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Abstract We present the calculation of the light neutral
CP-even Higgs mass in the MSSM for a heavy SUSY spec-
trum by resumming enhanced terms through fourth logarith-
mic order (N3LL), keeping terms of leading order in the top
Yukawa coupling &y, and NNLO in the strong coupling 5. To
this goal, the three-loop matching coefficient for the quartic
Higgs coupling of the SM to the MSSM is derived to order
oz,zozf by comparing the perturbative EFT to the fixed-order
expression for the Higgs mass. The new matching coefficient
is made available through an updated version of the program
Himalaya. Numerical effects of the higher-order resum-
mation are studied using specific examples, and sources of
theoretical uncertainty on this result are discussed.
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1 Introduction

In the MSSM (the minimal supersymmetric (SUSY) exten-
sion of the Standard Model (SM)), the mass of the lightest
CP-even Higgs boson is predicted to be of the order of the
electroweak scale. More precisely, at the tree-level, the Higgs
boson mass is restricted to be smaller than or equal to the mass
of the Z boson, M), < Mz.In viable parameter regions of the
MSSM, the loop corrections to the mass of the light CP-even
Higgs boson must therefore be large in order for the MSSM
to accommodate for the measured Higgs mass value of [3],

My = (125.09 £ 0.32) GeV. (1)

It has been known for a long time that these loop corrections
are indeed large, predominantly due to contributions from
top quarks and their super-partners, the “stops” [4—10]. To be
specific, in the limit where the superpartners are much heavier
than the electroweak scale, the pole mass of the light CP-even
Higgs boson, including the dominant one-loop contribution,

reads [11],
60402 m?  x2 x4
Lk |:ln—’2+—[2— =l BE)
my

M} = M3 cos®2
i 7 cos ﬂ+(4n)2

where m; is the top-quark mass, mtg = mj m;, is the aver-
age of the two stop masses m; (i = 1,2), g; is the SM top
Yukawa coupling, v ~ 246 GeV is the vacuum expectation
value of the SM, X, = A; — p/tan B is the stop mixing
parameter, A; is the trilinear Higgs—stop coupling, p is an
MSSM superpotential parameter and tan 8 = v, /vy is the
ratio of the up- and down-type MSSM Higgs boson VEVs.
Eq. (2) illustrates that a heavy SUSY spectrum logarithmi-
cally enhances the corrections to the Higgs mass, and that
the effect of the stop mixing parameter maximally enhances
the Higgs mass at |X,/m;| = +/6. Including higher order
effects, it turns out that the stop masses must be larger than
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m; 2, 1TeV in order to predict the physical Higgs mass of
Eq. (1) in scenarios with degenerate SUSY mass parameters
and arbitrary stop mixing [12-16].

For stop masses larger than about 1 TeV, logarithmic cor-
rections like the In (mtg / mtz) term in Eq. (2) may spoil the pre-
cision of the perturbative fixed-order result. However, using
an effective field theory (EFT) approach, the leading (next-
to-leading, etc.) powers of these logarithmic terms can be
resummed to all orders in the coupling constants. Terms of
order v2/ M3, where My is the typical SUSY particle mass,
are usually neglected in an EFT calculation, which is justi-
fied at Mg = 1TeV [15]. Their inclusion can be achieved
by taking into account higher-dimensional operators [17], or
through so-called “hybrid” approaches [2,14,15,18-21].

The resummation of the logarithmic terms through an EFT
calculation is achieved by integrating out the SUSY partners
at a high scale jug ~ M. This means that the MS parame-
ters of the effective theory (the SM), in particular the quartic
Higgs coupling , which itself is not a free MSSM parame-
ter, are expressed in terms of the MSSM parameters at that
scale. The SM parameters are then evolved down to a low
scale p; ~ v through numerical SM renormalization group
running, which implicitly resums all logarithms of ratios of
the high and the low scale, (t5/ ;. This allows to evaluate the
Higgs pole mass within the SM in terms of SM parameters:

Mjy = M)V () + - ©)

where v is the vacuum expectation value of the Higgs field
in the MS scheme, and the ellipsis denotes terms of higher
order in the SM couplings.

The crucial ingredients in the EFT approach are there-
fore the running MSSM parameters, which can be obtained
from spectrum generators such as FlexibleSUSY [18,
22], SARAH/SPheno [20,23-28], SOFTSUSY [29,30], or
SuSpect [31], the B functions of the SM parameters, and
the matching relations of the SM to the MSSM parameters.
In order to consistently resum through first (leading), second
(next-to-leading), . . ., kth logarithmic order (LL, NLL, ...,
Nk_lLL), one needs to take into account the 8 function of
the quartic Higgs coupling, ;. , through k-loop order, and the
corresponding matching coefficient AA through (k —1)-loop
order, while for the other parameters, the corresponding func-
tions are required only at lower orders. While S, is known
through four loops [39,61], however, the matching coefficient
A has been available only through two loops [1,12,13,17].
The logarithmic order for the resummed expression of the
Higgs mass has thus been limited to the third logarithmic
order (NNLL) up to now.

In this paper, we show how the three-loop matching coeffi-
cient for the quartic Higgs coupling can be extracted from the
three-loop fixed-order expression [33,34] for the Higgs pole
mass in the MSSM. The latter has recently been implemented
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into the Himalaya library [35]. We make the three-loop
threshold correction to the quartic Higgs coupling available
in Himalaya 2.0.1, which can be downloaded from

https://github.com/Himalaya-Library

This result allows us to study the impact of the resummation
to fourth logarithmic order on the numerical prediction of
the Higgs boson mass in the decoupling limit of the MSSM
by implementing the three-loop correction into HSSUSY, an
EFT spectrum generator from the FlexibleSUSY pack-
age.

2 Formalism

As briefly described in the introduction, there are different
approximation schemes commonly used to calculate the light
CP-even Higgs boson mass in the MSSM: The fixed-order,
the EFT, and the hybrid calculation. The fixed-order calcu-
lation includes the SUSY effects through an expansion in
terms of couplings up to a fixed order. In this expansion, log-
arithmic corrections appear, which may be large if there is
a large split between the SUSY and the electroweak scale,
Mg > v. The fixed-order calculation is therefore a suitable
approximation as long as Mg ~ v. In an EFT calculation, an
expansion in powers of 7%/ M § is performed, and the leading
(sub-leading, ...) powers of such logarithms are resummed to
all orders in the couplings. An EFT calculation is therefore
a suitable approximation if Mg > v, but becomes invalid
when Mg ~ v.

In the following sections, we describe both the fixed-order
and the EFT calculation in more detail, in order to prepare
for the extraction of the three-loop correction to the quartic
Higgs coupling of the Standard Model later in Sect. 3.

The set of SM MS parameters relevant to our calculation
will be denoted as

)_(:{X,&t,&x,l_)}, (4)
where
-2 =2
- 87 _ 83
== _’ = —’ 5
a7 Uny ©)

2 denotes the quartic Higgs coupling, g, the SM top Yukawa
coupling, g3 the strong gauge coupling, and v the vacuum
expectation value of the Higgs field in the SM. Furthermore,
we use the following set of MSSM parameters, renormalized
in the DR’ scheme [36],

Y = {oy, a5, v,mz,mgz, X;,mg, mg}, (6)
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with
2 2
XN 83 _ 2 2
T an @mz VTV T
) 1/10
mg = 1_[ l_[ mg , (7

felu,d,c,s,by n=1

whereas y, denotes the MSSM top Yukawa coupling, g3 the
strong gauge coupling, v, and vy the vacuum expectation
values of the neutral up- and down-type Higgs bosons, X; =
A;—u/ tan B the stop mixing parameter, m; the gluino mass,
and mg; the average mass of all squarks but the stops. The
running stop masses m; < m;, are the eigenvalues of the
stop mass matrix:

2 2
M, = <’"t R

m; X;

X
2mt t2 >’ 8)

my +my 3

with the SUSY breaking parameters mg 3 and my 3. Note
that, due to the SUSY constraints, Y does not contain a sep-
arate parameter for the quartic Higgs coupling.

2.1 Fixed-order calculation

In the Standard Model, the pole mass of the Higgs boson can
be expressed as a series expansion in terms of the SM cou-
plings and logarithms. The dominant terms in the expansion
are those which involve the strong and the top Yukawa cou-
pling. In the following, we consider only corrections to the
tree-level Higgs mass of the form (’)(6:,2&?) withn > 0, in
which case the pole mass of the Higgs boson can be expressed
in terms of MS parameters as

Mj; = 0% (o) | A(ae)
oo n+l
Hia (o) Yy 3 k@l e i | ©
n=0 p=0
where
2 g2 2
Ly =In=5, mj=°""—=2mav, (10)
t

and p, is the renormalization scale. The auxiliary parameter
« = 1 has been introduced to label the orders of perturbation
theory. The c( P) are pure numbers; through three-loop order

(n = 2), the non logarithmic coefficients read [37-39]

(0 0) _ (1 0) -0
csm =Y,
1888 7424
e =——2 416003 + —522
1024L' 1 512L,2 1 1024L. 1
— 1 — |——L1 — |——L A )
3 M 7)o eg) e 23 )@
(1)
where
2
o= <= 1.64493 ..., &3 =1.20206...,
1 1
Lip <§> =0.582241..., Lig <§> =0.517479....
(12)

The logarithmic coefficients (p # 0) can be easily obtained
from the renormalization-group (RG) invariance of M, ,f and
the RG-equations (RGEs) of the parameters [37],

d —
Md—ii (w) = Bz (X (W) (13)
u

withx; € X.Thetermsinthe SM g functions that are relevant
for our discussion read

Ba, = —l4xa’ — 52¢%a> +
Ba, = —ay [16/@ +216(kd,)? + 1238.7(kd@s)> + - - ] ,

133 _ 0
B5 = —Koz, 12 + 64xas + 8 ——16{3 (kay)

—16616.3(kd)> + - - } )
(14)

In the MSSM one can write an analogous expression for
the light CP-even Higgs boson mass in terms of the MSSM
parameters. Neglecting sub-leading terms of v2/M?Z, one
obtains the expansion in the decoupling limit, which reads

M}% = M% cos? 28

oo n+l
o2 (el (uash D 3 kM al (uoeggan (Y () 12,
n=0 p=0
(15)
with
2 2.2
Iy =1In M—Zz, m? = y,2vu = 2ma, v’ = 2na,v2s§,
sg = sin f. (16)

The coefficients cl(\Z’S’Qv[ have been calculated analytically

through n = 1 and can be extracted from Refs. [40—43]. The
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result for n = 2 was obtained in Refs. [33,34] in terms of
“hierarchies”, i.e., expansions in various limits of the MSSM
particle spectrum.! The c(M”S'g)M contain logarithmic terms of
the form In(m, /M) which spoil the convergence properties
of the purely fixed-order result of Eq. (15) if Mg > m;.
To make this more explicit, let us introduce a second scale
s # u; by perturbatively evolving the running MSSM
parameters in Eq. (15) from u; to wg, using the correspond-
ing B functions defined in analogy to Eq. (13). This means
that we apply the replacement

Yi(e) = yi(us)

o n 2
, Ik

+ Y3 AP ()il s =I5 (1)
n=1 p=1 K

to Eq. (15) for all MSSM parameters y; € Y, where the
di("’p ) are determined by the perturbative coefficients of the
respective B functions. After re-expanding in «, this results

in a relation of the form

2 2 2
Mj = M7 cos™ 28
oo n+ln+l—p

vt (us)af(us)sg Y D > kal(us)

n=0 p=0 k=0
,D.k
xeyrsin (¥ () L1 (18)

In a fixed-order calculation, the perturbative expansion is
truncated at finite order in «. Keeping terms through order
«N, we will denote this result as

M} go n (s 145) - (19)

For m; <« Mg, any choice of u; and g will result in large
logarithms in Eq. (19). This is avoided in the EFT approach
which allows to resum the (leading, sub-leading, etc. pow-
ers of) logarithms /;g to all orders in perturbation theory.
This will be the subject of the next section. Of course, a re-
expansion of the EFT result must take the fixed-order form
of Eq. (19) again. Comparison of this re-expanded result to
the fixed-order three-loop result will allow us to derive the
three-loop matching coefficient for A in Sect. 3.

2.2 EFT calculation

The idea behind the EFT calculation is to resum the loga-
rithms of the form /;s in Eq. (18) (“large logarithms”) by
integrating out the heavy (i.e., SUSY) particles. As a result,

I As has been shown recently, the three-loop calculation of the Higgs
mass in the MSSM in the DR’ scheme is consistent with supersym-
metry [44-46]; see also Refs. [47,48] concerning the consistency of
dimensional reduction [49] and perturbative calculations in SUSY.

@ Springer

one obtains a relation between the parameters of the effective
theory (the SM) and the full theory (the MSSM) of the form

Xi(w) = fi¥ (), p) . (20)

In particular, one obtains a relation between A and the MSSM
parameters, which means that the Higgs mass in the SM,
given by Eq. (9), is fixed in terms of the parameters Y. The
fi in Eq. (20) are known in terms of perturbative expansions,
neglecting terms of the order v2/M § They depend explicitly
on the renormalization scale p in the form of In(u/Msy).
Therefore, if Eq. (20) is employed at the scale u ~ Mg, no
large logarithms appear in the matching. For our purpose, the
relevant matching relations of Eq. (20) take the form

s M7, 2.4
A= 2 cos 2B 4 kaysg(AR) 2

2.2

+ Kk assz(Ak)atzas + Ksatzaszsg(A)»)atzasz +---,

a, = a (1 + ka5 (Ady)a, + K20 (Dag) + - ) ,
a; = o:tsé (1 + kas(Aar)a, + KZQSZ(AO”)%? 4. ) ,

ﬁ:v_’_...’

2n

where the perturbative coefficients (Ax;) can be found in
Refs. [12,50,51], except for (AL),2,2, which will be one of
the central results of this paper. Extpljicit expressions for the
degenerate-mass case will be given in Sect. 3.3. The depen-
dence on the renormalization scale u, indicated in Eq. (20),
has been suppressed here.

Assuming that the numerical values for the y; (us ~ Ms)
are known,” Eq. (20) provides numerical values for the MS
SM parameters x;(is). Then one may use the numerical
solution of the SM MS RGEs of Eq. (13) to evolve the
Xi(us) down to u; ~ M;. In solving the RGEs numeri-
cally, one effectively resums large logarithms of the form
l;s = In(us/pes). This is in contrast to the fixed-order calcu-
lation, where these large logarithms appear explicitly in M}%
up to a fixed order, see Eq. (19). The x; (1t;) are then inserted
into Eq. (9) in order to calculate M,% up to terms of order
v/ M%. We denote this result as

Mj; gr (e, s) - (22)

The only fixed-order logarithms involved in this result are
of the form In(us/Ms) from Eq. (20), and In(u;/m;) from
Eq. (9). They can be made small by choosing us ~ Mg and
W ~ my, respectively.

2 In practice, they are obtained from a spectrum generator, using a
specific MSSM scenario, constrained by the experimental values for
the SM parameters; see also Sect. 4.
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2.3 Re-expanding the EFT result

The perturbative version of the approach described in the
previous section would be to first evolve the x; (i) perturba-
tively from . = p; to g, i.e., to solve Eq. (13) in the form
Eq. (17), which explicitly introduces large logarithms of the
form I;5:

M} = 0% (1s) | Aus)

oo n+ln+l—p
- - ,p.k
R (us) Yy Y Kl us)egd ™ ks
n=0 p=0 k=0
(23)

Subsequently, one expresses the x;(us) by the y;(us)
through Eq. (20). This last step only introduces small loga-
rithms of the form In(us/Ms). Re-expanding in «, one thus
arrives at a result which coincides with Eq. (18). If we keep
terms through order « ", this result will be denoted as

M} gpr oy (e, 1) - (24)

Obviously, the following formal relation applies:

M} ger(i. 1ts) = My ger (e, s) + OGNt L (25)

if the same order in the perturbative expansions of the 8-
functions, the matching relations, and the SM expression for
M ,f is used in deriving the results on both sides of this equa-
tion. Since the perturbative expression for M. }% is unique, we
also have

M}%,FO,N(H%, ns) = M}%,EFT,N(Mt, us), (26)

with the fixed-order result of Eq. (19). These relations will
be used in the next section to extract the three-loop matching
relation for the quartic Higgs coupling A (1s).

The goal of this paper is to calculate the light CP-even
Higgs pole mass of the MSSM in the decoupling limit
including the fixed-order through O(a?a?) (N3LO), as well
as resummation in o’ through fourth logarithmic order

s
(N3LL). This calculation requires to include

the four-loop g function for A to order k*a?a3;

the three-loop B function for &; to order /c3&tc'z§’;

the two-loop B function for @, to order x2a>;

the three-loop matching relation for A to order k3a?a?;
the two-loop matching relation for &, to order K2C_(,6_1S2;
the one-loop matching relation for a; to order Kc_lz;

the three-loop SM contributions to the Higgs mass,
Eq. (9), to order k3a’a?.

Currently, all of the necessary expressions are known, except
for the three-loop matching relation for A to order @?a2. In
the next section, we will derive this quantity from the H3m
result, i.e., the known fixed-order corrections of O(e?a?) for
M} from Refs. [33,34].

3 Extraction of the three-loop matching coefficient
3.1 General procedure

Using Egs. (9), (11), (14) and (21), and setting p; = ws, the
three-loop SUSY QCD result for M}%,EFT,3(MS’ Ws) can be
written in the following form:

M}%,EFT,_?,(I/«Sv ns) = M;%,EFT,Q(HSs ns)
+ K3v2atza3s2 {368 l;,
T [80 +48(Ady)a, + 96(Aoz,)ux]l§t
1028
- [64§3 + 5+ 16(Aa0), + 128(Aa),

= 6(Aa?, — 12(Acr)e s

+16(Aa))a, — I Aer); — 6(Acr),2

+(AN)gzz2 + ciiy) } (27)

where lg; = ln(ué / mtz) and, as before, the ;g dependence
of oy, a5, Aoy, Aag and A is suppressed. The only unknown
term on the r.h.s. of Eq. (27) is the three-loop matching coeffi-
cient for the quartic Higgs coupling ( A)“)a,zag . Assuming that

the three-loop fixed-order result M}%’Foj(ug, ) is known,
we could insert Eq. (26) into (27) and solve for the unknown
matching coefficient:

M;%,Foj(ﬂS» s) — M;%,EFT,3(MS, ns)
(AX) 2 2=0
a2a?

= /c3v2a,2a§sz (AX) (28)

2.2,
oy g

Note that all large logarithms /g; cancel on the l.h.s. of
Eq. (28). Thus, we may write Eq. (28) as

2.2 2.4 2
e agsg(Ar)g2q2 = Mj po 3 (s, ts)

- M;%,EFT.z(MSs us) — AM}%}(MS) > (29

where,
AM}%j(,uS) = fc3v2at2a3sg |:16(Aoz,)as

—9(Aa)? — 6(Aa) e + cgi’f)] (30)

s
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The matching coefficient (A)L)atza; obtained in this way
is defined in the MS scheme and expressed in terms of

the MSSM DR’ parameters «; and ag, in accordance with
Eq. (21).% Inverting the matching relations for o, and a,

as =, {1 = ka, [ Ay, = K2a2 (A = 2(Aa0)a, ]}
s =& {1 — ks (A, — K23 [(Aoe,)ag

—~(Ady)a, (B, — (82 ]} (31

it can also be expressed in terms of SM MS parameters
according to,

_ M . e
A= U—ZZ cos? 28 + k&> (A1) @+ Kzafas(m)&tz&x

+1@a; (Mg + s (32
where,

(AN)z2 = (AX),2,
(AN)g2z, = (AN)g2, — 2(AN) 2 (Ad)q, .
(AL (AN g2.2 + (B1) 2,2, (33)

ara? =
and

(01 g2g2 = —(AR) 2, [(Aao)a, +2(Acty)q,]

(AR [3Aan2, =208, + 2(Ad)y (Aa), ]
(34)

3.2 Tree-loop fixed-order result

Equation (28) shows how the three-loop matching coeffi-
cient for the quartic Higgs coupling can be extracted from the
three-loop fixed-order result for the MSSM Higgs mass. The
latter has been calculated in Refs. [33,34] in the form of a set
of expansions around various limiting cases for the SUSY
masses (“hierarchies”). Since the explicit formula for this
result are available in the Mathematica package H3m[54],
we will refer to it as the “H3m result” in what follows. In all
of the different expansions, terms of OW? / M%) have been
neglected. The calculation was performed in the DR scheme
with an on-shell renormalization condition for the e-scalars
were m? = 0.* We refer to this renormalization scheme as
the “H3m scheme”.

3 To convert (AA) o2q2 from the MS to the DR scheme, an additional

explicit three-loop conversion term of O(a?a?) for A would be neces-
sary, analogous to the one-loop conversion terms of Refs. [52,53].

4 The authors also provide their result in a modified DR (MDR) scheme,
where heavy SUSY particles automatically decouple.

@ Springer

3.2.1 Transformation to DR

In order to be able to seamlessly combine the three-loop result
in the H3m scheme with existing lower-order calculations, it
is necessary to convert it to the more commonly used DR’
scheme, where m, completely decouples from the model. To
do that, we need to reconstruct the m-terms in the H3mresult.
This can be done by noting that, up to two-loop O(atzas),
the analytic form of the corrections to the Higgs mass are
identical in the DR, the DR, and the H3m scheme for m, =
0. Since the DR result is independent of m, to all orders
in perturbation theory, we can convert the known two-loop
O(afas) DR’ expression to the DR scheme by shifting the
stop masses according to Refs. [36,41,55]. Expanding the
resulting expression to O(atzasz) generates all m.-dependent
terms up this order in the DR scheme. From there, we can
convert the stop masses and m, to the H3m scheme, using
the formule of Ref. [34]. This generates a non-vanishing
term at O(«?a?), which is non-zero even when the on-shell
condition m, = 0 is applied. For m, = 0, this term reads’

8K3U2a,2a52sg

H3m—DR mg mg A?Z
n n

(AM?) [— 6 (1 +Lsg) m;

2
10 (1+Isg)mZ + > (1 + 13,-I,)m§i}

i=1

2
x {(A?z + ApXh me —2A3,x?

i=1

m A

e )] , (35)

with Isx = In (u5/m3) and A1z = m? —m? . Adding these
terms to the H3m result provides the three-loop Higgs mass
corrections in the DR scheme:

22 yé
+ dm; m; X; ln(

M,f‘ = M}

2
DR’ m + (AM;) 3 DR - (36)

‘HB

We checked that the resulting DR’ expression is renormaliza-
tion scale independent by using the corresponding stop mass
B functions in the DR’ scheme. Furthermore, we explicitly
verified the cancellation of the Ig; terms in Eq. (28) up to
higher orders in the hierarchy expansions of the H3m result.

3.2.2 Reconstruction of the logarithmic terms

After transforming the H3m result into the DR’ scheme
according to Eq. (36), it can be inserted into Eq. (28). This
results in the three-loop matching coefficient for the quartic
Higgs coupling, expressed in terms of the H3m-hierarchies

5 Note that the limit my — mj, in Eq. (35) is well-defined.
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defined in Ref. [34]. We denote this result as (Aduzn),2,2 in
what follows. o

Due to renormalization group invariance of the MSSM
Higgs mass, we can actually derive the logarithmic terms
of the form In(u2/ M%) in AA for general MSSM particle
masses by requiring that

d
e [Mﬁ,po,z(u, 1)+ AM7 5 (i, 1)

AV (ad WsF (AW | = 06 . (D)

with AM? , from Eq. (30), and using the three-loop MSSM
B functions. We refer to the corresponding matching coeffi-
cient which includes the exact mass dependence of the log-
arithmic terms reconstructed in this way as (A)LEFT)arz a2
Note that only the non-logarithmic term of the fixed-order
three-loop result of Ref. [34] enters this result. Of course,
expanding (AAgpr) aa? in terms of the H3m hierarchies up
to the appropriate orders, we recover (AAg3y) o2a? S defined
above.

3.3 Example: degenerate-mass case

In this paper, we refer to the limit my 3 = mg3 = mz =
mg = Mg as the “degenerate-mass case”, where mg 3 and
my 3 are soft-breaking parameters of the Lagrangian intro-
duced in Eq. (8). Since we have made the x; dependence
explicit in our result and we neglect all but the leading terms
in o; o m?, we can set mj = mj, = Mg in our expressions.

In the degenerate-mass limit, the expression for (AA) ala?
is simple enough to be quoted here. In this case, the matching
coefficients for the top Yukawa coupling, defined by Eq. (21),
are given by,

8

(Aar)g, = ~3 (=14+Ls+x), (38)
2147 — 1844Lg + 420L>
(A(Yt)usz = 27 S
—928 4+ 160L 16

+ Txt + Ex125 (39)

where Ly = ln(ué /M%). This leads to a subtraction term
(see Eq. (30))

2 (2243 — 2228Ls + 708L3)

AM,%(MS) = K3v2a,2afsg [ -

9
2(=1312+736Lg)x;  224x2 20
_ 5 o : t +CéM) i (40)

with cg\’/[o) from Eq. (11). Using the “h3 hierarchy” of H3m,

where all SUSY masses are assumed to be of comparable

size and the expansion is performed in the mass differences,
the H3m result for the degenerate-mass case reads

8
2 3.2.2 24 2
M po3 = —27/( v assﬁ[ — 1246 — 2132Lg + 1326L5

— 504L3 — 192623 + 216Ls¢3
+x; (~2776 +400Ls — 1464L3 + 1908;3)
+x2 (3678 — 6L+ 126L% — 1485;3)
+ 7 (27224 20Lg + 10813 —2259¢3) | + O,
(41

where we set u; = ug. Note that higher orders in x; are not
included in the H3m result. The corresponding shift from the
H3m to the DR’ scheme is (see Eq. (35))

(AM})

pomopr = 1667 0%a2a2s) (4 L) (6 - 6x2 +x) . (42)

Combining Egs. (40), (41), and (42) according to Eq. (28),
we obtain for the matching coefficient in terms of DR’ param-
eters

(AR
1
== {6082 — 2783215 + 148561 — 403213

— 15408¢3 + 1728L 53 — 27c5)
T [7616LS — 1171212 + 32(—940 + 477;3)]

+ 12 [28848 — 2640Ls + 100812 — 11880;3]

+ 7 [160Ls + 86413 + 82722 — 2259¢3)] |
+00). (43)

If one re-expresses the one- and two-loop corrections in terms
of SM MS parameters the following shift must be added to
Eq. (43) in the degenerate-mass case,

1

(BA(18))g202 = E[26916Ls — 18816L% — 5904L3
—x; (=374 4 14016Ls + 1881613 )
— x} (29652 — 5424Ls — 993613 )

—x3 (—6768 —13152Ls — 2688L§) } +0(x7).
(44)

3.4 Implementation into Himalaya

Recently, the original Mathematica[56] implementation
H3m of the three-loop fixed-order results of Ref. [34] was
translated into the C++ library Himalaya 1.0 [35] in order
to facilitate the combination of these terms with lower-
order codes such as FlexibleSUSY, SARAH/SPheno,
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SOFTSUSY or SuSpect, which typically work in the
DR’ scheme. Himalaya 2.0.1 extends the functionality of
Himalaya 1.0 to provide the three-loop matching coeffi-
cient (AA) ola? by implementing Eq. (28), including the con-

version from the H3m to the DR scheme. In addition, we
implemented the shift of Eq. (34) which converts the param-
eters in the matching coefficient from the DR to the MS
scheme. This allows to directly use the result in existing EFT
codes such as HSSUSY [18] or SusyHD [13], where the one-
and two-loop corrections are expressed in terms of SM MS
parameters.

Since the H3mresult is given as an expansion in mass hier-
archies, it is important to provide uncertainty estimates due to
missing higher order terms in these expansions. We employ
two largely complementary ways to estimate this uncertainty,
referring to the logarithmic and the non-logarithmic terms,
respectively.

Concerning the logarithmic terms, we proceed as follows.
As described in Sect. 3.2.2, within the DR’ scheme, there are
two possible extractions of the matching relation for the quar-
tic Higgs coupling. Both of them use the hierarchy expan-
sions of H3m for the non-logarithmic terms. However, while
(AAm3m) «2a? USes these expansions also for the logarithmic
terms, (A)‘EFT)a}ag contains their exact mass dependence,
derived from RG invariance (see Sect. 3.2.2). We thus use
the difference of (A)‘EFT)a,ZaSZ to (A}»H?,m)a[zasz at the scale
[Ls as an uncertainty estimate:

by = 03 (Ahomlgp = Mzeng| . @9

For the non-logarithmic terms, on the other hand, we con-
sider the conversion term (5A) aZa? defined in Eq. (34), whose
mass dependence is known exactly. Since the main source of
uncertainty in these expansions occurs for large mixing, we
determine the highest power nyax of x; taken into account
in the specific H3m hierarchy, and use the size of the terms
of order x]' with nmax < n < 4 in the non-logarithmic part
of (8)\)%2“3 as uncertainty estimate, named §,,. Note that

powers higher than xt4 cannot appear in (A)) a?a? when the
result is expressed in terms of the MSSM top Yukawa cou-
pling. The reason is that the one-loop correction (AX) o2 CON-

tains no terms with x>*, and additional loops involving only

(s)quarks, gluons, and gluinos do not introduce any additional
X;-dependence. To be specific, let us again consider the limit
of degenerate MSSM mass parameters. In this case, H3muses
the h3 hierarchy described in Sect. 3.3, which includes only
terms through xt3 though. The uncertainty is thus estimated
with the help of the non-logarithmic terms of order xf‘ in
(3*)01,2[13’ given by,

1
8y, = Ea?a?sé x 5735x;. (46)

@ Springer

We combine these two uncertainties linearly and define the
total uncertainty due to the hierarchy expansions as,

8 (oFaZsh(Aharn) 22 ) = 8, + b (47)

Technical details on how to calculate the three-loop correc-
tions and the combined uncertainties with Himalaya 2.0.1
can be found in Appendix.

4 Numerical study and comparison with other
calculations

To study the numerical impact of the three-loop matching
coefficient (A)‘)&faf on the value of the light MSSM Higgs
mass, we have implemented the coefficient into HSSUSY,
a spectrum generator from the FlexibleSUSY package
which follows the EFT approach outlined in Sect. 2.2. It
assumes a high-scale MSSM scenario, where the quartic
Higgs coupling of the SM is evaluated at the SUSY scale g
by the matching to the MSSM. The scenario assumes that
all SUSY particles have masses around Mg and the Stan-
dard Model is the appropriate EFT below that scale. In the
original version of HSSUSY, the quartic Higgs coupling is
determined using the two-loop expressions of O (o, (s +
@)® + (@ + ap)® + ar (@ + &)%) from Refs. [12,17],
thereby ignoring terms of O(v?/ M?). The known three- and
four-loop SM MS B functions of Refs. [32,39,57-61] are
used to evolve the SM parameters to the electroweak scale,
where the gauge and Yukawa couplings as well as the Higgs
VEV are extracted from the known low-energy observables
at full one-loop level plus the known two- and three-loop
QCD corrections of Refs. [62—65]. The Higgs boson pole
mass is calculated by default at the scale u; = M; at the
full one-loop level with additional two-, three- and four-
loop SM corrections of O (o (65,2 + o"e,%) + (@ +ap)’ + &?),
O(@@} +&la; + a’a?) and O(a?a?) from Refs. [38,39,66].
Thus, by including (A)‘)&?é? in the calculation, HSSUSY
provides a resummed Higgs mass prediction in the decou-
pling limit of the MSSM through N3LO+N’LL at O(a?a?),
including the full NLO+NLL and the NNLO+NNLL result at
O(agy (61,2 —i—&i)—i—(&, —1—61;,)3 +&§ ). Unless stated otherwise, we
set us = Mg and u; = M; in the following numerical anal-
ysis and use M, = 173.34GeV and oV (M) = 0.1184.

InFig. 1 the effect of (AAgpr) 4252 on the pure EFT calcu-
lation of HSSUSY is shown as a function of the SUSY scale
Mg for degenerate soft-breaking mass parameters, all set
equal to Mg. Furthermore, we set pu(uus) = ma(us) = us,
tan B(us) = 10, A; = X; 4+ w/tan B, while all other tri-
linear couplings are set to zero. The upper row shows a sce-
nario with vanishing stop mixing, X;(us) = 0, the lower row
shows one with maximal stop mixing, X;(us) = —V6Ms.
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Fig. 1 Comparison of the three-loop HSSUSY (EFT) calculation with lower order EFT and fixed-order MSSM calculations from the
FlexibleSUSY package as a function of the SUSY scale. The orange band marks the experimentally measured value of the Higgs mass as

written in Eq. (1)

The left column of Fig. 1 displays the value of the calculated
Higgs boson mass for these two scenarios. The blue dashed
line and the blue solid line show the two- and three-loop
fixed-order calculations of FlexibleSUSY 2.1.0 and Flex-
ibleSUSY 2.1.0 + Himalaya 2.0.1, respectively. The black
dotted, dashed, and red solid line depict the EFT calcula-
tions of HSSUSY with A(us) calculated at the one-, two-,
and three-loop level, respectively. Here, AA'L and AA2L
denote all available one- and two-loop corrections, respec-
tively, and AML = (A)»EFT)(;,;@%. For comparison, the yel-
low horizontal band shows the current experimental value

for the Higgs mass, see Eq. (1). As was already observed
for example in Refs. [16,18,19], we find that in the range
Mg > 1TeV the fixed-order and the EFT calculations devi-
ate by several GeV. This is to be expected, because the EFT
calculation resums the large logarithmic corrections (in con-
trast to the fixed-order calculation) and above Mg = 1TeV
the neglected terms of O(v%/ M%) are negligible [15,18,20].

As the black dashed and solid red line are hardly distin-
guishable in these plots, we show the shift relative to the one-
and two-loop calculations of HSSUSY in the right column of
Fig. 1. The gray band in Fig. 1d corresponds to the theoretical
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Fig. 2 Comparison of the three-loop HSSUSY (EFT) calculation with lower order EFT and fixed-order MSSM calculations from the

FlexibleSUSY package as a function of the relative stop mixing

uncertainty on the result due to the hierarchy expansions of
the H3m result, evaluated according to Eq. (47); it amounts
to more than 100% of the central shift for maximal mixing.
For X; = 0, this uncertainty is zero, see Eq. (46), because
we also set us = Mg. This is consistent with the fact that
in this case, the degenerate-mass limit of the H3m result is
exact. The red band shows the “EFT uncertainty” as defined
in Refs. [12,13,16], estimating effects from missing terms of
(’)(132/M§). We see that the impact of (A)LEFT)O-[tzaAg is largely
negative with respect to the two-loop threshold correction,
AX%L| and may reduce the Higgs mass by up to 0.6 GeV
for maximal mixing when considering all values in the grey
uncertainty band. For zero stop mixing, the shift is signifi-
cantly smaller (< 20 MeV).

In Fig. 2, the Higgs mass prediction is shown as a func-
tion of the relative stop mixing parameter x, = X; /Mg for a
scenario with tan 8 = 10 and Mg = 5 TeV, where both the
fixed-order and the EFT approach can accommodate for the
experimentally observed value of Mj,, Eq. (1), as long as |x;|
is sufficiently large. The right panel shows again the differ-
ence of the three-loop calculation of HSSUSY with respect to
the one- and two-loop calculations. In accordance with Fig. 1,
we find that the shift induced by including (AAgpr) 22 is
negative by trend, and below about 200 MeV for x; > —2.
Below that value, the effects could be of order 1 GeV, but the
uncertainty of our approximation grows to about 100% in this
case, because are not included in the hierarchy expansions of
the H3m result.

To get an idea of the maximal effect that (AAgpT) - a2a2 can
have on the Higgs mass prediction, the blue band of F1g 3
shows the variation of M; when the SUSY mass parame-
ters mg 3, my,3, mp 3, and mg are varied simultaneously

@ Springer

and independently within the interval [Ms/~/2, v/2Ms] as a
function of Mg, including the uncertainty § ((AAgrr) &2 az)
The hatched region marks the range of SUSY scales where
the lightest running stop mass is below 1TeV for at least
one of the scanned points; in this case, the EFT may not
be applicable. For zero stop mixing (left panel), we find
that (AAgrr)y 252 can have an effect up to ~ —150 MeV for
Mg > 1TeV. In the region where m; > 1TeV, the correc-
tion reduces to —130 MeV at most. The three-loop correction
decreases for larger SUSY scales, mainly due to the fact that
the SM couplings become smaller. For maximal stop mixing,
x; = —+/6, the effect of the three-loop correction is signifi-
cantly larger, and canreach —1.25 GeV form; 2 1TeV.The
correction becomes particularly large when the soft-breaking
stop-mass parameters m g 3 and my 3 become small.

5 Conclusions

We have calculated the light CP-even Higgs mass of the
MSSM by including all known fixed-order radiative correc-
tions through O(atzozf), and resumming the logarithmically
enhanced terms for a heavy SUSY spectrum through fourth
logarithmic order in SUSY QCD. The only ingredient enter-
ing this result that was unavailable in the literature up to
now was the three-loop matching coefficient at O(a?a?) for
the quartic Higgs coupling from the SM to the MSSM. We

6 The choice of the interval [Mg /\/E, \/EMS] ensures that for all
scanned points there exists a suitable mass hierarchy which fits the
parameter point with a moderate uncertainty (A)\EFT)&%&?. In the
scanned parameter region, the most frequently chosen hierarchy is h3
or one of its sub-hierarchies.
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band shows the maximal variation of M), when the three-loop correc-

derived it from the known three-loop corrections to the light
CP-even Higgs boson mass of Refs. [33,34]. The coefficient
is provided both in terms of DR’ and MS parameters through
its implementation into the public Himalaya library, ver-
sion 2.0.1. This should facilitate its inclusion into spectrum
generators which implement the EFT approach. An uncer-
tainty estimate is provided to account for missing higher
order terms in the mass hierarchy expansions.
Implementing (AX) a2a? through Himalaya 2.0.1 into
HSSUSY, our numerical analysis shows that the three-loop
correction tends to be negative and may decrease the pre-
dicted Higgs boson pole mass by up to 0.6 GeV for maximal
stop mixing. In scenarios with zero stop mixing, the shift is
significantly smaller, dropping to about —25 MeV for SUSY
mass parameters of around 1 TeV. For non-degenerate spec-
tra with m;, 2 1 TeV, the three-loop correction can be of the
same size and reach up to —1.25 GeV for low stop masses in
scenarios where a suitable mass hierarchy exists. In scenarios
where no such hierarchy exists the correction may be signifi-
cantly larger, accompanied by a large expansion uncertainty.
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Appendix: Documentation of Himalaya 2.0.1

In this section we summarize technical details concerning
the new functionality of Himalaya 2.0.1.

Changes in Himalaya 2.0.1 In Himalaya 2.0.1, we made
changes to the hierarchy selection and to some three-loop
expressions which may affect the calculated Higgs mass at
three-loop level. We list all of these changes below.

e In Himalaya 1.0.1, all input parameters are assumed
to be given in the “H3m scheme”, see Sect. 3.2, and the
output is provided in the same scheme by default. Since
most MSSM spectrum generators use the DR’ scheme,
we have changed the definition of the input and output
accordingly: In Himalaya 2.0.1, all input parameters
are assumed to be given in the DR’ scheme. The output
is provided in the DR’ scheme by default. Shifts to other
renormalization schemes (H3m, m/, ...) are provided
separately by Himalaya.

e There are parameter scenarios where none of the H3m
hierarchies fits to the SUSY mass spectrum. H3m as well
asHimalaya 1.0.1 used the h3 hierarchy in these cases,
despite the fact that it does actually not fit. It turns out
that the requirement
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mj (48)

2>-L3mq,

mg > 1.3mg
is sufficient to avoid these scenarios. Himalaya 2.0.1
will therefore throw an exception if the conditions (48)
are not met.

e For the highest order in (mg —mt%_ ) in the hierarchy expan-
sions of H3m, we found disagreement with the logarith-

mic terms of the EFT approach. We therefore discarded
these orders completely (also the non-logarithmic terms)
in Himalaya.

Input parameters With Himalaya 2.0.1 we extend the
input parameters struct to a more general form. Its new form
is summarized in the following listing:

typedef Eigen::Matrix<double,2,1> V2;
typedef Eigen::Matrix<double,3,3> RM33;
struct Parameters {
// DR’-bar parameters
double scale{}; // renormalization scale
double muf{}; // mu parameter, convention of
// [Phys.Rept. 117 (1985) 75-263]
double gl{}; // GUT-normalized gauge coupling gl, with
// g¥Y = gl*sqgrt[3/5]
double g2{}; // gauge coupling g2 of SU(2)
double g3{}; // gauge coupling g3 of SU(3)
double vd{}; // VEV of down Higgs, with
// v = Sgrt[vu"2 + vd”"2] ~ 246 GeV
double wvu{}; // VEV of up Higgs, with
// v = Sgrt[vu"2 + vd”"2] ~ 246 GeV
RM33 mg2{RM33::Zero()}; // soft-breaking squared left-handed
// squark mass parameters
RM33 md2{RM33::Zero()}; // soft-breaking squared right-handed
// down-squark mass parameters
RM33 mu2{RM33::Zero()}; // soft-breaking squared right-handed
// up-squark mass parameters
RM33 ml2{RM33::Zero()}; // soft-breaking squared left-handed
// slepton mass parameters
RM33 me2{RM33::Zero()}; // soft-breaking squared right-handed
// slepton mass parameters
RM33 Au{RM33::Zero () }; // trilinear up type squark-Higgs
// coupling matrix
RM33 Ad{RM33::Zero () }; // trilinear down type squark-Higgs
// coupling matrix
RM33 Ae{RM33::Zero () }; // trilinear electron type squark-Higgs
// coupling matrix
RM33 Yu{RM33::Zero () }; // up-type vyukawa coupling matrix
RM33 Yd{RM33::Zero () }; // down-type vukawa coupling matrix
RM33 Ye{RM33::Zero () }; // electron-type vyukawa coupling matrix
// DR’-bar masses
double M1{}; // bino
double M2{}; // wino
double MG({}; // gluino
double MW{NaN}; // W
double MZ{NaN}; // 7
double Mt{NaN}; // top-quark
double Mb{NaN}; // down -quark
double Mtau{NaN}; // tau lepton
double MA{}; // CP-odd Higgs
V2 MSt{NaN, NaN}; // stops
V2 MSb{NaN, NaN}; // sbottoms
// DR’-bar mixing angles
double s2t{NaN}; // sine of 2 times the stop mixing angle
double s2b{NaN}; // sine of 2 times the sbottom mixing angle
i
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The parameters initialized to NaN are optional and will be cal-
culated internally if not set to a finite value by the user. Note
that all input parameters are interpreted as running MSSM
parameters in the DR’ scheme at the renormalization scale
scale.

Calling at the C++ level

Since the input parameters and the output of Himalaya
2.0.1 are always defined in the DR scheme, we have
removed the MDR flag in the constructor of the Hi erarchy
Calculator. The following source code listing shows an
example call of Himalaya 2.0.1:

call the calculateDMh3L member function of the cre-
ated HierarchyCalculator object. The calculate
DMh3L function takes a boolean argument to calculate the
corrections of O(afaf) (argument is false) or O(agaf)
(argument is true) to the CP-even Higgs mass matrix. The
function returns a HierarchyObject which contains the
calculated three-loop results.

To convert the three-loop results to other renormaliza-
tion schemes, the HierarchyObject class provides new
member functions which return additive shifts from the DR’
to any other scheme. The new member functions are listed
in the following sub-section.

// create a new parameter point
himalaya::parameters point;
point.scale = 1000.; // GeV
point .mu = 1000.; // GeV
// f£ill remaining parameters

// create the calculator class
himalaya::HierarchyCalculator hc(point) ;

/7
himalaya::HierarchyObject hoTop =

calculate all three-loop corrections of O(at*as”"2)
hc.calculateDMh3L (false) ;

The HierarchyCalculator class takes the param-
eter point as the only mandatory argument. To calcu-
late the three-loop corrections to the CP-even Higgs mass
matrix or to the quartic Higgs coupling A, one needs to

The following source code listing represents a complete
example which illustrates how the three-loop correction of
O(a?a?) to the CP-even Higgs mass matrix and to the quartic
Higgs coupling can be calculated with Himalaya 2.0.1.
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#include "HierarchyCalculator.hpp"
#include <cmath>
himalaya:: Parameters make_point (double MS, double xt, double

{

himalaya::Parameters pars;

const double
const double
const double

MS2 = MS*MS;
Xt = xt*MS;
beta = std::atan(tb);

scale =
MS;
0.46;

0.65;

1.166;

246*std::cos (beta) ;
246*std::sin (beta) ;
0, 0,

0, Ms2, 0,

0, 0, MS2;

Ms2, 0, O,

0, Ms2, O,

0, 0, MS2;

Ms2, 0, O,

0, Ms2, O,

0, 0, MS2;

Ms2, 0, O,

0, Ms2, O,

0, 0, MS2;

Ms2, 0, O,

0, Ms2, 0,

0 0, MS2;

Xt + pars.mu/tb;
0.862;

0.133;

) = 0.101;

pars.
pars.mu =
pars.gl
pars.g2 =
pars.g3
pars .vd
pars.vu =
pars.mg2 << MS2,

MS ;

pars .md2

pars.mu?2
.ml2

pars

pars .me2

pars.
pars.
pars.
pars.
pars.
pars.
pars.
pars.

MS ;

return pars;

}

int main ()
{

// create parameter point

const auto point = make_point (2000, std::sgrt(6.), 20);
// create calculator object

himalaya::HierarchyCalculator hc (point) ;

// calculate 3-loop corrections O(at”2*as”2)
const auto ho = hc.calculateDMh3L (false) ;

// get 3-loop contribution to CP-even Higgs mass matrix
const auto dMh_3L = ho.getDMh (3) ;

// get 3-loop contribution to lambda
const auto delta_lambda_3L = ho.getDLambda (3) ;

// get uncertainty for 3-loop lambda
const auto delta_lambda_3L_uncertainty =

tb)

ho.getDLambdaUncertainty (3) ;
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New member functions of HierarchyObject.
Below we list all member functions of Hierarchy
Object that are new in Himalaya 2.0.1.

getDMhDRbarPrimeToMDRbarPrimeShift ()
Returns the additive shift to convert the Higgs mass
matrix from the DR’ scheme at three-loop level to the
MDR' scheme.

getDMhDRbarPrimeToH3mShift () Returns the
additive shift to convert the Higgs mass matrix from the
DR’ scheme at three-loop level to the H3m scheme. In
matrix form, the shift is given by:

n

2
m=
> AR TS VIR S A\ _ 4
(AMh.ll)HBm»DR/_C’U“ X; {mﬂ szlmlen <m2> mfz}’

(49)
2 4 2
(AMhA,IZ)Hgm_,ﬁ’ = C.MXt{ - m;] (A,X, + 3mt~2>
m2
+ 2A,m?I mfngt In ( ;‘ )
)
+ A,m?zX, + mg + 3mtg1m?2 — m% }, (50)
2 2
(AMji21)s3mbr = (DM 12) 5057 - G

2 2 2y2 2 4
(AMZ) e =C {Alz[mil (42X +4Am2 X, —m})

+ (m;2 — A,m,—zX,) +mf1]
m?
72At2m?1mtg2X,2 In (mtg] )} , (52)
3

with

agv Sﬁ

80{2222

2.2 A3

ml-]msz12
2

x 1 =6(lsz + Dm? + 10Usz + mZ + Y (1 +Ig;)m? } )
i=1

(53)

getDLambda (int loops) Returns the correction to
the matching relation of A at n-loop(s) including prefac-
tors. n can be 0, 1,2, 3, where n = 3 corresponds to
(A)‘-EFT)Q%%Z-
getDLambdaDRbarPrimeToMSbarsShift (int
loops) Returns the additive shift (5A) o2a? of Eq. (34),
which accounts for the effect of a parameter conversion in
A at n-loop(s) from the DR to the MS scheme, including
prefactors. n can be 0, 1, 2, 3, where n = 3 corresponds
to the shift for (A)‘EFT)a,Zag-

getDLambdaUncertainty (int loops) For
loops = 3 the function returns the uncertainty
S((AAgpT) o? asz) according to Eq. (47), including the pref-
actors. For 1oops # 3 the function returns zero.
getDMh2EFT (int loops) Returns M}%’E]:T’doopS>
according to Eq. (23) at n-loop(s). n can be 0, 1, 2, 3,
where n = 3 includes the contribution of (AAgpT) a2
The three-loop result get DMh2EFT (3) can be used to
extract (AA) o2a? from an alternative fixed-order calcu-
lation, following the procedure introduced in this paper.
See below for an example.

Extracting (A)‘)afag from alternative three-loop calcula-
tions of the Higgs mass

The results for matching coefficient (A)‘EFT)a? a2 bre-
sented in this paper rely on the H3m result for the three-loop
Higgs mass. By using the member functions get DMh2EFT
(int) and getDLambda (int) of the Hierarchy
Object, it is possible to extract the three-loop correc-
tion (A)L)atzaj; from any other three-loop fixed-order DR

O(afaf) expression for the Higgs mass. These two mem-
ber functions return the following three-loop contributions

getDMh2EFT (3) = M;f,EFT,g
(AN)2,2=0

+ K3v2a,2a3sg(A)»EFT)a’za§ - Mhz,EFT,Z’ (54)

getDLambda (3) = K3a,2a3sg (AAEFT)a’zag. (55)

with MiEFT,n and (A)LEFT)atzasz defined in Sect. 3. By com-

bining these functions with an alternative three-loop calcu-
: 2

lation M}, ey 5 as

2 _ g2 2
(Akai)g2q2 V™ = Mj grr3 — My BFT.2

— getDMh2EFT (3) + v> x getDLambda (3)
(56)

2 2
= Mj, grr3 — Mj, grr 3 (ks 11s) 57
(AN 2,2=0
(XI ag

one can extract the corresponding three-loop correction
(Akal) 242+
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