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Abstract We present an extension of the GM2Calc soft-
ware to calculate the muon anomalous magnetic moment
(aESM) in the Two-Higgs Doublet Model. The Two-Higgs
Doublet Model is one of the simplest and most popular exten-
sions of the Standard Model. It is one of the few single field
extensions that can give large contributions to aE’SM. It is
essential to include two-loop corrections to explain the long
standing discrepancy between the Standard Model prediction
and the experimental measurement in the Two-Higgs Dou-
blet Model. The new version GM2Calc 2 implements the
state of the art two-loop calculation for the general, flavour
violating Two-Higgs Doublet Model as well as for the flavour
aligned Two-Higgs Doublet Model and the type I, II, X and
Y flavour conserving variants. Input parameters can be pro-
vided in either the gauge basis or the mass basis, and we
provide an easy to use SLHA-like command-line interface
to specify these. Using this interface users may also select
between Two-Higgs Doublet Model types and choose which
contributions to apply. In addition, GM2Calc 2 also provides
interfaces in C++, C, Python and Mathematica, to make
it easy to interface with other codes.
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1 Introduction

The anomalous magnetic moment of the muon, a,,, is one of
the most important observables in particle physics. Its impor-
tance stems from the fact that it is one of the most precisely
measured physical quantities and that it is very sensitive to
new physics as well as the strong, weak and electromagnetic
interactions of the Standard Model (SM). The significance
of a, has increased further in the wake of the recent release
of the first results from the Fermilab Muon g — 2 experiment
[1]. This collaboration found, in combination with the results
from the Brookhaven National Laboratory [2], an experimen-
tal value of
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a;® = (11659206.1 £ 4.1) x 10710, M

The SM prediction from the Muon g — 2 Theory Initiative
White Paper [3] is

asM = (11659181.0 £4.3) x 10717, )

which combines quantum electrodynamic contributions [4,
5], electroweak contributions [6,7], hadronic vacuum-
polarization [8-14] and light-by-light contributions [15—
29].! The experimental measurement differs from the SM
prediction by 4.20 which suggests a beyond the Standard
Model (BSM) contribution of

ap™ = (25.14£5.9) x 10717 (3)
The high precision in both the experimental measurement and
the SM theoretical prediction requires BSM contributions to
be known with a similar level of accuracy.

The Two-Higgs Doublet Model (2HDM) is one of the sim-
plest and most widely studied extensions of the SM (see e.g.
Ref. [42] for a review or the relevant chapters of Ref. [43]).
Although the 2HDM has been studied for many decades and
the only Higgs boson discovered is closely SM-like [44,45],
interest in this model has not waned, and recent progress
has been achieved e.g. on LHC interpretations [46-50], B-
physics [51-55], theoretical constraints [56—60], electroweak
phase transitions in the early universe [61-65], precision cal-
culations of Higgs decays [66—74]. Remarkably, the 2HDM
is one of the very few single field extensions of the Stan-
dard Model that can explain the deviation between aEXp and
aEM [75] while satisfying existing constraints from collider
physics searches and other observables.

A second Higgs doublet that can couple to SM fermions
generically induces large tree-level flavour changing neutral
currents at odds with experiment. Due to this 2HDM s are
often classified according to the discrete symmetries imposed
to conserve flavour, giving four types [76]: type I [77], type I
[78], type X (often called the lepton specific 2HDM) [79,80]
and type Y (sometimes refereed to as the flipped 2HDM)
[81,82]. Large flavour changing neutral currents can also be
avoided by assuming an alignment in flavour space between
the Yukawa matrices of the two doublets, giving the so-called
flavour-aligned 2HDM (FA2HDM) [83,84]. After the first

I As discussed extensively in the Theory Initiative White Paper [3], the
proposed SM prediction does not use lattice gauge theory evaluations of
the hadronic vacuum polarization. The lattice world average evaluated
in Ref. [3], based on [30-38], is compatible with the data-based result
[8—14], has a higher central value and larger uncertainty. However more
recent lattice results are obtained in Refs. [39,40], and in particular
Ref. [39] obtains a result with smaller uncertainty, which would shift
the SM prediction for a, closer to the experimental value. Scrutiny of
these results is ongoing (see e.g. Ref. [41]) and further progress can be
expected.

@ Springer

results of the LHC, Ref. [85] systematically investigated the
phenomenology of all 2HDM versions with discrete symme-
tries and showed that among them, only the type X variant
is able to provide significant contributions to a,. The type X

explanation of the deviation between aEXp and aEM has been
further explored in Refs. [86-99]. The more general flavour-
aligned 2HDM and its contributions to a, were studied in
Refs. [75,100-104]. Other variants, including more general
realisations that allow for Higgs-mediated flavour violation
were investigated in Refs. [105-112].

Phenomenological investigations of BSM physics are
greatly enhanced by the use of precise software tools. These
tools can automate the calculation of precision corrections,
or provide numerical methods to quickly and reliably solve
related problems. For example in the 2HDM one is often
concerned that a particular benchmark point respects mea-
sured limits of electroweak oblique parameters, or that the
new couplings and bosons do not provide contributions to
Higgs decays which violate collider constraints. For the
2HDM a widely used software package is 2HDMC [113],
which provides calculations of the spectrum, decays, oblique
S, T and U parameters as well as a calculation of the
2HDM new physics contributions to a,,. There also exists the
tool ScannersS [114] which can place theoretical, experi-
mental, dark matter, and electroweak phase transition con-
straints on extended scalar sectors, including the 2HDM.
A more precise calculation of the decays is available from
the 2HDM decay dedicated code 2HDECAY [115], while
PROPHECYA4F [116] provides a package which focuses on
calculating h — WW/ZZ — 4f decays. Additionally,
the tools HiggsBounds [117-121] and HIGGSSIGNALS
[122—124] allow one to place constraints on the Higgs sectors
of BSM physics through the measured behaviour of Higgs
bosons from collider search experiments.

Higher precision calculations for the spectrum, decays
and other observables in the 2HDM are also available for
arbitrary user-defined extensions of the SM through codes
such as SARAH/SPheno [125-130] and FlexibleSUSY
[131-134] (with decays recently added in FlexibleDe-
cay [134]) where model files for the 2HDM are already
distributed. Additionally, both packages provide one-loop
contributions to aESM. For two-loop contributions to aE’SM
in the MSSM, FlexibleSUSY links to the dedicated tool
GM2Calc [135]. For the 2HDM there was no such option
until now. Here we extend GM2Calc with the 2HDM to
provide a program which includes state of the art two-loop
level contributions of Ref. [102] to the anomalous magnetic
moment of the muon.

The 2HDM contributions implemented in GM2Calc ver-
sion 2 include the one-loop contributions, the two-loop
fermionic corrections (including the well-known Barr-Zee
diagrams), and the complete set of bosonic two-loop correc-
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tions. The one-loop contributions are of the order O(m;‘;)
and therefore usually subdominant. The two-loop contribu-
tions arise at O(mi) and are implemented at this order. Ref.
[102] has assumed the flavour-aligned 2HDM with vanishing
couplings Ae 7, but here we relax this assumption and allow
the more general case. The 2HDM version of GM2Calc 2
allows the user to input deviations from the aligned limit, as
well as select any one of the 2HDM types I, II, X or Y. Just
like version 1, GM2Calc 2 allows the user to input parameter
information using an SLHA-like [ 136, 137] input file. We also
provide interfaces in C, C++, Python and Mathematica
to make it easy to link to other public codes. Furthermore,
GM2Calc 2 (hereafter GM2Calc) can be used as a stan-
dalone tool for studies of a,, in the 2HDM, or to explore the
2HDM phenomenology more broadly it can be used in com-
bination with other codes via the SLHA interface. For exam-
ple, GM2Calc can be called alongside FlexibleSUSY, or
in combination with other standalone tools like 2HDECAY
or alongside the 2HDMC package, replacing its native calcu-
lation of the anomalous magnetic moment of the muon. The
MSSM calculation s already available in GAMBIT [138,139]
and it should be straightforward to extend this to also use the
2HDM calculation in future versions.

The rest of this paper is divided into the following sec-
tions. Section 2 provides a pedagogical introduction to the
2HDM, giving the Lagrangian both before and after elec-
troweak symmetry breaking, and defining the Yukawa cou-
plings in the various types of the 2HDM. There we give
the one- and two-loop contributions to aE’SM, and the uncer-
tainty estimate for the calculation. Section 3 describes various
ways to use the 2HDM in GM2Calc. It also shows how to
interface GM2Calc using C++, C, Python and Mathema -
tica. Finally, Sect. 4 demonstrates various possible ways
GM2Calc can be applied to calculate the BSM contribu-
tions to the anomalous magnetic moment of the muon in the
2HDM.

2 Review of 2HDM and implemented contributions to
ay

2.1 The Model

The Two-Higgs Doublet Model (2HDM) extends the Stan-
dard Model (SM) with an additional scalar SU(2) doublet.
We denote the two complex Higgs SU(2) doublets in the
2HDM as ®; (i =1, 2),

at
i = % (i +bi +ici) |° @

where b; and ¢; are real scalar fields and a;r are complex
scalar fields. Each Higgs doublet acquires a real non-zero
vacuum expectation value (VEV), v;, which satisfy

v2
tan f = —, 2

= v} 42, 5)
V1

with 0 < B < 7/2 and v & 246 GeV, which implies v; =
vcos B and v = v sin 8. The extended Lagrangian includes
the Higgs potential Lgca1ar and the Yukawa interaction part
Luks

L3> Lscalar + Lyuk- (6)

The most general form of Higgs potential is
~Lscatar = m} @] @1 +m3, @105 — [}, &2 +h.c.]

1/ e N2 1 N2
501 (@]r) + S22 (@]02)
2 2
+ 23 (@]01) (0]02) + 24 (0] 02) (@] 1)

! o) i i
+ [ 335 (@]@2) + 26 (@]@1) (0]22)

+37 (9] (®]@2) +h.c],
7N
where As, Ag, A7 and m%z are real for the C P-conserving

Higgs potential. The mass eigenstates of Higgs and Gold-
stone bosons 4, H, A, H', G® and G are obtained as

0 +
(I]:ll) = ZHOHO’ (i ) = ZAA, <Z+) = ZH+H+’

®)

with

o_ (b e
M _<b2>’ A_<62>’

from Eq. (7). The orthogonal matrices Z 0, Z 4 and Zp+
for Eq. (8) are given as

Zow = <—sina cosoz), Za= ( cos 8 sinﬂ>’

cosa sina —sin B cos B

Zogs = < cos B sinﬁ>' (10)

—sin B cos B

+
HE = (“L), ©)

a

The corresponding mass square matrices M%{o, Mi and

M72_[Jr for H°, A and H* in Eq. (9), respectively, are diago-
nalized as
M7y =Z) o (M{0)* Zyp, MY =Z(MB)’Zy,

My = Z3, (M314)* Zigs. (11)

@ Springer
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The Higgs boson mass eigenvalues are denoted as

My, = diag(mp, mu), MY = diag(mgo, ma),
M7): = diag(mg=, my+), (12)

where in Feynman gauge mg+ = mw and mgo = mz. We
chose the C P-even Higgs boson mixing angle « such that
—nm/2<p—a<m/2[113].

The general form of the Yukawa interaction Lagrangian
is given as

—Lyuk = nggcbld?g + quchLtR + Fl IOCDIER

+quL(D2dR+H 2¢2uR+HOloq)2€R +h C.

(13)

where ®¢ = iozcbj.‘, and qg, lg, u%, d%, and e% are fermion
gauge eigenstates.” In general the Yukawa coupling matrices,
F? and l'I0 (f = u,d,l) are complex and non-diagonal
3x3 matrlces which can not be simultaneously diagonalized,
which produces flavour changing neutral currents (FCNC).
From the Yukawa interaction Lagrangian in Eq. (13) the
3 x 3 fermion mass matrices M ¢ (f = u, d, I) are obtained

as

1

Mi=— (vlFB—}— 02H8>, (14)
1 0 0

Ma=— (vle —i—vzl'ld), (15)
1 0 0

Mi=— (vll"l + vzl'll). (16)

The fermion mass matrices are diagonalized using singular
value decomposition. The diagonal fermion mass matrices
MfD. (f =u,d,I) are given by

M, = v, MPu,,
My =V, MPu,,
M =V MPu,

with MP = diag(m,, mc, m;), (17)
with  MP
with  MP = diag(m,, m,, m;), (19)

= diag(mds mg, mb)? (18)

where V¢ and U 7 are unitary matrices, and the corresponding
fermion mass eigenstates f = u, d, [ are obtained as

fL=VifP, and fr=Usf. (20)

By combining Eq. (5) and Egs. (14)—(16), 1"O l"0 and 1"O can
be expressed in terms of My and HO as

«/EMf

vcos f

rf = — 1 tan B. (21)

2 The I'° and T1° matrices correspond to 71 and 72 in Ref. [42], see
their Eq. (92).

@ Springer

The Yukawa interaction Lagrangian Eq. (13) can be also
written in the so-called Higgs basis, where only one Higgs
doublet has non-zero VEV. This can be obtained by rotating
@1 > and the Yukawa matrices as

®,\ [ cosB sinB) (P

(flh) N <— sin B cos ﬁ) <q>2> ’ (22)
= cosp sing) (T

<p§> - (— sin B cos ﬁ) (1‘[(} ’ (23)

such that only &, has the VEV v and E? are its Yukawa cou-
plings. It contains the SM-like Goldstone bosons, whereas
the second field ® | contains non-SM Higgs bosons H* and
A, and its Yukawa couplings p? are important parameters in

the 2HDM.3 With this transformation the Yukawa interaction
Lagrangian becomes

—Lyuk = 29¢0®,d% + 209 0¢u% + =019 D, ¢

+pqu<I>ldR + oy CI(L)Q’L”R + 0 lOCDJ_eR +h.c.
24)

In this way, the fermion masses are purely generated from
the Higgs doublet ®,, and the fermion mass matrices in
Egs. (14)—(16) become

v
My=—30  My=——30

V2 V2 V2

which implies V29U = 2 2M7/v. In parallel to
Egs. (17)—(19) we may deﬁne Yukawa matrices in the basis
of mass eigenstates as (f = u, d, [)

M= =30, (25

ny = v,n4u}, =, =VyThUl, (26a)

ry=v,r4ul, pr=ViphU}. (26b)
Importantly, in the Higgs basis the E? are diagonalized by
the singular value decomposition involving V¢ and U s, but
in general the ,o?r are not. This implies that Higgs-mediated
FCNCs are induced by the coupling with the zero-VEV Higgs
doublet @ | .

From Egs. (17)-(19), (23), and (25) we obtain

MD
Hf=x/§—fsinﬂ+pfcos,3, 27
v

where T, = Vy Y U} and py = VipU;. The pf matrices
contain non-zero off-diagonal components, which reflects
that in general the two types of Yukawa coupling matrices

3 The ©° and ,00 matrices correspond to n and é in Ref. [42], see their
Eq. (30).
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F?p and H(} can not be simultaneously diagonalized in the
2HDM. The p ¢ term in Eq. (27) can induce Higgs-mediated
flavour-changing neutral currents (FCNC) at the tree-level.
GM2Calc implements several variants of the 2HDM with or
without Higgs-mediated FCNC:

e The four well-known types with Z, symmetry: type I,
type 11, type X, type Y,

e the flavour-aligned 2HDM (FA2HDM) [83,84], which
also avoids tree-level Higgs-mediated FCNC and con-
tains the four previous types as special cases,

e the 2HDM with general Yukawa structures.

We will now describe these variants of the 2HDM. The most
common way to avoid FCNC is to impose a Z, symmetry,
which leads to four different types of Yukawa interactions in
which specific subsets of Yukawa couplings vanish. In the
type I model all quarks and charged leptons couple to ®;, so
we set

rY=ry=ry=0. (28)

In the type II model all up-type quarks couple to ®,, while
the down-type quarks and charged leptons couple to ®1, so
we set

rf=nY=m)=o. (29)

In the type X model all quarks couple to ®,, while the charged
leptons couple to @1, so we set

rf=r9=m=o. (30)

In the type Y model the up-type quarks and charged leptons
couple to ®,, while the down-type quarks couple to @1, so
we set

r=mn=r=o. (31)
In all these cases, trivially 1"(} and H(} can be diagonalized
simultaneously, and Higgs-mediated FCNC is avoided.

In the flavour-aligned Two-Higgs Doublet Model
(FA2HDM) [83,84] it is assumed that the H(} matrices are

proportional to the F(} matrices, and we set

*FO if f= t

(])c: £ u(’) 1 f=u, with & = Sr+ an,B’
%_d,lrd,l: if f=d,lI, I —¢rtan B

(32)

where ¢y are the alignment parameters which are constrained
by experimental results and used in phenomenological stud-
ies. Note that the aligned model contains the type I, II, X and

Table 1 Values of the alignment parameters ¢y for different types of
Two-Higgs Doublet Models

Type 1 Type I Type X Type Y
Cu cot 8 cot S cot 8 cot
La cot —tan 8 cot 8 —tan 8
& cot —tan —tan 8 cot

Y models as special cases when the alignment parameters ¢ ¢
take the values given in Table 1.

We can summarize the fundamental Yukawa coupling
matrices por (f = u, d, 1) for the different 2HDM variants
and in different parametrizations as follows:

2MP
# ;*) fortype LILY,Y
(using Table 1)
and for the exact FA2HDM,
2MP
pr= #;}*) + Ay for the general 2HDM
in FA2HDM parametrization,
v2m?
Cl;lsf 5 — ——tanp for the general 2HDM
in IT parametrization.

(33)

Here the ¢ are the parameters introduced in Eq. (32) and
Table 1, and the () notation indicates the conjugate is present
for the case f = u and not present for f = d,[. GM2Calc
offers two parametrizations for the general 2HDM. The
“FA2HDM parametrization” starts from the FA2ZHDM and
allows to directly modify the p s by additional matrices A f,
which represents the deviation from the flavour-aligned (or
type L, II, X, Y) limit. The second “IT parametrization” starts
from Eq. (27) and allows to directly specify the fundamental
Yukawa matrices IT .

After suitable unitary transformations, the Yukawa inter-
action in the Lagrangian of Eq. (13) takes the following form:

— + + _ +
—Lyukine = HT |:M (yf Pr+yH PL) d+ vyl PRli|

2

f=u,d,l
+h.c.,

> SFyiPRf —iAfy}PRS

S=h,H

(34)

with the CKM matrix Vegm = Vi, V; and the fermion mass
eigenstates f = fr + fr, (f = u,d, ), defined in Eq. (20).

@ Springer
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The coupling matrices y]Sc are defined as [102]:

h MJD . Pf 35

yf—Tsm(,B—oz)—}—Ecos(,B—a), (35)
MP

H_ f NP _

Yi= cos(B —a) —ﬁsm(ﬂ a), (36)
LPu_ if f=u,

=l (37)
—% 1ff=d,l,

and the coupling between the charged Higgs and each of the
fermions is:

—oiVekm if f = u,
Vekmpa  if f=d, (33)
01 iff=1,

HE

Yy =

where p is given in Eq. (33).

2.2 Implemented contributions to a,

Relevant 2HDM contributions to a,, arise at the one-loop
and the two-loop level. The one-loop contributions are sup-
pressed by two additional powers of the muon Yukawa cou-
pling and thus of (’)(mi); they are typically subleading unless
some of the non-SM-like Higgs bosons have very small mass
around a few GeV. The two-loop contributions can be clas-
sified into fermionic and bosonic contributions. They arise
at the O(mi) and are typically dominant. An important sub-
class of two-loop contributions are the so-called Barr—Zee
diagrams, which contain a y y-Higgs one-loop subdiagram.
These diagrams have been studied extensively [140—144] and
fully calculated in Ref. [100]. The full set of two-loop bosonic
and fermionic diagrams (at (’)(mi)) has been computed in
Ref. [102] (see also Ref. [103] for further phenomenologi-
cal discussions of the individual contributions). GM2Calc
implements the full set of one-loop BSM contributions a ;lf of
O(mi) and the two-loop BSM contributions alzf of O(mi)
in the 2HDM from Ref. [102]. The full BSM contribution in
the 2HDM (i.e. the difference between the 2HDM and the
SM contributions) calculated by GM2Calc is therefore the
sum

aBSM

_ e 20
BSM — g1t + a2t (39)

In the following subsections we provide the explicit analytic
results implemented in GM2Calc.

@ Springer

2.2.1 One-loop contributions

The one-loop BSM contributions to a ¢ in the 2HDM is of

O(m u) and are given by

3 2
1 m
1¢ 1 . 2 N
a, = 87r_2{ Z |: Z WAS(l,ml,ms, Y )
i=1 “S=h,HA S
2
m +
+ A=, 0, mye, v )}
2
- Ah(2 mp, thM’ ]l)} (40)
hSM
with m; = (me, my, me), m, = (my,, my, , my,) and
AnGi,my,m3, y)) = ASGomp, m3, v, 41)
Ap(iymy,me, yP) = A, mp, mg, yp), (42)

. 2 S — 2 S
Aa(i,mp,mg, y7) = Ag (i, my, m§, y;'),
+,. 2 S
AS(lvmlamS7y[)

1 (mp)?
=ﬂ(](yf),-z o] F1< ’ ) 43)
1 (m)i e ¢ )?
+ e [(yf) 5 (] )2,] :;l (ml )

. 2 S
Ag=(i,m,,mg, y;')

2 2
2 |:F1N (ml,;) e ((muz)i )] . 45)
g nyg

Note, that the one-loop contribution from the SM Higgs
boson hgy is subtracted in Eq. (40) and is therefore not
included in allf. The loop functions F c cm and F, IN are
given by

(44)

1 S
= _& ‘()71 )i2

2

Flc(x)z m(2+3x—6x2+x3+6xlnx>,

FEO) =4, FF() =1, (46)
3

C _ 2

F2 (X) = m (—3+4X — X —21nx) s

FE(1) =1, Ff (00) = 0, (47)
2

FN@) = =T (1 ~ x4 3x2 4 2x% — 6x21nx) ,

FY©O) =2, F(1) =1, F(c0) = 0. (48)

2.2.2 Two-loop contributions

The two-loop contributions of (’)(mi) are divided into
fermionic and bosonic loop contributions according to Ref.
[102] as
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a%f = ag’ + aE, 49) 2
ffms, mf)—Q/NC fs(ms my)
where the very small contribution from the shift of the Fermi ; )
constant, aA’ -shift s neglected. We generalize the fermionic —q/ NS 8181 "y
two-loop contributions from Ref. [102] in the general 2HDM f SW %V m% - mzz
to the case of CKM mixing as follows: x [Fs(ms,mg) — Fs(mz,myp)], (53)
F N F,C m%—2m>
a, +ay, (50) _2+ln(%§)_( = f>
m2 i s
-y Z  Caniy, Fs(ms,my) = B S = h, H, hsy,
2 2 m—4m
f=u.dli= 147t2mWW M S=A,
mS 4m/
e [0 0| (54)
x| Y FSms. mp- : ;
S=h.H,A (m p)imy where N¢ = (1,3,3), gl = T7/2 = syayp, T =
 hsw _ (=1/2,-1/2,1/2) and gy = ( 1, —1/3 2/3) for f =
ff (Mg (mf)’)] ’ (1) ({1, d, u). The loop function ff is defined as:
2 2 2
m FHE( M\ _ pHE (M =/ f =
@) @) e
H* mg Hx( mg  mp HE( mg  m; /
mygx,me,me) =13 F —4, - F —+ , =d, f'=u, 55
gy = 3 | () < A ()] = )
my He mg  ml u*(my my o
sty e (e ) - ()| ==

3 2 2

4FC — Z Pem
weo 2.2 4
Py 2rmiy, sy,

X [qui(mHt (mwi, (mg) ;)

e [ 02, (Veraniy (5 )22 | 2
2(my)imy
+ A4 g (ma) . (ma)o)
Ne [(Y5i);kj(VCKM)ij (ylHi)zz] v?
2(myg) jmy,
e [ )58 0 2 |

2(my)imy,

X

X

+
+ £

(myg=. (m));. 0) ]

(52)

Note, that the two-loop contribution from the SM Higgs
boson hgy is subtracted in Eq. (51) and is therefore not
included in alzf. The loop functions f}§ (S=h,H, A, hsm)
are defined as:

where f /’ isthe SU(2) partner of generation j of the fermion
fi from generation i, and
)]

Xl

7.[2

FH () = x1 4+ xi(xy — 1) [Liz (1 -

+ <xl - —) In(x;),

Fi (s x) = = G +-x0) + E - @]

(56)

X O(xq, x4, 1)
+c [Liz(l — Xq/xy) — %111 (xu) In (xd/xu):|
+ 5+ x9)In(xg) + (s —x,) In(x,), (57)

+ +
FI (xa,x0) = FiF (a0 (@u = 2+ qus qa = 2+ qa)
4 (xy
3
Ir 5 5
- 5[ ) = ) |

—xg—1
7D ey 1)

(58)
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and
¢ = (Xu — Xa)* = quXu + qaxa. (59)
¢ = (xy — qu)xy — (Xa + qga)xa, (60)
y =0t —xa)* — 2(xy +x4) + 1, (61)
qu + 44
= . 62
7 (62)
The loop function @(m%, m%, m%) [145] is defined as:
2 2 2 A
®(my, m3, m3) = 5 |:21n (@) In (@)
2 2
—In (m—é> In (m_§>
m3 m3
2
— 2Lip (@4) —2Lip (x_) + ?} (63)
2 2 2
+ — A
T (64)

2
2m3

A= \/m‘l‘ + m‘z‘ + m‘31 — Zm%m% — Zm%mg — 2m§m% (65)

The bosonic two-loop contributions to the general 2HDM
are composed of three parts as follows:

B _ B,EWadd B,Yuk B,non-Yuk
a, =a, +a, +a, . (66)
The two terms aE’EW add apq aE’nonYuk correspond to dia-

grams with the SM-like Higgs boson and diagrams with-

out the new Yukawa couplings, respectively. They are typ-

ically subdominant, and full details on their definition and

phenomenological impact are given in Refs. [102,103]. The
Yukawa contribution is given by

2
woo= 4 4 2
5T4r2cy, sy, my

0 0 1 0
ao’o + aO,z tan,B — m {l + d5y0A5

1
+ agz (tan,B - m) Ase71

1
+ |:aé’0 (tanﬂ — w) + aé’zéz

1
+(151’0 (tan,B — M) A567

+a;,ZA5§1] cos(f — a)}, (67)

Zm%2
5=, (68)
vZsin B cos B

Asr = As 4 —— ( oM ) (69)
567 = 4)5 X - s
’ tan B — mllﬂ sin? 8 cos? B
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where the equations for a;‘ ; (with the common prefactor put
in the front of the above Eq. (67)) are given in the appendix
of Ref. [102]. Compared to this reference, the expression
has been generalized to include A and A7.* These bosonic
contributions are implemented in the realistic approximation
of small cos(8 — «), and only terms up to linear order in
cos(B — «) are taken into account. In this scenario the boson
h has the tree-level couplings of the SM Higgs boson [146].
Furthermore, the bosonic contributions are derived only for
the flavour-aligned 2HDM. Referring to the different cases of
Yukawa couplings in Eq. (33), the bosonic corrections apply
for the cases of the discrete symmetries, for the FA2ZHDM,
and also for the general 2HDM in FA2HDM parametrization
(assuming the Ay matrices are small). In contrast, we set
& = 01in Eq. (67) in the case of the general 2HDM in I1
parametrization since in this case the bosonic corrections are
not applicable in this form.

The bosonic two-loop contributions are also available in
the GM2Calc source code and in the form of a Mathema-
tica file.

2.2.3 Running couplings

Among the fermionic two-loop contributions, the diagrams
with an internal top quark, bottom quark or tau lepton loop
give the dominant contribution to aBSM. These diagrams
are proportional to the values of the fermion masses in the
loop. So long as there is no three-loop calculation available
in the 2HDM, it is formally irrelevant which renormaliza-
tion scheme to use for the fermion masses in the loop. In
GM2Calc two possible definitions of these fermion masses
are implemented:

4 These two Higgs potential parameters only enter via triple Higgs
couplings, and they enter only via the combination Asg7 defined in Eq.
(69). The suitable generalizations of Egs. (3.25)—(3.26) of Ref. [102] for
the required triple Higgs couplings can be obtained e.g. from formulas
in the Appendix of Ref. [146] and can simply be written as

2 2
m m
_Th o, HE
&h H* HF o<{v (A5 2 2 2 )

1 2
o (np- o) (z’jj; —A567) I o

tan 8 ! 2 2 "
+pr xy (tanf — —— ) = -2 —
8H,H* H ang ) 2 567 2

2 2
+ (A —’“I’);L’—sz'*)}. (71)

v2

This structure clarifies the appearance of Asg7 in Eq. (67).
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Input masses: my, mlgTS(mlb\TS), me (72) 3 Program details and usage
Running masses: m">(Q), my">(Q), my*>(Q) (73) 3.1 Quick start

In the “input masses” scheme, the top quark pole mass m;,
the MS bottom quark mass in the SM with five active quark
flavours, mMS, at the renormalization scale 0= mII;/IS, and
the tau lepton pole mass m, are used in the loops. These
masses are typically used as input for spectrum generators
[136,137]. In the “running masses” scheme, the running
MS top quark mass mMS(Q), the MS bottom quark mass
mg/IS(Q) and the MS tau lepton mass mg/IS(Q) are used in
the loops. The renormalization scale Q is set to the mass
of the Higgs boson in the Feynman diagram. The “running
masses” scheme is also used in 2HDMC [113]. The difference
between these two schemes is shown in Sect. 4.

2.2.4 Uncertainty estimate

We provide an uncertainty estimate for alzf as follows:
20 20,A 20m, 3¢
Say, = day """ +8a, " + Say,, 74
where
Sant® =2 x107"2, (75)
2[,m4t
sa, " = |al! Aem . (76)
8(13@ = ‘aig Adem |, )
and
dotem MNP .
Aden = — In| — ), mNp = min{mpyg, ma, myg=}.
b4 my,
(78)

The term (Saff’m accounts for the fact that the two-loop
contribution aﬁ’ -shift has been neglected in Eq. (49). In
Refs. [102,147] it was shown that in the relevant parame-

ter space |aﬁr'5hif‘| <2 x 10712, which we use as an upper
4
bound in the uncertainty estimate. The term Sa,zf’m" esti-
mates missing two-loop terms of O(mi) using the known
universal two-loop QED logarithmic contributions [148].
The term aff is an estimate for the expected three-loop contri-
butions. From experience the QED contributions are among
the largest contributions at each loop level. For this reason
we use again the known universal logarithmic QED contribu-
tions from Ref. [148] to provide an estimate for the unknown

three-loop contributions.

GM2Calc canbe downloaded from https://gm2calc.hepforge.

org/ or https://github.com/GM2Calc/GM2Calc, for example
5

as

1 |wget --content-disposition \
https://github.com/GM2Calc/GM2Calc/
2 |archive/v2.0.0.tar.gz

3 |tar -xf GM2Calc-2.0.0.tar.gz

4 |cd GM2Calc-2.0.0

To build GM2Calc run the following commands:

1 [mkdir build
2 |cd build

3 | cmake

4 |make

To calculate aESM in the 2HDM with GM2Calc from the
command line, run

—_

bin/gm2calc.x --thdm-input-file=../
2 |input/example. thdm

Here, example. thdm is the name of the file that contains
the input parameters.5

3.2 Requirements

To build GM2Calc the following programs and libraries are
required:

e C++14 and C11 compatible compilers

e Eigen library, version 3.1 or higher [149] [http://eigen.
tuxfamily.org]

e Boostlibrary, version 1.37.0 or higher [150] [http://www.
boost.org]

e (optional) Wolfram Mathematica or Wolfram \
Engine [151]

e (optional) Python?2or Python 3 [152], using the pack-
age cppyy [153] [https://pypi.org/project/cppyy/]

3.3 Running GM2Calc from the command line

GM2Calc can be run from the command line with an SLHA-
like [136,137] input file as

3 To track changes made to GM2Calc and get automatic updates
one may alternatively clone the git repository https://github.com/
GM2Calc/GM2Calc

6 For instructions and examples of running the MSSM evaluation see
Ref. [135].
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1 |bin/gm2calc.x \
--thdm-input-file=example.thdm

where example . thdm is the name of the SLHA-like input
file. Alternatively, the input parameters can be piped in an
SLHA-like format into GM2Calc as

l |cat example.thdm | bin/gm2calc.x \
--thdm-input-file=-

The calculated value for aESM and da,, is written to the stan-

dard output. Depending on the input options and parameters,
the output may contain the following block with a55M and
day:

1 [Block GM2CalcOutput
0 1.67323025E-11 # 0\
Delta(g-2) _muon/2

3.36159655E-12 # 0\
uncertainty of Delta(g-2)_muon/2

311

The SLHA-like format for the input parameters is defined in
the following subsections.

3.3.1 General options

Inthe SLHA-like input the selection of the configuration flags
for GM2Calc can be given in the GM2CalcConfig block
as defined in Ref. [135]. An example GM2CalcConfig
block reads as follows:

1 |Block GM2CalcConfig

210 4 # output format (0 = \
minimal, 1 = detailed,

3| # 2 = NMSSMTools, 3 = SPheno, 4 = \
GM2Calc)

4 11 2 # loop order (0, 1 or 2)

512 1 # disable/enable \
tan (beta) resummation (0 or 1)

6 |3 0 # force output (0 or 1)

7 |4 0 # verbose output (0 or \
1)

8 |5 1 # calculate \
uncertainty (0 or 1)

9 |6 1 # running couplings in \
the THDM

The entry GM2CalcConfig[0] defines the output
format. If GM2CalcConfig[0] = O, a single number
is printed to the stdout. This number is the value of
aSSM or the uncertainty 8a,, depending on the value of

@ Springer

GM2CalcConfig[5]: If GM2CalcConfig[5] = 0,
the value ofaESM isprinted. fGM2CalcConfig([5] = \
1, the value of 8ay, is printed. If GM2CalcConfig[0] \
= 1, a detailed output, suitable for debugging, is printed. If
GM2CalcConfig[0] = 2, the value of aESM is writ-
ten to the output block entry LOWEN[6]. If
GM2CalcConfig[0] = 3, the value of aESM is writ-
ten to the output block entry SPhenoLowEnergy [21].If
GM2CalcConfig[0] = 4 (default), the value ofaESM is
written to the output block entry GM2CalcOutput [0].

The entry GM2CalcConfig[1] defines the loop order
of the calculation, which can be set to 0, 1 or 2. The default
value is 2 (recommended), which corresponds to the two-
loop calculation of afSM.

The entry GM2CalcConfig([2] disables/enables the
resummation of tan § in the MSSM. By default tan 8
resummation is enabled, which corresponds to
GM2CalcConfig([2] = 1. To disable tan 8 resumma-
tion, set GM2CalcConfig[2] = 0.Whenthe calculation
is performed in the 2HDM, the value of
GM2CalcConfig[2] isignored.

The next two options are useful for debugging. By setting
the entry GM2CalcConfig[3] = 1 (default: 0), the out-
put of GM2Calc can be forced, even if a physical problem
(e.g. a tachyon) has occurred. Warning: If a physical prob-
lem has occurred, the output cannot be trusted. Forcing the
output should only be used for debugging. By setting the
entry GM2CalcConfig[4] = 1 (default: 0), additional
information about the model parameters and the calculation
is printed.

With the entry GM2CalcConfig[5] the calculation of
the uncertainty éa,,, c.f. Eq. (74), can be disabled/enabled (0
or1l).

The entry GM2CalcConfig[6] (default: 1) is new in
GM2Calc 2.0.0 and controls the definition of the fermion
masses that are inserted into the fermionic two-loop contribu-
tion ai, see Sect. 2.2.3. If GM2CalcConfig[6] = O0,the
input masses (72) are used. [f GM2CalcConfig([6] = \
1, the running masses (73) are used. The difference between
these two schemes is shown in Sect. 4.

3.3.2 Standard Model input parameters

The Standard Model input parameters are read from the
SMINPUTS, GM2CalcInput and VCKMIN blocks. Exam-
ple blocks that define the Standard Model input parameters
may read:
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1 |Block SMINPUTS

2 |1 128.94579 # 0\
alpha_em (MZ) " (-1) SM MS-bar

313 0.1184 # 0\
alpha_s (MZ) SM MS-bar

4 |4 91.1876 # MZ (pole)

515 4.18 # mb(mb) SM \
MS -bar

6 |6 173.34 # mtop (pole)

7|7 1.77684 # mtau (pole)

8 |8 0 # mnu3 (pole)

9|9 80.385 # mW(pole)

10 |11 0.000510998928 # 0\
melectron (pole)

11 |12 0 # mnul (pole)

12 |13 0.1056583715 # 0\
mmuon (pole)

13 |14 0 # mnu2 (pole)

14 |21 0.0047 # md (2 GeV)

15 |22 0.0022 # mu (2 GeV)

16 |23 0.096 # ms (2 GeV)

17 | 24 1.28 # mc (2 GeV)

18 |Block GM2CalcInput

19 |33 125.09 # SM Higgs \
boson mass

20 |Block VCKMIN # CKM \
matrix in Wolfenstein \
parametrization

21 |1 0.2257 # lambda

22 |2 0.814 # A

23 |3 0.135 # rho-bar

24 | 4 0.349 # eta-bar

The entries of the SMINPUTS and VCKMIN are defined in
Refs. [136,137]. In the block entry GM2CalcInput [33]
the mass of the Standard Model Higgs boson can be given.
Unset parameters in the SMINPUTS and GM2CalcInput
blocks are assigned default values. Unset parameters in the
VCKMIN block are assumed to be zero.

3.3.3 Two-Higgs Doublet Model input parameters

We allow the specification of the 2HDM input parameters
in two different “bases”, see Table 2. The basis parameters
are defined as in [113]. In the “gauge basis” the Lagrangian
parameters, A1 7 are used as input. In the “mass basis” the
Higgs boson masses and the mixing parameter sin(f —«) are
used as input, instead of the Lagrangian parameters A1 s,
but A and A7 can still be used. All available input parameters
are listed in Table 3.

Mass basis input parameters The “mass basis” input
parameters are read from the MINPAR and MASS blocks for

compatibility with 2HDMC [113]. The following shows an
example input in the “mass basis” for the type II 2HDM:

1 Block MINPAR # 0\
model parameters

213 3 # 0\
tan (beta)

3 |16 0 # 0\
lambda_6

4 117 0 # 0\
lambda_7

5118 40000 # 0\
m_{12}"2

6 |20 0.999 # 0\

sin (beta - alpha)
7121 0 # 0\

zeta_u (only used if Yukawa type \
= 5)

8 |22 0 # 0\
zeta_d (only used if Yukawa type \
= 5)

9 (23 0 # 0\
zeta_1 (only used if Yukawa type \
= 5)

10 | 24 2 # 0\
Yukawa type (1, 2, 3, 4, 5 =\
aligned, 6 = general)

11 |Block MASS # 0\
Higgs masses

12 |25 125 # mh, \
lightest CP-even Higgs

13 |35 400 # mH, \
heaviest CP-even Higgs

14 |36 420 # ma, \
CP-odd Higgs

15 |37 440 # mH+, \

charged Higgs

Unset parameters in the MINPAR and MASS blocks are
assumed to be zero, except for tan § which will raise an error.
Entry 24 of the MINPAR is used to select the type of 2HDM.
Specifically the integer values 1, ..., 6 for the Yukawa type
correspond to: 1 =type I, 2 =type II, 3 = type X, 4 =type Y,
5 = Flavour-Aligned, 6 = general 2HDM. The input entries
21, 22, and 23 in the MINPAR block can be used to set the
values of ¢, {4 and ¢; in the Flavour-Aligned 2HDM, and are
ignored for all other types. Additional blocks for the general
case are described below.

Gauge basis input parameters Alternatively, the input can
be given in the “gauge basis” in a format compatible with
2HDMC [113]. In the “gauge basis” the 2HDM parameters
must be given in the MINPAR block. The available “gauge
basis” input parameters are listed in Table 3. The following
shows an example input in the “gauge basis™:
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Table 2 2HDM input

Input parameters

parameters for different basis Basis
(f =u.d,D Gauge
Mass

Al

s A7, tan Bomiy, Cp, Ap Ty

My, My, ma, my=, sin(B — a), A, A7, tan B, m3y, ¢, Ay, Ty

Table 3 2HDM input parameters for the SLHA and Mathematica interface

Input parameter SLHA entry

Mathematica symbol

Allowed values

Parameters specific to the gauge basis

Alsvis A7 MINPAR([11],...,MINPAR[17] lambda R
Parameters specific to the mass basis
X MINPAR[16] lambda6 R
A7 MINPAR[17] lambda7 R
sin(8 — «) MINPAR[20] sinBetaMinusAlpha [—1,1]
{mp, mpy) MASS[25], MASS [35] Mhh {Rx0, Rx0}
ma MASS[36] MAh Rso
mpy+ MASS[37] MHp R>o
Parameters common to both the gauge and mass basis
Yukawa type MINPAR[24] yukawaType 1,...,6
tan B MINPAR[3] TB R-o
m3, MINPAR[18] m122 R
Cu MINPAR[21] zetau R
La MINPAR[22] zetad R
s, MINPAR[23] zetal R
Ay GM2CalcTHDMDeltauInput Deltau R3*3
Ay GM2CalcTHDMDeltadInput Deltad R3x3
A GM2CalcTHDMDeltalInput Deltal R33
I, GM2CalcTHDMPiuInput Piu R3x3
Iy GM2CalcTHDMPidInput Pid R33
jyf] GM2CalcTHDMPilInput Pil R3x3
12 |22 0 # 0\
1 |Block MINPAR # 0\ zeta_d (only used if Yukawa type \
model parameters 1in gauge basis - 5)
2|3 3 #\ 13 |23 0 # 0\
tan (beta) zeta_1l (only used if Yukawa type \
3|11 0.7 #\ - s5)
4112 0.6 #\ Yukawa type (1, 2, 3, 4, 5 =\
lambda_2 aligned, 6 = general)
5113 0.5 # 0\
lambda_3 L .
6 |14 0.4 #\ Two parametrizations for the general 2HDM are imple-
lambda_4 mented, see Eq. (33). The first option is a deviation from the
7115 0.3 L FA2HDM (or types I, II, X, Y), parametrized by the addi-
lambda_5 . | . A+ Th fi h . Yuk -1
8 |16 0.2 P tiona .matrlces f- Thus, after choosing Yu av'va type =1,
lambda_6 ... 5,i.e.type LI, X, Y and FA2HDM, the matrices A, Ay
9 |17 0.1 #\ and A; can be optionally given in the following dedicated
lambda_7 blocks:
10 |18 40000 # 0\
m_{12}"2
11 |21 0 # 0\
zeta_u (only used if Yukawa type \
= 5)
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—

Block GM2CalcTHDMDeltaulInput

2|1 1 0 # 0\
Re(Delta_u(l,1))

311 2 0 # 0\
Re(Delta_u(l1,2))

4 11 3 0 # 0\
Re (Delta_u(1,3))

512 1 0 # 0\
Re (Delta_u(2,1))

6 |2 2 0 # 0\
Re (Delta_u(2,2))

712 3 0 # 0\
Re (Delta_u(2,3))

8§ (3 1 0 # 0\
Re (Delta_u(3,1))

9 13 2 0 # 0\
Re (Delta_u(3,2))

10 |3 3 0 # 0\

Re (Delta_u(3,3))
11 |Block GM2CalcTHDMDeltadInput

12 |1 1 0 # 0\
Re (Delta_d(1,1))

13 |1 2 0 # 0\
Re (Delta_d(1,2))

14 |1 3 0 # 0\
Re (Delta_d(1,3))

15 (2 1 0 # 0\
Re (Delta_d(2,1))

16 |2 2 0 # 0\
Re (Delta_d(2,2))

17 |2 3 0 # 0\
Re (Delta_d(2,3))

18 |3 1 0 # 0\
Re (Delta_d(3,1))

19 |3 2 0 # 0\
Re (Delta_d(3,2))

20 [3 3 0 # 0\

Re (Delta_d(3,3))
21 |Block GM2CalcTHDMDeltalInput

22 |1 1 0 # 0\
Re(Delta_1(1,1))

23 |1 2 0 # 0\
Re (Delta_1(1,2))

24 |1 3 0 # 0\
Re (Delta_1(1,3))

25 |12 1 0 # 0\
Re (Delta_1(2,1))

26 |2 2 0.1 # 0\
Re (Delta_1(2,2))

27 |2 3 0 # 0\
Re (Delta_1(2,3))

28 |3 1 0 # 0\
Re (Delta_1(3,1))

29 |3 2 0 #\
Re (Delta_1(3,2))

30 |3 3 0 # 0\

Re (Delta_1(3,3))

—

Block GM2CalcTHDMPiuInput

211 1 0 # 0\
Re(Pi_u(1,1))

311 2 0 # 0\
Re(Pi_u(1,2))

411 3 0 # 0\
Re(Pi_u(1,3))

512 1 0 # 0\
Re(Pi_u(2,1))

6 |12 2 0 # 0\
Re(Pi_u(2,2))

712 3 0 # 0\
Re(Pi_u(2,3))

8§ (3 1 0 # 0\
Re(Pi_u(3,1))

9 13 2 0 # 0\
Re (Pi_u(3,2))

10 |3 3 0 # 0\

Re (Pi_u(3,3))
11 |Block GM2CalcTHDMPidInput

12 |1 1 0 # 0\
Re (Pi_d(1,1))

13 |1 2 0 # 0\
Re(Pi_d(1,2))

14 |1 3 0 # \
Re (Pi_d(1,3))

15 |2 1 0 # 0\
Re(Pi_d(2,1))

16 |2 2 0 # 0\
Re (Pi_d(2,2))

17 |2 3 0 # 0\
Re(Pi_d(2,3))

18 |3 1 0 # 0\
Re(Pi_d(3,1))

19 |3 2 0 # 0\
Re (Pi_d(3,2))

20 |3 3 0 # 0\

Re (P1_d(3,3))
21 |Block GM2CalcTHDMPilInput

22 |1 1 0 # 0\
Re(Pi_1(1,1))

23 |1 2 0 # 0\
Re(Pi_1(1,2))

24 |1 3 0 # 0\
Re(Pi_1(1,3))

25 |12 1 0 # 0\
Re(Pi_1(2,1))

26 |2 2 0.1 #\
Re(Pi_1(2,2))

27 |2 3 0 # 0\
Re(Pi_1(2,3))

28 |3 1 0 # 0\
Re(Pi_1(3,1))

29 |3 2 0 # 0\
Re(Pi_1(3,2))

30 |3 3 0 # 0\

Re (Pi_1(3,3))

The other option for the general 2HDM corresponds to the
IT parametrization, implemented when setting Yukawa type
= 6. In this case, the input parameters A,, Ay and A; are
ignored and the real parts of the matrices I1,,, I1; and I1; can
be given in the following dedicated blocks:

The input parameters I1,, I1; and II; are ignored when
choosing Yukawa type = 1, ..., 5, i.e. type I, II, X, Y and
FA2HDM.

The SLHA-like interface described so far is very conve-
nient and intuitive to use and it does not require any prior
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knowledge of programming languages to run GM2Calc this 25 basis.zeta_l = 0; \
way. The execution time for this is also very short, around // zeta_l
. 7 26 basis.Delta_u << 0, 0, 0, 0, 0, 0, \
5 ms per point on current laptops.’ Nevertheless even faster 0. 0. 0; // Delta u
execution times and easy interfacing with other existing cal- 27 basis.Delta_d << 0, 0, 0, 0, 0, 0, \
culators and sampling algorithms are enabled through our 0, 0, 0; // Delta d
. 28 basis.Delta_1l << 0, 0, 0, O, 0O, 0O, \
C++ (0.05ms), C (0.05ms), Mathematica (0.5ms) and 0, 0, 0; s/ Delta 1
Python (0.08 ms) interfaces. In the following subsections 29 basis.Pi_u << 0, 0, 0, 0, 0, 0, 0, \
we describe how to use each of these interfaces. 0, 0; // Pi_u
30 basis.Pi_d4 << 0, 0, 0, O, 0, 0, 0, \
0, 0; // Pi_d
3.4 Running GM2Calc from within C++ 3 basis.pi_l << 0. 0, 0, 0. 0, 0, 0,1
0, 0; // Pi_1
32
GM2Calc provides a C++ programming interface, which 33 // define SM parameters
allows for calculating of a®M in the 2HDM up to the two- 3% gmzcalec::SM sm;
. M . 35 sm.set_alpha_em_mz (1.0/128.94579) ; \
loop level. The following C++ source code snippet shows a // electromagnetic coupling
two-loop example calculation in the 2HDM of type II with 36 sm.set_mu (2, 173.34); \
input parameters defined in the “mass basis”, see Table 2. // top quark mass
37 sm.set_mu(l, 1.28); \
// charm guark mass
1 [#include "gm2calc/gm2_1lloop.hpp" 38 sm.set_md (2, 4.18); \
2 | #include "gm2calc/gm2_2loop.hpp" // bottom quark mass
3 | #include "gm2calc/gm2_uncertainty.hpp" 39 sm.set_ml (2, 1.77684); \
4 | #include "gm2calc/gm2_error.hpp" N // tau lepton mass
5 | #include "gm2calc/THDM.hpp" 40
6 41 // define options to customize the \
7 | #include <cstdio> calculation
8 ) ) 42 gm2calc::thdm::Config config;
9 |int main () 43 config.running_couplings = true; \
10 | { // use running couplings
11 // define THDM parameters in the \ 44
mass basis 45 try {
12 gm2calc::thdm::Mass_basis basis; 46 // setup the THDM
13 basis.yukawa_type = \ 47 gm2calc:: THDM model (basis, sm, \
gm2calc::thdm::Yukawa_type::type_2; config);
14 basis.mh = 125; \ 48
. . A 49 // calculate a_mu up to \
11gh§ CP-even Higgs mass (including) the 2-loop level
15 basis.mH = 400; \ 50 const double amu = \
/1N gm2calc::calculate_amu_1lloop (model)
heavy CP-even Higgs mass 51 N
16 basis.mA = 420; \ gm2calc::calculate_amu_2loop (model) ;
// \ 52
CP-odd Higgs mass 53 // calculate the uncertainty of \
17 basis.mHp = 440; \ the 2-loop a_mu
) /7N 54 const double delta_amu =
charged Higgs mass 55 gm2calc::calculate_uncertainty_
18 basis.sin_beta_minus_alpha = \ 56 amu_2loop (model) ;
0.999; // sin(beta - alpha) 57 -
19 basis.lambda_6 = 0; \ 58 std::printf ("amu = %g +- %g\n", \
) // lambda_6 amu, delta_amu) ;
20 basis.lambda_7 = 0; \ 59 } catch (const gm2calc::Error& e) {
// lambda_7 60 std::printf ("%$s\n", e.what ());
21 basis.tan_beta = 3; \ 61 }
// tan (beta) 62
22 basis.ml22 = 40000; \ 63 return O:
// m_{12}72 \ 64 |3
in Gev~"2
23 basis.zeta_u = 0; \ . .
/] zeta u This example source code can be compiled as follows
24 basis.zeta_d = 0; \ (assuming GM2Calc has been compiled to a shared library

// zeta_d libgm2calc.so on a UNIX-like operating system with

g++ installed):

7 Based a machine with an Intel(R) Core(TM) i7-5600U CPU @ 2.60
GHz processor.
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1 |g++ -I${GM2CALC_DIR}/include/ \
-IS{EIGEN_DIR} example.cpp \
$S{GM2CALC_DIR}/build/1lib/libgm2calc.so

Here example. cpp is the file that contains the above
listed source code. The variable GM2CALC_DIR contains
the path to the GM2Calc root directory and EIGEN_DIR
contains the path to the Eigen library header files. Running
the created executable a . out yields

1 |s ./a.out
2 |lamu = 1.67323e-11 +- 3.361l6e-12

In line 12 of the example source code an object of type
Mass_basis is created, which contains the input param-
eters in the mass basis, see Table 2. The mass basis input
parameters are set in lines 13-31. Note that the Yukawa type
issetto type Ilinline 13, which implies that given values of ¢ ¢
are ignored and internally fixed to the values given in Table 1.
Additionally the inputs IT; and A y are unused for this type,
and ignored. In line 34 an object of type SM is created that
contains all SM input parameters. The SM input parame-
ters are set to reasonable default values from the PDG [154].
In lines 35-39 the values for aem(mz), m;, mMS(2GeV),

mlg’ls (mg[s) and m are set to specific values. In line 42 an
object of type Configis created, which contains the options
to customize the calculation of af>™ and 8a,,. In line 43 the
“running masses” scheme is chosen, see Sect. 2.2.3. Inline 47
the 2HDM model is created, given the 2HDM and SM input
parameters and the configuration options defined above. The
value of aBM = alf + 2" is calculated in lines 50-51. The
corresponding uncertainty da,, is calculated in line 54-55.
The values aBSM and da,, are printed in line 57. Note that the
2HDM model should be created within a t ry block, because
the constructor of the 2HDM class throws an exception if a
physical problem occurs (e.g. a tachyon) or an input param-
eter has been set to an invalid value, see Table 3.

Alternatively, the 2HDM input parameters can be given in
the “gauge basis”, i.e. in terms of the Lagrangian parameters,
see Table 2. The following C++ source code snippet shows a
corresponding example two-loop calculation in the 2HDM of
type II, where the input parameters are defined in the “gauge
basis”.

#include "gm2calc/gm2_1lloop.hpp"
#include "gm2calc/gm2_2loop.hpp"
#include "gm2calc/gm2_uncertainty.hpp"
#include "gm2calc/gm2_error.hpp"
#include "gm2calc/THDM. hpp"

#include <cstdio>

int main ()

{

—_— O 0 0NN R WD -

—_—

// define THDM parameters in the gauge \
basis

12
13

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34
35

36
37

38
39
40
41

42
43

44

45

46
47

48
49
50
51
52

53

gm2calc::thdm::Gauge_basis basis;
basis.yukawa_type = \
gm2calc::thdm::Yukawa_type::type_2;
basis.lambda << 0.7, 0.6, 0.5, 0.4, \
0.3, 0.2, 0.1; // lambda_{1,...,7}
basis.tan_beta = 3; \

/7 \
tan (beta)
basis.ml22 = 40000; \

m_{12}72 in GeV~"2
basis.zeta_u = 0; \

zeta_u
basis.zeta_d = 0; \

zeta_d
basis.zeta_1 = 0; \

zeta_1

basis.Delta_u << 0, 0, 0, 0, 0, 0, 0, \
0, 0; // Delta_u

basis.Delta_d << 0, 0, 0, 0, O, 0, 0, \
0, 0; // Delta_d

basis.Delta_1 << 0, 0, 0, O, 0, 0, 0, \
0, 0; // Delta_1

basis.Pi_u << 0, 0, O, O, O, O, 0, 0, \
0; // Pi_u

basis.Pi_d << 0, 0, 0, O, 0, O, 0, 0, \
0; // Pi_d

basis.Pi_1 << 0, 0, O, O, O, O, 0, 0, \
0; // Pi_1

// define SM parameters

gm2calc::SM sm;

sm.set_alpha_em_mz (1.0/128.94579) ; /7 N\
electromagnetic coupling

sm.set_mu (2, 173.34); /7 0\
top gquark mass

sm.set_mu(l, 1.28); /7 \
charm gquark mass

sm.set_md (2, 4.18); /7 \
bottom guark mass

sm.set_ml (2, 1.77684); /7 0\
tau lepton mass

// define options to customize the \
calculation

gm2calc::thdm::Config config;
config.running_couplings = true; /7 \
use running couplings

try |
// setup the THDM
gm2calc:: THDM model (basis, sm, \
config) ;

// calculate a_mu up to (including) \
the 2-loop level

const double amu = \
gm2calc::calculate_amu_1lloop (model)
+ \
gm2calc::calculate_amu_2loop (model) ;

// calculate the uncertainty of the \
2-loop a_mu
const double delta_amu =
gm2calc::
amu_2loop (model) ;

calculate_uncertainty_

std::printf ("amu = %g +- %g\n", \
amu, delta_amu) ;
} catch (const gm2calc::Error& e) {
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54 std::printf ("%s\n", e.what()); 27 .Delta_d = { {(0,0,0}, {0,0,0}, \
55 } {0,0,0} }, /* Re(Delta_d(i,k)) */
56 28 .Delta_1 = { {0,0,0}, {0,0,0}, \
57 return O0; {0,0,0} }, /* Re(Delta_1(i,k)) */
58 |1} 29 .Pi_u = { {(0,0,0}, {0,0,0}, {(0,0,0} N\
Y /* Re(Pi_u(i,k)) */
. . . . 30 .pi_d = { {0,0,0}, {0,0,0}, {0,0,0} \
In line 12 an object of type Gauge_basis is created, y, /* Re(Pi d(i.k)) */
which is filled with the gauge basis input parameters in 31 .Pi_l = { {0,0,0}, {0,0,0}, {0,0,0} \
lines 13-25. With the defined gauge basis input parameters » } ) /* Re(Pi_1l(i,k)) =/
the calculation of aESM and da, continues as in the mass 33 '
bagsexanuﬂeabove‘ 34 /* define SM parameters */
35 gm2calc_SM sm;
36 gm2calc_sm_set_to_default (&sm) ;
3.5 Running GM2Calc from within C 37 sm.alpha_em_mz = 1.0/128.94579; /% \
electromagnetic coupling */
38 sm.mul[2] = 173.34; /* 0\
Alternatively to the C++ programming interface detailed in top gquark mass */
. . . 39 . 1 = 1.28; /* A\
Sect. 3.4, GM2Calc also provides a C programming inter- sm.mu (1]
i . charm quark mass */
face. The following C source code snippet shows a two-loop 40 sm.md[2] = 4.18; /% N\
example calculation in the 2HDM of type II with input param- " bott Orln : ;ﬂ]lark lmjjz 8; / Lo
i « [ sm.m = . ;
eters defined in the “mass basis”, see Table 2. tau lepton mass */
42
1 #include "gm2calc/gm2 lloop.h" 43 /* calculation seFtings f/
2 | #include "gm2calc/gm2_2loop.h" 44 gm2calc_THDM_config config;
3 #include "gm2calc/gm2_uncertainty.h" 45 gm2calc_thm_conflg_set_to_default
4 | #include "gm2calc/THDM.h" 46 (&config);
5 | #include "gm2calc/SM.h" 47
6 48 /* setup the THDM */
7 | #include <stdio.h> 49 gm2calc_THDM* model = 0;
8 50 gm2calc_error error = \
9 | int main () gm2calc_thdm_new_with_mass_basis (&model, \
10 { &basis, &sm, &config);
11 /* define THDM parameters in the mass \ 51
basis */ 52 if (error == gm2calc_NoError) {
12 const gm2calc_THDM_mass_basis basis = { 53 /* calculate a_mu up to (including) \
13 .yukawa_type = gm2calc_THDM_type_2, \ the 2-loop level */
/* Yukawa type */ 54 const double amu = \
14 .mh = 125, \ gm2calc_thdm_calculate_amu_lloop (model)
/* light \ 55 + \
CP-even Higgs mass */ gm2calc_thdm_calculate_amu_2loop (model) ;
15 .mH = 400, \ 56
/* heavy \ 57 /* calculate the uncertainty of the \
CP-even Higgs mass */ 2-loop a_mu */
16 JmA = 420, \ 58 const double delta_amu =
/x 59 gm2calc_thdm_calculate_uncertainty_
CcP-odd Higgs mass */ 60 amu_2loop (model) ;
17 .mHp = 440, \ 61
/x 62 printf ("amu = %g +- %g\n", amu, \
charged Higgs mass */ delta_amu) ;
18 .sin_beta_minus_alpha = 0.999, \ 63 } else |
/* sin(beta - alpha) */ 64 printf ("Error: %s\n", \
19 .lambda_6 = 0, \ gm2calc_error_str (error)) ;
/* lambda_6 */ 65 }
20 .lambda_7 = 0, \ 66
/* lambda_ 7 */ 67 gm2calc_thdm_free (model) ;
21 .tan_beta = 3, \ 68
/* tan (beta) \ 69 return 0;
* 70 |1}
22 .ml122 = 40000, \
s seues e /rom_(12372 A This example source code can be compiled as follows
in ev” . . .
23 Lzeta u = 0, \ (assuming GM2Calc has been compiled to a shared library
/* zeta_u */ libgm2calc.so on a UNIX-like operating system with
2 szetad = 0.1 cc installed):
/* zeta_d */ El '
25 .zeta_1l = 0, \
/* zeta_1 */
26 .Delta_u = { {0,0,0}, {0,0,0}, \
{0,0,0} }, /* Re(Delta_u(i,k)) */
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18 .zeta_d = 0, \
1 |gcc -I${GM2CALC_DIR}/include/ \ /%
example.c \ zeta_d */
${GM2CALC_DIR}/build/1lib/ \ 19 .zeta_l = 0, \
libgm2calc.so A
zeta_1 */
20 .Delta_u = { {0,0,0}, {0,0,0}, \
Here example. c is the file that contains the above listed {0,0,0} 13, /* Re(Delta_u(i,k)) */
source code. 21 ‘Delta_d = { {0,0,0), {0,0,0}, \
. .. {0,0,0} 1}, /* Re(Delta_u(i,k)) */
The C example source code is very similar to the 2 Delta.l = { {0,0,0), {0,0,0}, \
mass basis C++ example. In line 12 an object of type {0,0,0}) 13, /* Re(Delta_u(i, k)) */
gm2calc_THDM_mass_basis is created and filled with 3 ) PRous {/’EO};Z,((;}i,uiiO,]fi),()J};/(0,0,0} \
the mass basis input parameters in lines 13-32. The Yukawa 24 .Pi_d = { {0,0,0}, {0,0,0}, {0,0,0} \
type of the model is defined in line 13 to be type II. In iy /* Re(Pi_d(i,k)) =/
. . . . 25 .Pi_1 = { {0,0,0}, {0,0,0}, {0,0,0} \
line 35 an object of type gm2calc_SM is created, which ) /% Re(Pi 1(i k)) */
contains the SM input parameters. The SM input parame- 26 }i
ters are set to their default values in line 36. In lines 3741 27 ,
MS MS,. MS. 28 /* define SM parameters */
the values of dem(mz), my, m:>(2GeV), my;>(m,>) and 29 gm2calc_SM sm;
m¢ are set to specific values. In line 44 a config object of 30 gm2calc_sm_set_to_default (&sm);
. . . . 31 sm.alpha_em_mz = 1.0/128.94579; /* N\
type gm2calc_THDM_config is created which contains clectromagnetic coupling */
options to customize the calculation. These options are set to 32 sm.mu[2] = 173.34; VAR
default values in line 45. In line 48 a null-pointer toa 2HDM t;’i E“ﬁ}]‘ maj:;/ P
. mu = . 7
model of type gm2calc_THDM is created. In line 49 the charm quark mass */
2HDM model is created and the pointer is set to point to 34 sm.md[2] = 4.18; /A
the model. If an error occurrs, the pointer is set to 0 and 35 bz;t;r; [gTaik lr.ﬂjjzgzl;/ S
the returned error variable is set to a value that is not tau lepton mass */
gm2calc_NoError. If no error has occurred, the example 36 . .
. BSM . . 37 /* calculation settings */
continues to calculate a,,>" and éa,, in lines 53-58, respec- 38 gm2calc THDM config config;
tively. The result is printed in line 60. In line 65 the memory 39 gm2calc_thdm_config_set_to_default (&confi
. 40
reserved for the 2HDM model is freed. 4 )+ setup the THDNM +/
Alternatively, the 2HDM input parameters can be given in 4 gm2calc_THDM* model = 0;
the “gauge basis”, similarly to the gauge basis C++ example. 43 gmzcalc_error error = \ _
. . . gm2calc_thdm_new_with_gauge_basis (&model,
The following C source code snippet shows a corresponding gbasis, ssm, &config):
example two-loop calculation in the 2HDM of type II, where 44
the input parameters are defined in the “gauge basis”. 4 tf (error == gmicalc _NoError) {
46 /* calculate a_mu up to (including) \
the 2-loop level */
1 #include "gm2calc/gm2_1lloop.h" 47 const double amu = \
2 #include "gm2calc/gm2_2loop.h" gm2calc_thdm_calculate_amu_1lloop (model)
3 | #include "gm2calc/gm2_uncertainty.h" 48 + \
4 | #include "gm2calc/THDM.h" gm2calc_thdm_calculate_amu_2loop (model) ;
5 | #include "gm2calc/SM.h" 49
6 50 /* calculate the uncertainty of the \
7 #include <stdio.h> 2-loop a_mu */
8 51 const double delta_amu =
9 | int main () 52 gm2calc_thdm_calculate_uncertainty_
10 { 53 amu_2loop (model) ;
11 /* define THDM parameters in the gauge \ 54
basis */ 55 printf ("amu = %g +- %g\n", amu, \
12 const gm2calc_THDM_gauge_basis basis = { delta_amu) ;
13 .yukawa_type = gm2calc_THDM_type_2, \ 56 } else {
/* Yukawa type */ 57 printf ("Error: %s\n", \
14 .lambda = { 0.7, 0.6, 0.5, 0.4, \ gm2calc_error_str (error)) ;
0.3, 0.2, 0.1 )}, /* lambda_i */ 58 }
15 .tan_beta = 3, \ 59
/* 0\ 60 gm2calc_thdm_free (model) ;
tan (beta) */ 61
16 .ml122 = 40000, \ 62 return O0;
VAR 63
m_{12}72 in Gev~ 2 */
17 rretau 00 PP In line 12 an object of type
zeta_u */ gm2calc_THDM_gauge_basisiscreated, whichis filled
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with the gauge basis input parameters in lines 13-26. In 34 lambda -> { 0.7, 0.6, 0.5, \
line 43 the 2HDM model is created, using the gauge basis 2'4};@0'3{1 0‘2'7;)‘1)}' A
. . . am a— L *
input parameters. The calculation of aESM and day, is per- 35 B > 3, 0\
formed in lines 47-52, as in the “mass basis” example above. (* tan(beta) = v2/vl \
*)
3.6 Running GM2Calc from within Mathematica 36 mi22 ( :;?gwi) '
m_
37 zetau -> 0, \
GM2Calc can be run from within Mathematica using (* zeta_u *)
) . . . 38 tad -> 0, \
the MathLink interface. The following source code snippet zere (¢ meta a
shows an example calculation of aE‘SM and its uncertainty at 39 zetal -> 0, \
the two-loop level using input parameters given in the “gauge (* zeta 1l *)
. 40 Deltau -> 0 \
baSIS . IdentityMatrix[3], (* Delta_u *)
41 Deltad -> 0 \
1 Install ["bin/gm2calc.mx"]; IdentityMatrix|[3], (* Delta_d *)
2 42 Deltal -> 0 \
3 (* calculation settings *) IdeIlltityMatrix[ZS], (* Delta_1 *)
4 | GM2CalcSetFlags [ 43 Piu -> 0\
5 loopOrder -> 2, IdentityMatrix[3], (* Pi_u *)
6 runningCouplings -> Truel; 44 pid -> 0\
7 IdentityMatrix[3], (* Pi_d *)
8 (* set SM parameters *) 45 pPil -> 0\
9 | GM2CalcSetSMParameters [ IdentityMatrix[3] (* Pi_1 *)
10 alpha0 -> 0.00729735, (* \ 46 i
alpha_em in Thompson limit *) 47
11 alphaMz -> 0.0077552, (* \ 48 | Print[result];
alpha_em (Mz) *)
12 *)alphas -> 0.1184, (* alpha_s \ In line 1 GM2Calc’s MathLink executable
13 MhSM -> 125.09, (+ s\ bin/gm2calc.mx, which is created when building
Higgs boson pole mass *) GM2Calc, is loaded into the Mathematica session. In
14 MW -> 80.385, * W b . . . .
i : oson lines 4-6 two configuration options to customize the cal-
pole mass *) . )
15 MZ -> 91.1876, (* z boson \ culation are set: The calculation shall be performed at the
6 pole mass *) two-loop level using the “running masses” scheme defined in
MT -> 173.34, (* top \ . .
quark pole mass *) Sect. 2.2.3. Inlines 9-29 the SM input parameters are defined.
17 meme -> 1.28, (* charm \ Unset parameters are set to reasonable default values, see
quark MS-bar mass mc at Q = mc *) Options[GM2CalcSetSMParameters]. In lines 32—
18 mu2Gev -> 0.0022, (* up \ BSM K
quark MS-bar mass at Q = 2 GeV *) 46 the values of a,>" and da, are calculated using the
19 mbmb -> 4.18, (* bottom \ function GM2CalcAmuTHDMGaugeBasis, which takes
quark MS-bar mass mb at Q = mb *) th b .. t t t Tbl 3
20 ms2GeV -> 0.096, (* strange \ e gauge basis input parameters as arguments, see Table 3.
quark MS-bar mass at Q = 2 GeV *) The result is printed in line 48.
21 md2Gev -> 0.0047, {(* down A Alternatively, the calculation can be performed using input
quark MS-bar mass at Q = 2 GeV *) . . « . A
2 ML -> 1.777, (* tau \ parameters given in the “mass basis”. The following source
lepton pole mass *) code snippet shows an example calculation of aESM and its
23 MM -> 0.1056583715, (* muon \ . .. .
. h uncertainty at the two-loop level using input parameters given
pole mass ) . .
24 ME -> 0.000510998928, (* \ in the “mass basis”.
electron pole mass *)
25 ,MVl -> 0, X A 1 Install["bin/gm2calc.mx"];
lightest neutrino mass *) 2
26 le2 -> 0, . (* 2nd A 3 (* calculation settings *)
lightest neutrino mass *) 4 GM2CalcSetFlags [
27 Mv3 -> 0, (* g
h iest neutrino mass *) 5 loopOrder -> 2,
eav . . 6 runningCouplings -> Truel;
28 CKM -> IdentityMatrix[3] (* CKM \ 7
29 ].matrlx ) 8 (* set SM parameters *)
30 ! 9 | GM2CalcSetSMParameters [
, ) 10 alpha0 -> 0.00729735, (* \
31 (* calculate amu using the gauge basis \ alpha em in Thompson limit *)
input parameters *) 11 alphaMz -> 0.0077552, (* \
32 result = {amu, Damu} /. \ alpha_em (MZ) *)
GM2CalcAmuTHDMGaugeBasis [ 12 alphas -> 0.1184, (+ alpha_s \
33 vukawaType -> 2, \ )
(* Yukawa type \
(1,...,6) *)
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13 MhsSM -> 125.09, (* SM \ 48 Piu -> 0 \
Higgs boson pole mass *) IdentityMatrix[3], (* Pi_u *)
14 MW -> 80.385, (* W boson \ 49 Pid -> 0 \
pole mass *) IdentityMatrix[3], (* Pi_d *)
15 MZ -> 91.1876, (* Z boson \ 50 Pil -> 0 \
pole mass *) IdentityMatrix[3] (* Pi_1 *)
16 MT -> 173.34, (* top \ 51 1;
quark pole mass *) 52
17 mcmec -> 1.28, (* charm \ 53 Print [result];
quark MS-bar mass mc at Q = mc *)
18 mu2GeV -> 0.0022, (* up \ . BSM . L.
quark MS-bar mass at O = 2 Gev *) The calculation ofa# and da,, is performed in lines 32—
19 mbmb -> 4.18, (* bottom \ 51 with the function GM2CalcAmuTHDMMassBasis,
gquark MS-bar mass mb at Q = mb *) . ..
2 nS2GeV -> 0.096, (+ strange \ which takes the mass basis input parameters as arguments,
quark MS-bar mass at Q = 2 GeV *) see Table 3. The result is printed in line 53.
21 md2GeV -> 0.0047, (* down \
qgquark MS-bar mass at Q = 2 GeV *)
22 ML -> 1.777, (* tau \ . ey .
lepton pole mass *) 3.7 Running GM2Calc from within Python
23 MM -> 0.1056583715, (* muon \
pole mass *) . . . e .
o ME -> 0.000510998928, e Newly implemented in GM2Calc 2.0.0 is the ability to inter-
electron pole mass *) face with Python using the package cppyy. An example
% Mvl -> 0, A calculation using the interface is shown in the code snippet
lightest neutrino mass *) . . « < ey
26 Mv2 -> 0, (+ 2nd \ below, working in the “mass basis”.
lightest neutrino mass *)
27 Mv3 -> 0, (G 1 |#!/usr/bin/env python
heaviest neutrino mass *) 2
28 CKM -> TIdentityMatrix[3] (* CKM \ 3 | from __future__ import print_function
matrix *) 4 | from gm2_python_interface import *
29 |1; 5
30 6 | cppyy.include (os.path.join
31 (* calculate amu using the mass basis \ 7 ("gm2calc","gm2_lloop.hpp"))
input parameters *) 8 | cppyy.include (os.path.join
32 result = {amu, Damu} /. \ 9 ("gm2calc","gm2_2loop.hpp"))
GM2CalcAmuTHDMMassBasis [ 10 cppyy.include (os.path.join
33 yukawaType -> 2.\ 11 ("gm2calc","gm2_uncertainty.hpp"))
(* Yukawa type \ 12 | cppyy.include (os.path.join
(L,...,6) *) 13 ("gm2calc","gm2_error .hpp"))
34 Mhh -> { 125, 400 3}, \ 14 | cppyy.include (os.path.join
(* CP-even Higgs boson masses *) 15 ("gm2calc","SM.hpp"))
35 MAh -> 420, \ 16 | cppyy.include (os.path.join
(* CP-odd Higgs boson \ 17 ("gm2calc", "THDM.hpp"))
mass *) 18
36 MHp -> 440, \ 19 | cppyy.load_library ("libgm2calc")
(* charged Higgs boson \ 20
mass *) 21 |[# Load data types
37 sinBetaMinusAlpha -> 0.999, \ 22 | from cppyy.gbl import Eigen
(* sin(beta - alpha) *) 23 | from cppyy.gbl import gm2calc
38 lambda6 -> 0, \ 24 | from cppyy.gbl.gm2calc import SM
(* lambda_6 *) 25 | from cppyy.gbl.gm2calc import THDM
39 lambda?7 -> 0, \ 26 | from cppyy.gbl.gm2calc import Error
(* lambda_7 *) 27
40 B -> 3, \ 28 | # define THDM parameters in the mass basis
(* tan(beta) = v2/vl \ 29 | basis = gm2calc.thdm.Mass_basis ()
*) 30 | basis.yukawa_type = \
41 ml22 -> 20072, \ gm2calc. thdm. Yukawa_type.type_2
(* m_{12}372 *) 31 | basis.mh = 125. \
42 zetau -> 0, \ # light \
(* zeta_u *) CP-even Higgs mass
43 zetad -> 0, \ 32 | basis.mH = 400. \
(* zeta_d *) # heavy \
44 zetal -> 0, \ CP-even Higgs mass
(¥ zeta 1l *) 33 |basis.mA = 420. \
45 Deltau -> 0 \ # CP-odd \
IdentityMatrix[3], (* Delta_u *) Higgs mass
46 Deltad -> 0\ 34 | basis.mHp = 440. \
IdentityMatrix[3], (* Delta_d *) # charged \
47 Deltal -> 0 \ Higgs mass
TdentityMatrix([3], (* Delta 1 *) 35 |basis.sin_beta_minus_alpha = 0.999 \

# sin(beta - alpha)
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36 | basis.lambda_6 = 0. \
# lambda_6
37 | basis.lambda_7 = 0. \
# lambda_7
38 | basis.tan_beta = 3. \
# tan (beta)
39 | basis.ml22 = 40000. \
# m_{12}"2 in \
GeV "2
40 | basis.zeta_u = 0. \
# zeta_u
41 |[basis.zeta_d = 0. \
# zeta_d
42 | basis.zeta_1 = 0. \
# zeta_l
43 basis.Delta_u = \
Eigen.Matrix3d () .setZero ()
44 | basis.Delta_d = \

# Delta_u

Eigen.Matrix3d () .setZero () # Delta_d
45 | basis.Delta_1 = \
Eigen.Matrix3d () .setZero () # Delta_l1
46 | basis.Pi_u = Eigen.Matrix3d () .setZero () \
# Pi_u
47 | basis.Pi_d = Eigen.Matrix3d () .setZero () \
# Pi_d
48 | basis.Pi_1 = Eigen.Matrix3d () .setZero () \
# Pi_1
49 | # define SM parameters
50 | sm = gm2calc.SM()
51 sm.set_alpha_em_mz (1.0/128.94579) # 0\
electromagnetic coupling
52 sm.set_mu (2, 173.34) # top \
gquark mass
53 | sm.set_mu(l, 1.28) # 0\
charm quark mass
54 | sm.set_md (2, 4.18) # 0\
bottom guark mass
55 sm.set_ml (2, 1.77684) # tau \

lepton mass

56 | # define options to customize the \
calculation

57 | config = gm2calc.thdm.Config ()

58 | config.running_couplings = True; # use \
running couplings

59

60 | try:

61 # setup the THDM

62 model = gm2calc.THDM (basis,sm,config)

63 # calculate a_mu up to (including) \
the 2-loop level

64 amu = \
gm2calc.calculate_amu_lloop (model) + \
gm2calc.calculate_amu_2loop (model)

65 # calculate the uncertainty of the \
2-loop a_mu

66 delta_amu = \

gm2calc.calculate_uncertainty_amu_2loop
67 (model)

68 print ("amu =",amu, "+-",delta_amu)
69 | except gm2calc.Error as e:
70 print (e.what () )

Note similarity between the above code and the C++
and C interfaces. Line 3 is to make sure that this example
which is written using Python 3-style print functions
can still work in Python 2. Line 4 imports the interface
script gm2_python_interface which loads the cppyy
and os packages, as well as the header and library locations.
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This interface file is originally in the src subdirectory. After
performing

1 | cmake -DBUILD_SHARED_LIBS=0N

the interface script will be copied into the subdirectory
bin, and it will be filled with the path information for the
GM2Calc headers, library, and the Eigen3 path. The inter-
face can be imported from there by other Python scripts,
or moved to an appropriate location where the user has their
own Python scripts. Lines 6-11 load the relevant header
files, and line 13 loads the GM2Calc shared library. In
lines 1620 the necessary namespaces from C++ are loaded
into Python. In line 23 the 2HDM Mass_basis object
is initialized, while on line 24 the 2HDM is specified to
be type II. Lines 25-36 involve setting the values for sim-
ple attributes in the basis. Lines 36—42 assign values to the
Eigen: :Matrix attributes, however since these are meant
to be ignored, they are just set to 0. Lines 44—49 initialize an
SM object and ensures it has the appropriate parameters. Line
51 initializes the config object, which is used to flag the
use of running coupling in the next line. Line 56 initializes
a THDM object using the Mass_basis, SM, and Config
information. Lines 58-63 prints out the values of afM
and da,, which are calculated using the interface functions
calculate_amu_lloop, calculate_amu_2loop,
and calculate_uncertainty amu_2loop. Alter-
natively an error message will be printed out on line 63 should
a problem arise.

Another example of the Python interface is shown
below, this time using the “gauge basis™:

1 #!/usr/bin/env python

2

3 from __future__ import print_function
4 from gm2_python_interface import *

5

6 | cppyy.include (os.path.join

7 ("gm2calc","gm2_1lloop.hpp"))
8 cppyy .include (os.path.join

9 ("gm2calc","gm2_2loop.hpp"))
10 | cppyy.include (os.path. join

11 ("gm2calc","gm2_uncertainty.hpp"))
12 cppyy .include (os.path.join

13 ("gm2calc","gm2_error.hpp"))
14 | cppyy.include (os.path.join

15 ("gm2calc","SM.hpp"))

16 | cppyy.include (os.path.join

17 ("gm2calc","THDM.hpp"))

18

19 | cppyy.load_library ("libgm2calc")

20

21 # Load data types

22 from cppyy.gbl import Eigen

23 from cppyy.gbl import gm2calc

24 | from cppyy.gbl.gm2calc import SM

25 from cppyy.gbl.gm2calc import THDM

26 from cppyy.gbl.gm2calc import Error
27

28 # define THDM parameters in the mass basis
29 basis = gm2calc.thdm.Gauge_basis ()
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basis.yukawa_type = \
gm2calc.thdm.Yukawa_type.type_2

# lambda i1s a reserved keyword, so we have \
to get creative

Matrix7d = Eigen.Matrix (’double’,7,1)

lam = Matrix7d () .setZero ()

lam[0] = 0.7

lam[1l] =

lam[2] =

lam[3] =

lam[4] =

lam[5] =

lam[6] = 0.1

basis.__setattr__ (’lambda’, lam) \
# lambda_{1,...,7}

basis.tan_beta = 3. \
# tan (beta)

basis.ml22 = 40000. \
# m_{12}"2 in GeV~"2

basis.zeta_u = 0. \
# zeta_u

basis.zeta_d = 0. \
# zeta_d

basis.zeta_1l = 0. \
# zeta_l

basis.Delta_u = Eigen.Matrix3d () .setZero () \
# Delta_u

basis.Delta_d = Eigen.Matrix3d () .setZero () \
# Delta_d

basis.Delta_l = Eigen.Matrix3d ()
# Delta_1

basis.Pi_u = Eigen.Matrix3d()
# Pi_u

basis.Pi_d = Eigen.Matrix3d()
# Pi_d

basis.Pi_1 = Eigen.Matrix3d()
# Pi_1

# define SM parameters

sm = gm2calc.SM()

sm.set_alpha_em_mz (1.0/128.94579) # 0\
electromagnetic coupling

173.34) # top \

o o o o o
N W Ul oy

.setzZero () \

.setZero () \

.setZero () \

.setZero () \

sm.set_mu (2,
gquark mass

sm.set_mu (1,
gquark mass

sm.set_md (2, 4.18) # 0\
bottom guark mass

1.77684) # tau \

1.28) # charm \

sm.set_ml (2,
lepton mass

# define options to customize the \
calculation

config = gm2calc.thdm.Config ()

config.running_couplings = True; # use \
running couplings

try:
# setup the THDM
model = gm2calc.THDM (basis,sm,config)
# calculate a_mu up to (including) the \
2-loop level
amu = \
gm2calc.calculate_amu_lloop (model) + \
gm2calc.calculate_amu_2loop (model)
# calculate the uncertainty of the \
2-loop a_mu
delta_amu = \
gm2calc.calculate_uncertainty_amu_2loop
(model)
print ("amu =",amu, "+-",delta_amu)
except gm2calc.Error as e:
print (e.what ())

In line 23 we instead initialize a Gauge_basis object.

To define the attribute 1ambda, we need to circumvent Py —
thon’s reserved keywords. This is done by defininga 7 x 1
Eigen: :Matrix in line 26. This Matrix is initialized
to 0 before assigned the appropriate entires elementwise on
lines 28-34. Then the method ___setattr__ can be used
to interface the values to the C++ code. Then the other values

can be defined on lines 36-53, and finally the result for a

BSM
i

is printed on line 65.

4 Applications

4.1 Parameter scan in the type II and X models

As an application we perform a 2-dimensional parameter
scan over m4 and tan g for the type II and type X 2HDM
models, similarly to Ref. [85]. However, in contrast to Ref.
[85] we include the two-loop bosonic contributions and use
the updated value of ap>™ = (25.1 +5.9) x 10~'? from Eq.
(3). The following C++ source code shows the program to
perform the scan.

O 0NN R WD -

30
31

32
33
34
35

#include
#include
#include
#include

"gm2calc/gm2_1lloop.hpp"
"gm2calc/gm2_2loop.hpp"
"gm2calc/gm2_error.hpp"
"gm2calc/THDM. hpp"

#include <cstdio>
#include <limits>

// Calculates amu in the mA-tan (beta) \
plane as in Fig.3 from

// arxiv:1409.3199.

double calc_amu (double mA,
gm2calc:

double tb, \
:thdm: : Yukawa_type yukawa_type)

gm2calc::SM sm;

const double v = sm.get_v();
const double mh = 126, mH = 200;
const double lambda_max = \

3.5449077018110321; // Sart[4 Pi]
const double lambdal = lambda_max;

gm2calc::thdm::Mass_basis basis;
basis.yukawa_type = yukawa_type;
basis.mh = mh;

basis.mH = mH;

basis.mA = mA;

basis.mHp = mH;
basis.sin_beta_minus_alpha = 1;
basis.lambda_6 = 0;

basis.lambda_7 = 0;

basis.tan_beta = tb;

basis.ml22 = mH*mH/tb + (mh*mh - \
lambdal*v*v) /(tb*tb*tb); // Eqg.(14)

double amu = \
std::numeric_limits<double>::quiet_NaN () ;

try {

gm2calc:: THDM model (basis, sm);
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36 amu = \
gm2calc::calculate_amu_1lloop (model)

37 + 0\
gm2calc::calculate_amu_2loop (model) ;

38 } catch (const gm2calc::Erroré&) {}

39

40 return amu;

41 |1}

42

43 int main ()

44 | {

45 const double mA_start = 1, mA_stop = \
100;

46 const double tb_start = 1, tb_stop = \
100;

47 const int N_steps = 198;

48

49 std::printf ("%$-20s%-20s%-20s%-20s\n",

50 "# mA/GeV", "tan(beta)", \
"amu (II)", "amu(X)");

51

52 for (int 1 = 0; 1 <= N_steps; 1i++) {

53 for (int k = 0; k <= N_steps; k++) {

54 const double tb = tb_start + \
i*(tb_stop - tb_start)/N_steps;

55 const double mA = mA_start + \
k*(mA_stop - mA_start)/N_steps;

56

57 const auto type_2 = calc_amu(mA, \
tb, gm2calc::thdm::Yukawa_type::type_2);

58 const auto type_X = calc_amu (mA, \
tb, gm2calc::thdm::Yukawa_type::type_X);

59

60 std::printf ("%$-20.10e%-20.10e%

61 -20.10e%-20.10e\n",

62 mA, tb, type_2, \
type_X) ;

63 }

64 }

65

66 return O0;

67 |1}

The function calc_amu calculates aE‘SM in the 2HDM
at the two-loop level for a given value of m,4 and tan g
and a specified Yukawa type. The remaining 2HDM input
parameters in the mass basis are set to m; = 126GeV,
myg = mpg+ = 200GeV, sin(B —a) =1, = A7 =0,
m%z = m%,/tanﬂ + (m%l —v?)/tan® Band A = V47, In
the main function the loop over m 4 and tan g is performed
and aESM is calculated for the type II and type X 2HDM and
the result is written to the standard output. The 2-dimensional
output is shown in Fig. 1 for the two types of the 2HDM.

4.2 Size of fermionic and bosonic contributions

In the following we illustrate the calculation of the two-loop
fermionic and bosonic contributions, aE and aE, separately.
For the illustration we perform a scan over m 4 for the demo
parameter scenario from 2HDMC [113], which is a type II
2HDM scenario where mpy = 400GeV, my+ = 440 GeV,
tan B = 3, sin(B —a) = 0.999, k¢ = A7 = O and m?, =
(200 GeV)?. The following C source code shows the program
to perform the scan.

@ Springer

O 00 N R W -

—_
(=}

11
12

14
15
16

17
18
19
20

21
22
23
24
25
26
27
28
29
30

31

32

34

35

36
37
38
39

40
41
4

43
44

45
46
47
48
49
50

51
52
53
54
55
56
57

#include
#include
#include

"gm2calc/gm2_1loop.h"
"gm2calc/gm2_2loop.h"
"gm2calc/gm2_error .h"
#include "gm2calc/THDM.h"
#include <stdio.h>

int main ()
{

const double mA_start = 130, mA_stop =\
500;
const int N_steps = 200;

printf ("%$-20s%-20s%-20s\n",
"amu (F) ",

"# mS/Gev", \
"amu (B) ") ;
i++) |

for (int i = 0; i <= N_steps;

const gm2calc_THDM_mass_basis basis \

.yukawa_type = gm2calc_THDM_type_2,

.mh = 125,

.mH = 400,

.mA = mA_start + i*(mA_stop - \
mA_start) /N_steps,

.mHp = 440,

.sin_beta_minus_alpha = 0.999,

.lambda_6 = 0,
.lambda_7 = 0,

.tan_beta = 3,
.m1l22 = 40000,
.zeta_u = 0,
.zeta_d = 0,
.zeta_1 = 0,
.Delta_u = { {0,0,0}, {0,0,0}, \
{0,0,0} 1},
.Delta_d = { {0,0,0}, {0,0,0}, \
{0,0,0} 1},
.Delta_1 = { {0,0,0}, {0,0,0}, \
{0,0,0} 1},
.Pi_u = { {(0,0,0}, {0,0,0}, \
{0,0,0} 1},
.Pi_d = { {(0,0,0}, {0,0,0}, \
{0,0,0} 1},
.Pi_1 = { {0,0,0}, {0,0,0}, \
{0,0,0} }
Y
gm2calc_THDM* model = 0;
gm2calc_error error = \

gm2calc_thdm_new_with_mass_basis (&model, \
&basis, 0, 0);

if (error == gm2calc_NoError) {
const double amuF = \
gm2calc_thdm_calculate_amu_2loop_fermionic
(model) ;
const double amuB = \

gm2calc_thdm_calculate_amu_2loop_bosonic
(model) ;

printf ("%$-20.10e%-20.10e%-20.

10e\n", basis.mA, amuF, amuB) ;
} else {
printf ("Error: %$s\n", \

gm2calc_error_str (error)) ;

}

gm2calc_thdm_free (model) ;

return O0;
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Fig. 1 Two-loop prediction of aE‘SM in the 2HDM of type II (left) and
type X (right) as a function of tan 8 and m4 with m, = 126GeV,
my = mygx = 200GeV, sin(B —a) = 1, k¢ = A7 = 0,
m3, = m%/tanp + (m2 — Av?)/tan3 B and A, = V4x. In the

The SM input parameters and the configuration
options are set to their default values by passing 0 as the
last two arguments to the function
gm2calc_thdm_new_with_mass_basis that creates
the 2HDM model in line 39. The individual bosonic and
fermionic contributions are calculated in lines 4243 and
written to the standard output in line 45.

In the top left panel of Fig. 2 we show the results for
the fermionic (red solid line) and bosonic (blue dashed-
dotted line) contributions as a function of m 4 for this demo
scenario from 2HDMC. For the shown parameter space the
fermionic contributions decrease, while the bosonic contri-
butions increase for increasing m 4. Furthermore, the bosonic
contributions are negative, while the fermionic contributions
are positive, which leads to a partial cancellation of the two
contributions. However, as is generally the case for the type
II 2HDM scenarios that are not already excluded by other
constraints, the scenarios we plot here cannot explain the
large deviation between the Standard Model prediction and
experiment given in Eq. (3).

If instead we consider the FA2HDM scenarios, as in the
top right panel of Fig. 2 it is now possible to explain large
deviations. Here we fix the following parameters m; =
125GeV, mpy = 150GeV, mg+ = 150GeV, sin(f — ) =
0.999, A¢ = 0, A7 = 0, tanB = 2, ¢, = & = —0.1,
&1 = 50 based on results used for Fig. 10 of Ref. [103].
It should be noticed that, once the masses for the charged
and CP-even scalar are close together and below around

ma / GeV

green, yellow and gray regions the 2HDM predicts the correct value of
aBM = (25.1 £5.9) x 107'? from Eq. (3) within one, two and three
standard deviations, respectively

300 GeV, electroweak as well as unitarity and perturbativ-
ity constraints can be evaded for arbitrarily low values of
m 4 [85]. The input parameters here are chosen accordingly.
Since ma < mipg, /2, it is possible for 1 — AA decays to
occur unless we enforce the coupling Cp44 = 0.3 This fixes
the value of 1| according to Eq. (12) in Ref. [103], which
can be set in the mass basis using m%z and applying the rela-
tions in Eqs. (2.12)—(2.13) in Ref. [102]. This leads to the
fitted 2nd-order polynomial relation with a dependence on
m 4 seen in the source code below.

These scenarios have a very light pseudoscalar mass, but
LHC limits are much weaker compared to the type II case
and can be evaded for these scenarios. The two-loop fermion
contributions rise rapidly as the pseudoscalar mass decreases,
dominating over the two-loop bosonic contributions, though
the latter are just large enough to have an impact on con-
straints from a,. Note that for higher values of m, it is
possible to get larger bosonic contributions as can be seen
in Fig. 10 of Ref. [103]. In the scenarios we plot here the

8 The coupling Cj 4 4 has been discussed in detail in Ref. [103]. Setting
Cpaa = 0 directly corresponds to the choice Ag = 0, where Ag is
a potential parameter in the so-called Higgs basis, and to a specific
relation between all potential parameters in the general basis. It has
been checked that although non-null values for Cj,44 can be allowed,
they are experimentally strongly constrained. Thus, for simplicity, we
have adopted Cj,44 = 0 in our analysis, which automatically guarantees
that A (or equivalently m%2) will not be chosen in a region excluded by
experimental constraints or by unitarity or perturbativity.
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Fig. 2 Different contributions to aESM in the 2HDM. In the left panels
we show scenarios from the type II 2HDM as a function of m4 with
my = 400GeV, my+ = 440GeV, tan 8 = 3, sin(f — o) = 0.999,
A = A7 = 0 and m%z = (200GeV)2. In the right panels we
show FA2HDM scenarios with m; = 125GeV, my = 150GeV,
mp+ = 150GeV, sin(f —a) = 0.999, k¢ = 0,17 = 0, tan B = 2,
m%z is fixed to avoid 7 — AA decays using a polynomial equation
shown in the related source code, ¢, = g = —0.1, { = 50 based on
scenarios found for Fig. 10 of Ref. [103]. In the top panels we show
fermionic (red solid line) and bosonic (blue dashed-dotted line) two-
loop contributions separately. The top right panel also shows a purple
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region over the values of m 4 where it is possible to explain Eq. (3).
In the bottom panels we compare the fermionic two-loop contributions,
when the running 3rd generation fermion masses shown in (73) are used
(red solid line) and when the 3rd generation input masses from (72) are
used (green dashed line). The red and green bands show the correspond-
ing uncertainties. The bottom left panel also shows two-loop fermionic
contributions calculated from 2HDMC as a black dotted line. *This is
not a vanilla 2HDMC calculation, the SM-Higgs-like two-loop contri-
butions have been removed, and the two-loop charged Higgs Barr—Zee
contributions have been added as explained in the text
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one-loop contributions, which are not shown in Fig. 2, have
a negative effect on the contributions, with a size of approx-
imately one-third of the two-loop fermionic contributions.

Thus it can be seen that a i

BSM

can be explained with a very

low m 4 for the values of m 4 in the purple region. The scan for
this scenario can be performed with the following C source
code:

O 0NN AW N~

—_
- O

U
w N

—_
=

15
16

18
19

20

21
22
23
24
25
26
27
28
29

30
31
32
33
34
35
36
37
38
39
40
41

42
43

44
45
46

#include
#include
#include
#include

#include
#include

"gm2calc/gm2_1lloop.h"
"gm2calc/gm2_2loop.h"
"gm2calc/gm2_error.h"
"gm2calc/THDM.h"

<stdio.h>
<math.h>

int main ()

{

const double mA_start = 20, mA_stop = \
60;

const int N_steps = 200;

printf ("%$-20s8%-20s%-20s%-20s\n", "# \
mS/Gev", "amu(F)", "amu(B)", "amu(l)");

for (int i = 0; 1 <= N_steps; i++) {

const double mA =
i*(mA_stop -

mA_start + \
mA_start) /N_steps;

const gm2calc_THDM_mass_basis basis \

.yukawa_type = \
gm2calc_THDM_aligned,

.mh = 125,

.mH = 150,

.MA = mA,

.mHp = 150,

.sin_beta_minus_alpha = 0.999,

.lambda_6 = 0,

.lambda_7 = 0,

.tan_beta = 2,

// Polynomial fit following Eg. \
(2.12) from PRD

.ml22 = 3187.3 + mA*(3.27803 + \
0.0165557*mA) ,

.zeta_u = -0.1,

.zeta_d = -0.1,

.zeta_1l = 50,

.Delta_u = { {0,0,0}, {0,0,0}, \
{0,0,0} 1},

.Delta_d = { {0,0,0}, {0,0,0}, \
{0,0,0} 1,

.Delta_1 = { {0,0,0}, {0,0,0}, \
{0,0,0} 1,

.Pi_u = { {0,0,0}, {0,0,0}, \
{0,0,0} 1},

.Pi_d = { {(0,0,0}, {0,0,0}, \
{0,0,0} 1},

.Pi_1 = { {0,0,0}, {0,0,0}, \
{0,0,0} 1}

Y
gm2calc_THDM* model = 0;

gm2calc_error error = \
gm2calc_thdm_new_with_mass_basis (&model,
&basis, 0, 0);

if (error == gm2calc_NoError) {
const double amul = \
gm2calc_thdm_calculate_amu_1lloop (model) ;

\

47

48
49

50
51
52
53

54
55

56
57
58
59
60
61
62

const double amuF = \
gm2calc_thdm_calculate_amu_2loop_fermionic
(model) ;
const double amuB = \
gm2calc_thdm_calculate_amu_2loop_bosonic
(model) ;

printf ("%-20.10e%-20.10e%-20.10e%
-20.10e\n", basis.mA, amuF, \
amuB, amul) ;
} else {
printf ("Error: %s\n", \
gm2calc_error_str (error)) ;

}

gm2calc_thdm_free (model) ;

return O0;

4.3 Running fermion masses

In this subsection we study the effect of using the input vs.
running fermion masses in the two-loop fermionic contribu-
tions as described in Sect. 2.2.3, and compare the results with
2HDMC. The following Mathematica source code shows
a program to perform a scan over m 4 using the same type II
2HDM parameter region as in Sect. 4.2.

W N =

IS

[l B e ]

29

30
31

Install["bin/gm2calc.mx"];

CalcAmu[mA_] :=

{amu2LF, Damu} /. \
GM2CalcAmuTHDMMassBasis [
vukawaType -> 2,
Mhh -> { 125, 400 1},
MAh -> mA,
MHp -> 440,
sinBetaMinusAlpha -> 0.999,
lambda6 -> 0,
lambda?7 -> 0,
TB -> 3,
ml22 -> 20072
1;
(* mA values in [130,500] GeV *)
mAValues = Subdivide [130, 500, 2001];

(* calculation w/o running couplings *)
GM2CalcSetFlags [runningCouplings
CalcAmu /@ mAValues;

-> Falsel];
noRunning =

(* calculation w/ running couplings *)

GM2CalcSetFlags [runningCouplings -> Truel;

withRunning = CalcAmu /@ mAValues;

data = { mAvValues,

noRunning [[A11,11], \

noRunning [[A11l,21],
withRunning [[A11,1]1]1, \

withRunning [[A11,2]] 1};

Export ["running. txt",
data, "Table"];

N @ Transpose @ \
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The function CalcAmu calculates the two-loop fermionic
contribution aﬂ and the uncertainty éa,, for a given value of
my and the mass basis input parameters defined above. In
line 20 the usage of running fermion masses is disabled and
the calculation is performed in the subsequent line. Similarly,
in line 24 the usage of running fermion masses is enabled
and the calculation is performed in the subsequent line. The
results are collected in the variable data and are exported
to a file in line 31. We also used a very similar script to do
the same calculations for the FA2HDM scenarios discussed
in Sect. 4.2.

The effect of using running fermion masses in the two-
loop fermionic contributions is shown in Fig. 2 for the type
II (bottom left panel) and flavour aligned (bottom right panel)
scenarios matching those described in the previous section.
The red solid line shows the value of aﬁ when the run-
ning masses (73) are used, i.e. the 3rd generation fermion
masses are run to the scale of the Higgs boson in the two-loop
fermionic Barr-Zee Feynman diagrams. Note that although
the vertical axes are slightly different, the red lines shown
in the bottom panels are identical to the red lines from the
corresponding panels immediately above them, which were
discussed in the previous section. The green dashed lines
show the value of aE when input fermion masses listed in
(72) are used. In both scenarios that we look at the value of
aE is smaller when running masses are used, though the dif-
ference is only distinguishable for the type II case where the
size of the contributions is much smaller. The reason for this
is that due to the negative fermion mass 8 functions the run-
ning masses are numerically smaller than the corresponding
input masses in the shown scenarios, which leads to a sys-
tematic reduction of the fermionic two-loop contributions.

In addition to the red solid and green dashed lines from
GM2Calc, as the scenario in question is a benchmark point
for 2HDMC [113], we show in the bottom left panel of Fig. 2
the corresponding result obtained with 2HDMC 1.8.0 as black
dotted line. Note that at the two-loop level 2HDMC includes
only fermionic contributions to aESM. Furthermore, 2HDMC
does not subtract the contributions from the SM Higgs boson
and does not include the two-loop contributions from the
charged Higgs boson. Therefore to obtain this black dotted
line we have thus subtracted the two-loop SM Higgs con-
tributions from the 2HDMC result and added the two-loop
contributions from the charged Higgs boson. Since 2HDMC
inserts running fermion masses into the fermionic contribu-
tions, the black dotted line can be compared to the red solid
line in the figure. There is a small deviation between these
two lines, which originates from the inclusion of fermionic
Barr-Zee diagrams with an internal Z boson in GM2Calc,
which are not included in 2HDMC.

In the bottom panels of Fig. 2 we also show the uncer-
tainties calculated with (74) as lighter shaded regions of the
corresponding color about the red and green lines. In the
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bottom left panel the red and green lines both lie within the
uncertainty estimate for the alternative prediction (shaded
green and shaded red regions respectively) for all values of
m 4 plotted. This is also true in the bottom right panel though
there is no visible distinction between the red and green lines
or their uncertainties here. Since the difference between the
lines is of higher order, this indicates that our uncertainty esti-
mate is working as expected and accounts for the expected
higher order corrections.

5 Summary

We have presented version 2 of GM2Calc, with its new capa-
bility to calculate the BSM contributions to the anomalous
magnetic moment of the muon in the 2HDM. The contribu-
tions include all the one-loop diagrams, two-loop fermionic
Bar-Zee diagrams, as well as the bosonic two-loop contri-
butions. The new version of GM2Calc provides the calcu-
lation of the 2HDM contributions with a precision of up to
O(mi) at one-loop and O(mi) at two-loop level along with
an estimate of uncertainty of the evaluation. GM2Calc per-
forms this state of the art precision calculation at high speed,
with execution times that can be as short as ((0.05 ms) per
point, allowing for rapid sampling of the parameter space.
GM2Calc is easy to configure and run. The user can select
well-known types of the 2HDM, specifically type I, II, X,
Y as well as the flavour-aligned version (FA2HDM), or the
fully general 2HDM. For the latter the user can specify the
inputs as deviations away from the flavour alignment of the
FA2HDM (or from type I, II, X, and Y) or by directly spec-
ifying the more fundamental Yukawa matrices, Iy defined
in Eq. (27). The user can also decide whether they will give
inputs in the gauge basis using A1, 7 or the mass basis using
My g A H*> M6,7, and sin(B — «). The input parameters and
settings can be specified in an SLHA-like input file, mirroring
the original MSSM version. Additionally, GM2Calc can be
interfaced to other programs using C++, C, Mathematica,
or Python, the latter being a new interface developed for
GM2Calc 2.

For each of these interfaces we presented simple and easy
to follow usage examples in Sect. 3, that are straightforward
to adapt. In Sect. 4 we have also presented some applications
and results, demonstrating different features of the code. In
each of these we show the source code in the manual and also
provide them as supplementary files. GM2Calc is actively
developed on GitHub and users with any questions may con-
tact the authors through our GitHub page or directly by email.
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