 Higher oder corrections in the SM

For the products of the large one-loop contributions A«
and Ap" resummations were derived which incorporate
(Aa)" to all orders [127,128] and two-loop terms of the form
(A,o(l))2 and (AotAp(l)) [14]; moreover, prescriptions are
given in [ 14] for incorporating also the higher-order reducible
terms from A« and Ap.

The electroweak corrections in the SM are known at
the complete two-loop level [19-24]; in addition, the pure
fermion-loop corrections [129,130] up to four-loop order
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are available, as well as the three-loop corrections to the
p parameter [30]. QCD corrections to Ar are calculated at
the two- and three-loop level, O (xay) [12,13,15-18] and
@) ( ) [26-29], and to the p parameter at four-loop order
O (« 3G Fm?) [32-34].

For practical calculations, in [131] a simple parametrisa-
tion is given which reproduces the SM prediction for My
from (24) with

Ar — Ar(a) + AI‘( ) + Ar(aas) + Ar(‘x“ ) + Ar( Fmt())
Ar(Gimias) 4 Ap(Grmied) (38)

including Ar® as the SM part of the one-loop result (33),
the full two-loop electroweak correction Ar("‘z) the two- and
three-loop QCD corrections Ar@%) and Ar(eed ); the elec-
troweak three-loop term Ar(GEm?) and the three- and four-
loop mixed electroweak—QCD contributions Ar(GEmies) and
Ar(Grmed) gre approximations based on the corresponding
corrections to the p parameter.

3.3 Two-loop corrections in the THDM

The THDM prediction for Ar beyond the one-loop level can
be decomposed according to

Ar = Arsm + Arns, 39)

where Argy contains all the known SM corrections men-
tioned above and Arns comprises the additional non-
standard contribution, which in the alignment case originates
from the non-standard bosons H O, A% and H*. The expan-
sion up to two-loop order,

Arys = Ar(2 4+ ArS) (40)

accommodates the complete non-standard one-loop part
Arl(vl; from (36) and the two-loop part Arl(vz; which we
approximate by the potentially large terms associated with
the p-parameter. These contain products of Apt(l) , A,ol(vl;, A
as well as the non-standard two-loop irreducible corrections
to the p-parameter calculated in [89]. Technically, they are
obtained in the gauge-less limit (vanishing gauge couplings
g1, g2 while keeping the ratio My /M7 constant) and in the
top-Yukawa approximation where only the top-quark mass
is kept different from zero. This yields a significant step of
improvement at the two-loop level taking into account those
contributions that can become sizeable whenever the one-
loop contribution in Ar is large.

In analogy to the SM, the non-standard two-loop contri-
bution can be written in terms of a one-particle irreducible
part Arl(vz; i and a reducible part Arl(vz; red *

Ary o (41)

(2)
Ar NSrea’—i_A NS,irr®

I'ns =
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The reducible non-standard contribution, Arl(vzg red> ATiSES
from the non-standard one-loop correction to the 0 parame-
ter (37) in the expansion of Ar up to two-loop order, in the
on-shell scheme given by

2
C
Ar = Ao+ Aa? — L ApD

Sw
62
x| 14+280 =22 Ap 0 ) + ... (42)
Sw
with
2
ApD = ap® 4 apl ApD = XM s
! NS> ! 16752, M3,

The two-loop terms of Ar which contain only A« and Apt(l)

are already included in the SM part; therefore, the non-
standard part remains as follows,

2 4
) _ A% (1) Cw o (D) A (D
ATNSrea = =2 Aa Apyg +4—= Apyg Aoy
Sw Sw
i Mm)\?
+2% (anfl}) (44)
Sw

As a side note, we mention that a reparametrization of
ApD — ApW replacing the basic on-shell parameters in
the normalization of Ap!) by the Fermi constant with the
help of

GF T
A T 52 2
V2 253 My

induces additional factorized two-loop terms in Ar that allow
to rewrite (42) as follows,

(1 + ArD +) 45)

2
C
Ar = Aa + Aa® — X ApD

Sw
c2
x (14 aa— X ap )+ (46)
Sy
which corresponds to the expansion of the resummed form
I+ A ! ! 47)
r — .
1 - Ax

62
1+ 5-Ap
SW
found in [14] for the SM.

The irreducible non-standard two-loop contribution
Arl(vz;’m originates from the W self-energy and the coun-
terterms for the parameters in (24). In our approximation,
the two-loop charge renormalization constant is zero and the
two-loop self-energy Eé‘%) (0) is canceled by the two-loop W
mass counterterm. Hence, the only remaining quantity is the
two-loop counterterm for s%v, obtained from expanding the

bare relation (29),

2) 2 g2 Das2 Das2
§@s2, - sOm2 (3( M2 ~ s¢ )MW)
2 - 2 2 2
3, M2\ M2 M2,
sSOp2  s@Op2
< - —, (48)
M My,
which in the gauge-less limit reduces to
1 2
5953, 2P0 4 =20
2 = IYe At + 2
‘w z z
(2
>y (O
_W—Z() - Ap(z) , (49)
My,

where Ap® is the two-loop correction to the p parameter as
derived in [89].

The W, Z self-energies 2&3) » correspond to the set of gen-
uine two-loop diagrams and aiagrams with subloop renor-
malization, i.e. one-loop diagrams with insertion of mass
counterterms and of & (l)s‘z,v. The two-loop terms with 8(1)s‘2,‘,
factorize and can be extracted; in combination with the fac-
torized first term in (49) one obtains

2
c 2
Ap® = _STW (Ap(”) +5p@. (50)
w

The residual part 0 contains the genuine two-loop self-
energies combined with the part of the subloop renormal-
ization from the mass counterterms of the internal particles.
The quadratic term in Ap" from (50) is already included in
Arlzv S.red (in the G p-parametrization of Ap it would vanish).
The irreducible two-loop part of Ar is thus given by

2
@ ‘w @
Arirr = _Tsp()’ G
Sw
it still contains the SM contribution. In the notation of [89],
8p® is divided into four finite parts

2 2 2 2
5p@ = 8p 1 + 00 s + Oniins + P41 Mix: (52)

where Spt(ig ) contains the SM-like scalars K%, GO, G and
the top-Yukawa coupling, whereas the non-standard scalars
HO, A%, H* appear in the residual three parts.

Separating off the SM contribution 8,3, in (51), which
is already part of Argm, one obtains the non-standard con-
tribution as follows,

2) (2 2) 2)
ArNgire = A1 Ng T Arp Ns AT iy
2
_ W @ @ ()
=T (S'Ot,NS + oo Ns + ‘SPH,Mix)' (53)
w

The various entries of Ar have the following properties.

@ Springer



970 Page 8 of 18

Eur. Phys. J. C (2022) 82:970

° Art(’zlz,  incorporates the coupling of the top quark to the

non-standard scalars, which is proportional to tﬁ_ ! and
enters all the diagrams for this contribution quadratically.

° Arg‘)N ¢ incorporates the non-standard scalar interac-
tions. It is proportional to the squared coupling between
three non-standard scalars, which has the form

1 1 (Zmzo — )\5 U2)

s\ )" (54)
g v

in the alignment limit. Consequently, ArS’)N ¢ vanishes

for

2

HO
. 55
. (55)

2m
tg=1 or As=

Moreover, it is zero for m 40 = m g+, since this mass con-
figuration restores the custodial symmetry of the scalar
potential. However, differently from Apl(\%, this contri-
bution does not vanish form zo = m g+ (if m 40 # mpy=).
° Ar;—?,)Mix incorporates the interaction between the stan-
dard and the non-standard scalars. Similarly to Apl(\}é, it
vanishes for myo = mpg+ or my0 = mpy+ due to the
restoration of the custodial symmetry. Differently from
Apj(vl;, this contribution contains additional couplings
between 4° and the non-standard scalars of the form

2 2 2
myo +2ms — Asv

— . (S=H A" HD), (56)

which can be enhanced by As. In contrast to Art(zjf, g and

Arﬁ)N 5» the contribution Arg’)Mi . does not depend on

1g.
3.4 Loop corrections in the IHDM

The non-standard one-loop corrections to the gauge-boson
self-energies are the same in the IHDM and the general
THDM in the alignment limit, yielding Arﬁlls) for both cases
which depends only on the masses of the H°, A?, H*
bosons. Differences arise at the two-loop level. Since Yukawa
interactions of the non-standard scalar doublet are absent,
there is no Art(?lz,  term in the IHDM. Moreover, as discussed
in [89], the only non-standard two-loop contribution to the p
parameter, 8,05213 py» follows from the interaction of Ko, GO,
G* with H°, A°, H¥E and is thus equivalent to Spg)Ml.x; it
vanishes for equal charged and non-standard neutral )Higgs-
boson masses and contains the coupling between 4° and the
non-standard scalars, which is determined by the combina-
tion A3qs of coefficients in the scalar potential, as specified
in (20) of Sect. 2.1. The corresponding contribution to Ar is

@ Springer

given by

) ‘we @
ArpMire = ST5P1HDM ) (57

w

which introduces an additional dependence on the IHDM

parameter A34s, which is not present in Ar](vl; and Ar](\%;vre q

3.5 Incorporation of the higher-order corrections

For an accurate prediction of My in the THDM we have to
combine all the by now available loop contributions from the
SM and beyond in the quantity Ar, which depends on the
SM input and on all the free non-standard parameters of the
THDM,

Ar(Mwy, ...) = Arsm(Mw, ...) + Arns(Mwy, ...) (58)

The SM part, Arsym, contains, besides the one-loop result, the
complete two-loop and the partial higher-order contributions
listed in (38). Since the two-loop electroweak part is quite an
inconvenient expression which involves furthermore numer-
ical integrations, we make use of the parametrization given
in [43] in terms of the SM input parameters.

Summarizing the various standard and non-standard con-
tributions to Ar we write (58) as follows,

+ ArS) (59)

Ar = Arsm + Arl(vl_)g +Ar NS.irr

NS,red
where the three non-standard terms are specified in the equa-
tions (36), (44), and (53). In case of the IHDM, Aryg ;. has
to replaced by Arﬁ}DM’irr in (57).

The predicted value of My fulfills the relation (24) for a
given specific set of parameters. Since Ar itself does depend
on My, the solution of (24) for My has to be determined
numerically.

4 The effective electroweak mixing angle

The electroweak mixing angle in the effective leptonic vertex
of the Z boson [35] is another important precision observable,
measured with high accuracy at the Z resonance by the LEP
and SLC experiments [8]. Theoretically it is derived from the
ratio of the dressed leptonic vector and axial vector couplings
gv.a of the Z boson,

1
sin? Ootr = s,z = - (1 — Reg—v) , (60)
4 8A

keeping the notation S12 as a short term. The effective cou-

plings

gv=v+Agy, ga=a+ Aga, (61)
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contain the lowest-order leptonic Z couplings

1

1
vV = —5 +2S‘2}V’

a=-7. (62)

and the corresponding loop contributions Agy 4 evaluated
at the Z-mass scale (without the QED corrections associated
with virtual photons).

It is convenient to relate sl2 to the on-shell quantity s‘zv in
(30) by a factor « which incorporates the loop corrections in
terms of Ak,

st = sty =s5, (1+ Ak). (63)

Analogously to Ar in (25), Ak = Ak (Mwy, Mz, my, ...)
is a model-dependent quantity, depending on all parameters
of the standard and non-standard particles which enter the
loop contributions. An additional model dependence in the
prediction of sl2 occurs via s%v through the W mass obtained
by means of Ar, as described in the previous Sect. 3.

4.1 One-loop calculations

Loop corrections lead to deviations Ak from the relation k. =
1. The expansion of (60) yields the one-loop contribution

1 1
R (AL() . Ag_“> o

AV = —
453, a v a

which can be written as follows,

M
Ach — v ReZyz (M7) | o0s
Sw M% s%,
F,, (M2 F, (M2
+via<v(vz)_ A(aZ)>' (65)

The first two terms originate from photon—Z mixing and from
renormalization of the on-shell weak mixing angle (31) The
corrections from the vertex diagrams and the wave-function
renormalization of the external fermions are collected in the
vector and axial vector form factors Fy 4, with lepton masses
neglected.

In the alignment limit of the THDM, one can identify the
one-loop contribution of the scalars h%, G9, G* with the stan-
dard scalar contribution to the SM part of Ax. Consequently,
the non-standard contribution to Ak arise from the scalars
HY, A, and H*. Thus, one can write at the one-loop level

A = Al 4+ Akl (66)
with the SM part
() 2 1.2
A W Re X7 sm (M7) o )SW,SM
Ksm = T 2 2
w z Sw

v F F
. ( V.SM A,SM) ’ 67)
vV—a v a

where the subindex indicates that only the standard particles
are kept in the one-loop self-energy and vertex corrections.

The contributions from the non-standard scalars to the ver-
tex corrections and to the lepton self-energies are suppressed
owing to the small Yukawa couplings. Accordingly, we can
neglect the non-standard contributions to the form factors
Fy, 4. The one-loop non-standard contribution to Ax is thus
given by

(1) 2 D2
A €W Re X7 \s (MZ) 8¢ )SW,NS 68
NS T, M2 2 (68)
Z w

and is obtained via the non-standard content of the vector-
boson self-energies from Appendix A.

A sizeable part of the one-loop contribution to Ak is asso-
ciated with Ap", Eq. (34), via

2
C

A = TW Ap(l) 4. (69)
Sw

involving the non-standard term (37), which becomes large
in case of a large mass splitting in the non-standard scalar
spectrum.

4.2 Higher order corrections in the SM

The one-loop calculation of the effective mixing angle was
performed in [11] for the neutral-current vertex in neutrino
scattering. The first results for sl2 at the Z resonance [35,36]
are based on one-loop calculations improved by higher orders
from Ao and Ap, and an expansion in the top-quark mass
[37]. QCD corrections are known at the two-loop order [12,
13,15-18], together with the leading three-loop [26-28] and
four-loop [32-34] terms from the top quark. The two-loop
electroweak SM contributions have been obtained in [38—
43]. The leading three-loop corrections via the p parameter at
O (G3m?) and O (G%a2m?) were calculated for a massless
Higgs boson in [31] and with Higgs mass dependence in [30].

In [43] a simple parametrization is given, which incorpo-
rates the complete electroweak one- and two-loop corrections
together with the QCD corrections of O (xay) [12,13,15—
18] and O («wy) [26-28] and the leading electroweak three-
loop corrections of O (G}m?) and O (G%afmtz) [30,31].
An update is found in [44] which includes also the leading
@) (G pm?ag) terms [32-34]; the differences, however, are
very small, not more than 2 - 107 for slz. The required input
parameters are the masses of the Higgs particle, the top quark
and the Z boson, together with the strong coupling constant
o (M%)

@ Springer
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4.3 Two-loop corrections in the THDM

The one-loop corrections can be supplemented by the leading
reducible and irreducible two-loop contributions, containing
products of A and Ap!) and the irreducible two-loop cor-
rection §p® to p, see Eq. (52). The resulting two-loop con-
tribution to Ak is given by

2
= 8p®  (70)
Sw

AP = Aa WA,O(I) (Ap(])) + <
Siy Sy
As aside-remark, we note that the appearance of the reducible
products in Ak is again a consequence of the on-shell param-
eters in the normalization of Ap. After a reparametrization
ApD — ApB(D by the Fermi constant with the help of
Egs. (45) and (33) in the expression

2
C
Ac® =T ApM 4 (71)
N
w

the resulting two-loop shift cancels the reducible term in (70)
and we obtain

2
¢
AR® = L 5p®@ (72)
Sw
as the two-loop correction to Ax.
Next we have to identlfy the non-standard two-loop cor-

rections. Separating Ap( ) and Apl(\}; in the reducible term
of (70) yields

2 4
Cc Cc 2
Aa TWA/O(D _ TW (Apa))
Sw Sw
= Aoz

(1) (1 S (1
v (a0 + m0lfy) - 2 (207
SW Sw

+2 000 Ap{) + (Ap(l)> > . (73)

Since the terms without A,o< ) are already incorporated in

Aksm, we retain the non- standard reducible part

2 (€]
AKNS red AO{ S Ap
14

XV (2 AV apll) + (Ap“)) ) (74)
W

The irreducible part 0 can be separated into the dif-
ferent non-standard contributions according to (52), which
leads to the following contributions to Ak,

@ Springer

e contribution from the non-standard top-Yukawa cou-
plings

2
2) ‘w o @
AINS_T(SINS’ (75)
Sw

e contribution from the exclusively non-standard scalar

corrections
2) W 2)
Akpg'ys = 2 8Pr N (76)
w

e contribution from the mixed standard—non-standard scalar

corrections
@ ¢y )
AKH Mix — ST 6 H Mix* (77)
w

In the IHDM, the only irreducible non-standard two-loop

contribution to the p parameter is 8,0}2]1), py (Which is equiv-

alent to (Spg)Mix), hence

2
c
W3 @)

Arfy PIHDM: (78)

IHDM,irr —
W

With these specifications, the two-loop irreducible contribu-

tion to Ak is given by
) (2) (2) (2)
AKNS iy = Dk ns T Dk ng + Ak gy (79)

in the aligned THDM, and

) _ (2)
AKNS irr = DK DM irr (80)
in the IHDM.

4.4 Incorporation of the higher-order corrections

For an accurate prediction of 512 in the THDM we have to
combine all the by now available loop contributions from the
SM and beyond in the quantity Ak, which depends on the
SM input quantities and on the non-standard parameters of
the THDM,

Ak (Mwy, ...) = Aksm(Mwy, ...) + Axns My, ...) (81)

For a given set of parameters, the predicted value of 512 ful-
fills the relation (63) with the corresponding My calculated
from (24). Since the W mass varies with the model param-
eters, Ax is needed as an expression where My appears as
an independent variable

In the following we write only My as an explicit variable

in Ak, dropping the ellipsis. The SM part,

Aksm(Mw) = AK(SIK/I(MW) + AKS&Z)(MW) (82)
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contains besides the one-loop result the complete two-loop
and the partial higher-order contributions listed above. Since
the full SM result is an inconvenient expression, we make
use of the parametrization for the SM prediction of slz given
in [43] for the set of SM input parameters Mz, m;, mo, o,
yielding the value slz, sm- By inverting (63) one obtains

Mo\
W*SM) -1 ®

Aksm(Mw.sm) = SPsu (1 -—
MZ

while My is simultaneously fixed by the standard value
Myw sm via (24) with Argy.

Since the W mass varies with the non-standard model
parameters, we need Ak as an expression where My appears
as an independent variable. For the one-loop correction of Ax
in the SM we use the explicit result (67) with My as one of
the input quantities. From (83) we obtain

h
AKé]\?[)(MW,SM) = Axsm(Mw,sm)
1 h
— Ay (Myw.sm) = 8k (84)

which we use as an approximation for the second termin (81),
yielding

Aksm(Mw) = Al (M) + 813 (85)

The prediction of the effective leptonic mixing angle can now
be written in the following way,

2
2 My,
K —<1‘m>
VA

x (1 sy + AKGY + AKTS oy + AR ) (86)

evaluated for My as obtained from (24) with the full Ar =
Arsm + Arns.

For comparison, we will also need the effective mixing
angle including just the one-loop non-standard corrections,

calculated from
M\ 2
1 — M_W
My

x (1 + Aksy + AKI(V];) : (87)

20 _ 2() _
sin Qfo =y =

where M 5‘}) is used as the corresponding input for the W-

boson mass obtained from (24) with Ar = Arsm + Arlgls).

5 Numerical results

For the analysis of the precision observables the following
input [6] for the SM parameters is used, together with the
mass of the SM-like Higgs boson m 0 = 125.1 GeV,

Gr =1.1663787 - 107> GeV™2, M, = 91.1876 GeV,

m, = 172.76 GeV, a, (M%) —=0.1179. (88)

The shift A« = 0.05907 in the electromagnetic fine structure
constant, Aa = Adjept + Adtpad, contains the leptonic contri-
bution up to four-loop order [132,133] Acepe = 0.031498,
and the hadronic part extracted from experimental data with
the help of dispersion relations, Aapag = 0.027572 taken
from [134]; this yields A« as the default value in the SM
parametrizations for My, Ar and 512 given in [131] and [43].

5.1 Parameter dependence

Since the non-standard loop contribution is very sensitive to
the difference between the masses of the charged and neu-
tral scalars, we illustrate in Fig. 1 the impact of a variation
of my+ on M. The masses of the neutral Higgs bosons
are kept fixed, assuming equal masses of H? and A” on the
left side and a small mass difference on the right hand side.
The settings for the other non-SM parameters are specified
above the corresponding plots. The upper panels display the
deviation of My from the SM prediction with just the one-
loop non-standard correction included (blue dashed line) and
including all the available non-standard corrections (purple
solid line) of two-loop order. The grey shaded area displays
the experimental result with the associated 1 o uncertainty
according to the PDG value in (1); the light-blue area in the
upper part of the figure shows the new CDF result (2). The
lower panels display the effects of the individual two-loop
corrections, with the reducible contributions subtracted. The
different lines correspond to the various non-standard two-
loop contributions to Ar yielding a mass shift of My calcu-
lated as function of Ar)gz) according to

@ (5,0 (1) 4 A2 2
AMP (Ar®) = M (Arils + ArdS oy + Ar2)
1 2
— My (A3 + AP ) (89)

with Ar,?z) = Art(zlzl g (red line), Arﬁz) = Arg.)N g (orange

line) and Arg’) iy (green line).

The one-loop non-standard contribution Arl(\,lg depends
only on the scalar masses and is independent #g and As. It

is dominated by the non-standard correction Apl(\;é to the
p parameter, which increases quadratically with the mass
difference between charged and neutral scalars and is small
for my+ >~ myo or mpy+ 2> m 40. Adding the non-standard
two-loop corrections leads to notable deviations. Similar to
the one-loop contribution, the mass shifts from Arg’)Mi . are
small for myo >~ my+ or m o0 >~ my=+ and grow with the
mass difference between charged and neutral scalars. The
shifts from Arg’)N ¢ are zero for my+ = m 40 but not for
mpg= = mpyo. These terms are additionally enhanced for
large values of 74 and vanish for #5 = 1. The mass shifts from
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Fig. 1 Shift in My from non-standard Higgs boson mass splittings.
The upper panels show the difference to the SM result, at one-loop order
(blue dashed line) and with all the available non-standard corrections
(purple line). The current world average with 1 o range is displayed by
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the grey area; the new CDF result is indicated by the shaded area in light
blue. The lower panels show the individual two-loop contributions from

ar®

NS (red line), Arg’)NS (orange line), and Ar}i)Mix (green line)
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Fig. 2 Shift in sl2 from non-standard Higgs boson mass splittings, for
the same input as in Fig. 1. The upper panels show the difference to the
SM result, at one-loop order (blue dashed line) and with all the available

Art(zli,  originating from the top-Yukawa contribution to p are
subétantially smaller than those from the scalar sector. They
are of some influence only for zg >~ 1 and are suppressed for
larger values of #g. Since the SM prediction of My is below
the experimental 1 o limits, also for the current PDG world
average, mass splitting between charged and neutral scalars
can improve the agreement between the measurement and
the theoretical prediction, in which the growing significance
of the two-loop corrections is clearly visible.
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500 7550 600

my= [GeV]

00 450

non-standard corrections (purple line). The current world average with
1 o range is displayed by the upper grey area. The value measured by
SLD is indicated by the shaded area in light blue

Whereas for the PDG value moderate non-standard cor-
rections are needed, a substantial upward shift of My is
required in order to reach the 1o interval for the new CDF
value, where the two-loop corrections are important: they
enhance the one-loop result sizeably and hence have a con-
siderable impact on constraining the appropriate range of the
corresponding THDM parameters.

In a similar way, Fig. 2 illustrates the effect of a mass split-
ting between charged and neutral scalars, showing the impact
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Fig. 3 Influence of m g+ and g on the theoretical prediction of My .
The bands indicate the parameter configurations for which the calcu-
lated My is within the 1o uncertainties of the measured values, the PDG

of a variation of m g+ on the leptonic sin? O (= slz), for the
same parameters as in Fig. 1 to allow a direct comparison of
the two figures. The masses of the neutral Higgs bosons are
kept fixed, assuming equal masses of H? and A° on the left
side and a small mass difference on the right hand side.

Differently to the W mass, increasing the mass splitting
between neutral and charged Higgs bosons distorts the good
agreement between theory and the world-average sin? Octt, exp
in (3) for the effective mixing angle. The values of m g+
required for getting to the CDF result for My pull sin? Oefr
away from the world average towards the 2 ¢ boundary. It is
interesting to observe that instead full agreement is achieved
with the SLD measurement (4) from the left-right asymme-
try.

In order to illustrate the influence of the additional param-
eters 7g and As, we display in Fig. 3 regions in the m p+—
tg plane where the predicted My is in agreement with the
experimental results, either with the PDG value in (1) or with
the new CDF result in (2). We present results for 15 = 1
(left side) and A5 = 6 (right side) with neutral masses
myo = 500 GeV and m 40 = 550 GeV. The parameter con-
figurations that lead to a prediction in accordance with the
lo range of the experimental values are illustrated by the
coloured band (PDG) and by the dashed band (CDF). More-
over, the areas shaded in red display the parameters which
are excluded by the theoretical bounds from vacuum stability
and tree-level unitarity. Around 75 = 1 the contribution via

450 500 550 600 650 700

My+[GeV]

value refers to the coloured band and the CDF value to the dashed band.
The red-shaded areas show the parameter regions that are excluded by
vacuum stability and tree-level unitarity

Spg?N g 18 close to zero and the main two-loop effects arise

from Spg?Mix, which are additionally enhanced for smaller
values of As. Larger 74 values yield additional contributions

from 5,0;3)1\, g» especially for m y+ close to m yo when both

Apz(\}; and Spﬁ)Mix are small. For A5 = 1 the theoretical

bounds restrict the allowed values of #g quite strongly; never-
theless, the contributions from 8,0512,) n s canbe sizeable, giving
rise to the curvature of the bands. For A5 = 6 the theoretical
constraints give room to a wider range of ¢g, simultaneously
the influence of 6,0ng s is weaker, owing to the factor (54),
such that the dependence on tg becomes rather flat for larger
values. For very small values of 7, on the other hand, the top-
Yukawa contribution 8,0,{212, § can become important due to its

enhancementby ¢ I} 2 However, such small values are strongly
restricted from flavour physics (see for example [135]).

5.2 Inert-Higgs-doublet model

The predictions of My and 512 in the IHDM are domi-
nantly influenced by mass differences between the neutral
and charged Higgs bosons as well. When only the one-loop
corrections Arl(vlé and AKI(VI; are considered, the results are
equivalent to those in the aligned THDM, depending only
on the non-standard particle masses. Also the reducible cor-
rections from products of A,ol(vl?g and A« will be identical.
Special features occur at the two-loop level. Differences
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Fig. 4 Shift in My and S12 in the IHDM from neutral-charged Higgs
boson mass splitting, with one-loop non-standard corrections only (blue
dashed line) and including the non-standard two-loop corrections (full
lines). The different solid lines represent different values of A3z4s. The

0 = 500 GeV: m g0 = 550 GeV: Ay = 1;
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Fig. 5 Results in the IHDM in the m y+—A345 plane. The bands indi-
cate the parameter configurations for which the calculated My is within
the 1o uncertainties of the measured values; the PDG value refers to the
coloured band and the CDF value to the dashed band. The red-shaded
areas show the parameter regions that are excluded by vacuum stability
and tree-level unitarity

arise through the irreducible corrections: contributions cor-
responding to 8,0532, ¢ and Spg?N ¢ are absent in the IHDM,
and the corrections result from the remaining contribution
8,0;2 pu» Which corresponds to (Spg)Ml.x. This term con-
tains both standard and non-standard scalars with couplings
involving the parameter combination A3as, Eq. (20). Hence,
the two-loop corrections induce a dependence of the preci-
sion observables on A3ss5 as the only model parameter in
addition to the masses entering the predictions.

In Fig. 4 we exemplify the dependence of My and sl2
on the mass difference between charged and neutral Higgs
bosons for different values of A34s, in terms of their shifts
with respect to the SM predictions. In order to emphasize

the effects of mass splitting we allow also the case with H*
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current world averages with 1o range are displayed by the grey areas;
the areas in light blue indicate the new CDF result for My (left panel)
and the SLD result for sl2 (right panel)

as the lightest scalar, although in such a scenario the IHDM
does not provide a dark matter candidate. For comparison,
the shifts in M ‘(,;) and sin? Ge(flf), calculated with one-loop non-
standard corrections only, are displayed by the blue dashed
line. As expected, the two-loop corrections show a signifi-
cant dependence on the value of A3s5 which can enhance or
diminish the shifts in an asymmetric way with respect to the
minimum.

In Fig. 5 we visualize values in the m y+—A345 plane that
lead to an agreement between the theoretical prediction and
the experimental 1o limits for My, again for the PDG result
(coloured band) and the recent CDF result (dashed band).
The areas shaded in red display the theoretical constraints on
the parameter space. Note that, differently to the two-loop
corrections to the p parameter, the theoretical constraints
are affected also by the choice of the coefficient A, in the
scalar potential. For the selected value A, = 1 the bounds
are rather loose, and the allowed regions are most signifi-
cantly constrained via the W mass. The growing influence
of Az4s5 with the mass splitting is visible by the curvature of
the dashed band.

5.3 Computational tools

For computation of the electroweak precision observables
the code THDM_EWPOS has been developed, which con-
tains all the entries described in this paper and in [88].
For the development, the calculation of the one-loop correc-
tions was done with the help of the Mathematica packages
FeynArts [136] and FormCalc [137]. The non-standard
two-loop contributions were calculated using the Mathemat-
ica package TwoCalc [138,139]. The one- and two-loop
results have been implemented as Fortran routines with the
help of FormCalc and the methods from [140], which were
developed for the implementation of the two-loop Higgs-
mass corrections at O () in FeynHiggs. These routines
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are then called in THDM_ EWPOS in the calculation of the vari-
ous precision observables. For the numerical evaluation of the
one-loop integrals the program uses the library LoopTools
[137]. For the numerical evaluation of the required two-loop
integrals the Fortran routine implemented in the program
FeynHiggs [141-143] is used.

6 Conclusions

We have given an overview over the currently most precise
calculation of the electroweak precision observables My and
sin? Oefr in the aligned Two-Higgs-Doublet Model where one
of the C P-even scalars (h?) is identified with the scalar boson
at 125 GeV observed by the LHC experiments ATLAS and
CMS. It includes, besides all the known SM loop correc-
tions, the full non-standard one loop contributions and the
leading non-standard two-loop contributions from the top-
Yukawa coupling and the self-couplings of the Higgs bosons.
As already at the one-loop level, the non-standard two-loop
contributions from the scalar self-interactions are particu-
larly sensitive to mass splittings between neutral and charged
scalars and become sizeable whenever the one-loop correc-
tions are large. Hence, they turn out to be of special impor-
tance when a large loop-induced shift in the predicted W-
boson mass is required, as it is the case for the recently pub-
lished final result of the CDF experiment. Simultaneously,
the predictions for sin? Oefr move away from the experimental
world average by more than one standard deviation, towards
the 2 o limit, but show full agreement with the individual
value of the SLD experiment measured via the left-right
asymmetry.

As a new feature, the two-loop contributions have a sig-
nificant dependence on the parameters tan § and A5 (or m%2,
respectively), a coefficient of the THDM scalar potential that
is not fixed by the masses of the neutral and charged Higgs
bosons. In the Inert-Higgs-Doublet Model, the two-loop con-
tributions depend on a specific combination A345 of quartic
coefficients in the scalar potential and are independent of
tan 8. In both cases, they can modify the one-loop predictions
substantially and are relevant for phenomenological analy-
ses.

For computation of the electroweak precision observables
the Fortran code THDM_EWPOS has been developed and is
available at [144]. It contains all the entries described in this
paper and in [88].
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A Non-standard contributions to the gauge boson self-
energies

The part of the gauge-boson self-energies in the aligned

THDM resulting from the non-standard scalars in the one-
loop diagrams is given by the following expressions,

(1) 2y .« [ 2 2 2
ZW,NS <P ) = 716711%‘, 2A0(mH:t) + AO(mHO) + A()(mAO)

—4BOO(P2s mon’ m%.]:t)

—4Byo(p?. m%_lo, m%—li)] , (90)
) ( 2)_ o [ (.2 2 )2 2
X = 2lcy — s Ag(me,+)
7z Ns \ P 162 C%Vsz W Sw 0N g+

+A0(m7,0) + Ag(myp)

—4((6%‘/ - s‘z)V) 2B()()(pz, m%{i, m%{i)

+ Boo (2 | 1)
1 o
s (72) = 5= [Aondye) = 2Boo(p2 mdys w0 ]
(92)
(D 2 o C%V - S%V 2
Xy Z.Ns (P ) = in W[AO(mHi)
— 2Boo(p*, mye.m¥ys)]. (93)

They are specified in terms of the one- and two-point integrals
Ao and By in dimensional regularization with dimension D
and scale parameter u,

Ag(m?)

STy Py —
in? g% —m? +ie

2 2
=m?|—— - +10g47t—10gm—+1 +0@ - D)
yy; R 2 :

2.2 2
Bo(p~, my, m3)
4-D

_ @mw /qu 1
in? [qz—m%—l—ie][(p—i-qﬂ—m%—i-ie]
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2

1 x2p? —x 2—|—m2—m2 — i€
—/dxlog p (p 1 3)

5 +0(4-D),
"

together with the tensor integral coefficients

1
B mtm) = 5 [Aownd) = downd)
—(p? +m} = m3) Bo(p?. 3. m3)].

Boo(p?, m}, m3) = Ag(m3) +2m3 Bo(p?, m3, m3)

1
M[

+(p? +mf —md) B (p? md,md) ]

A compact analytic expression for By can be found in [122].
The relation

1
Boo(0, m*, m?) = 5Ao<m2>

ensures that the non-standard contributions to the photon self-
energy (92) and to the photon—Z mixing (93) vanish for p> =
0.
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