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ory entering via loop contributions. The currently most accurate prediction for the W
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one-loop corrections. Special care is taken in the treatment of the triplet scalar vacuum
expectation value vy that enters the prediction for My, already at lowest order. In the
numerical analysis the decoupling properties of the supersymmetric loop contributions and
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MRSSM-specific A superpotential couplings are highlighted. The comparison with existing
results in the literature is discussed.
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1 Introduction

Supersymmetry (SUSY) is seen as one of the most attractive extensions of the Standard

Model (SM) of particle physics. It provides a solution for the hierarchy problem of the

SM and a prediction for the mass of the scalar resonance discovered at the LHC [1-3]

if it is appropriately identified with one of the neutral Higgs bosons of the considered

supersymmetric model.

So far, no further new state has been discovered at the LHC. The search limits from

the LHC and previous colliders give rise to strong constraints on the parameter space of the



Minimal Supersymmetric Standard Model (MSSM). The impact of those search limits may
be much smaller for models with extended SUSY sectors. In particular, the introduction
of R-symmetry [4] leads to models where the limits on the particle masses are significantly
weaker and where accordingly the discovery of TeV-scale SUSY is still in reach of current
experiments.

The LHC phenomenology of the Minimal R-symmetric Supersymmetric Standard
Model (MRSSM) [5] and other models with R-symmetry has recently been explored in
refs. [6-15]. The signatures of the MRSSM differ from the ones of the MSSM as the model
includes Dirac gauginos and higgsinos instead of Majorana ones. This goes hand in hand
with additional states in the Higgs sector including an SU(2) triplet, which may acquire a
vacuum expectation value breaking the custodial symmetry of the electroweak sector. Ad-
ditionally, R-symmetry forbids all soft SUSY-breaking trilinear couplings between Higgs
bosons and squarks or sleptons, which removes unwanted sources of flavour violation which
exist in the MSSM.

Even with no direct signals of SUSY indirect probes like electroweak precision observ-
ables can provide sensitivity to SUSY contributions above the direct experimental reach.
Here we study the prediction for the mass of the W gauge-boson, My,. The world average
combining LEP and Tevatron results [16, 17] is

MEP = 80.385 4+ 0.015 GeV . (1.1)

It may be improved by measurements of the LHC experiments, where a first ATLAS result
at /s = 7TeV reports a value [18] of

MHTEAS —80.370 £ 0.019 GeV . (1.2)

The statistical combination of the ATLAS measurement (1.2) with the one of eq. (1.1)
yields an updated experimental result of [19]

MEP+TevatrontATLAS — g0y 379 +0.012 GeV . (1.3)

For a meaningful comparison to experiment a precise theory prediction is necessary.
In the Standard Model (SM) the prediction includes contributions at the one-loop [20, 21]
and two-loop level [22-33], as well as leading three- and four-loop corrections [34-43]. In
refs. [44, 45] a parametrisation of the My, prediction containing all known higher-order
corrections in the on-shell scheme has been given. Updating the experimental results for
the input values [19]! and identifying the scalar state discovered at the LHC with the
Standard Model Higgs boson leads to a prediction for the W boson mass in the Standard
Model of
mpYorshell — g0 356 GeV . (1.4)

This result shows a slight downward shift compared to the previous calculation [46] due
to the updated input parameters. Hence, the long-standing tension of the experimental
measurement and theoretical prediction of just below 20 remains.

1See section 5 for the numerical values.



As similar result for the W boson mass prediction in the SM has been obtained for a
mixed on-shell/DR scheme in ref. [47] and updated in ref. [48].

The largest parametric uncertainty is induced by the top quark mass. For the experi-
mental value

meP = 173.0 £ 0.4 GeV (1.5)

the quoted experimental error accounts only for the uncertainty in extracting the measured
parameter. This needs to be supplemented with the systematic uncertainty arising from
relating the measured mass parameter to a theoretically well-defined quantity such as the
MS mass. This uncertainty could be reduced very significantly with a measurement of the
top quark mass from the ## threshold at a future eTe™ collider

Accurate theoretical predictions for the W boson mass have also been obtained for the
most popular supersymmetric extensions of the SM in the on-shell scheme, in particular
for the MSSM [46, 49, 50], see also ref. [51] and references therein, and the NMSSM [46].
Furthermore, results are available in the mixed on-shell/DR scheme for the MSSM first
studied in ref. [52], which has been adapted for mass spectrum generators e.g. SPheno [53]
and SoftSUSY [54] which also includes extensions to the NMSSM [55].

For the MRSSM the W boson mass has been studied together with other electroweak
precision observables in ref. [6]. The MRSSM result of ref. [6] was obtained for the afore-
mentioned mixed on-shell /DR scheme where only the gauge-boson masses My, and M are
on-shell quantities, making use and adapting the tools SARAH and SPheno [56—63]. Recently,
a new implementation of this calculation in the program FlexibleSUSY 2.0 [64, 65] has
shown a large discrepancy in the MSSM with the result that was achieved in the on-shell
scheme [46, 49, 50] and also a large discrepancy in the MRSSM with the result of ref. [6].

In this paper we present an improved prediction for the W boson mass in the MRSSM.
Employing the on-shell scheme for the SM-type parameters, we obtain the complete one-
loop contributions in the MRSSM and combine them with the state-of-the-art SM-type
corrections up to the four-loop level. In the calculation of the MRSSM contributions a
renormalisation of the triplet scalar vacuum expectation value vy is needed since this pa-
rameter enters the prediction for My, already at lowest order. We investigate the treatment
of this parameter and implement a DR-type renormalisation. In our numerical analysis
we study the decoupling limit where the SUSY particles are heavy and verify that the
SM prediction is recovered in this limit. We investigate the possible size of the different
MRSSM contributions and compare the results with the MSSM case. We also discuss the
comparison of our result with the existing MRSSM results.

The paper is organised as follows: in section 2 we give a brief overview of the MRSSM
field content and introduce the relevant model parameters required to discuss the calcu-
lation of the My, prediction in this model. In section 3 details on the calculation of the
higher-order corrections to the muon decay process are presented. Section 4 contains the
details on the implementation of the calculation, while in section 5 we present a quantita-
tive study of the My, prediction in the MRSSM parameter space and a comparison of our
results to previous calculations. We conclude in section 6.



Field Superfield Boson Fermion
Gauge Q,W,B 0 g, W, B 0 §,WB +1
Matter [,e +1 &y +1 0 Ley 0
¢,d, +1 qr,dp,up  +1 qr,dp,upR 0
H-Higgs Hg, 0 Hg, 0 Hg, -1
R-Higgs Ra.u +2 R +2 Ry, +1
Adjoint Chiral O,T,S 0 o,T,8 0 o, 17,5 -1

Table 1. The R-charges of the superfields and the corresponding bosonic and fermionic components.

2 The Minimal R-symmetric Supersymmetric Standard Model

2.1 Model overview

The minimal R-symmetric extension of the MSSM, the MRSSM, requires the introduction
of Dirac mass terms for gauginos and higgsinos, since Majorana mass terms are forbidden by
R-symmetry. This leads to the need for an extended number of chiral superfields containing
the necessary additional fermionic degrees of freedom.

Therefore, the field content of the MRSSM is enlarged compared to the MSSM by
doublet superfields f%d,u carrying R-charge under the R-symmetry as well as adjoint chiral
superfields @, T, S for each of the gauge groups. The full field content of the MRSSM
including the assignment of R-charges is given in table 1.

In the following we introduce the parameters of the MRSSM. All model parameters
are taken to be real for the purpose of this work. The MRSSM superpotential is given as

W =pgRqg-Hy +py Ry - Hy +NgRy-THy + AR, -TH,
+ X SRy-Hy +MSRy,-Hy —Yydg-Hy —Y,él-Hy +Y,aG-H,,  (2.1)

where the dot denotes the e contraction with €19 = +1. In order to achieve canonical
kinetic terms the triplet is defined as

. (ToV2 T
7o < oj1 To?ﬁ) . (2.2)

The usual p term of the MSSM is forbidden by R-symmetry but similar terms can be written
down connecting the Higgs doublets to the inert R-Higgs fields with the parameters tq.,.
Trilinear couplings Ag4,, and A4, couple the doublets to the adjoint triplet and singlet field,
respectively. The Yukawa couplings Y., are the same as in the MSSM.

The soft SUSY-breaking Lagrangian contains the soft masses for all scalars as well as
the usual B, term. Trilinear A-terms of the MSSM are forbidden by R-symmetry.? This

2Following the arguments in ref. [6], the addition of further bilinear and trilinear holomorphic terms of
the adjoint scalar fields is not considered here.



part of the Lagrangian reads

MRSSM 2 ~k o~ 2 ~ ~ 2 7 7 2 0% 7 2 ~% o~
Lot = —qu,ijq;kLQjL - maR,ijU%kRUjR - ngﬂ-jdede - mgLﬁijgngjL - méR,z'j@fR@jR
—mjy |Hal? = m¥y, |Hy|* — [Bu(HqH,) + h.c.] — mg|S|?
—mpy |Ra|* = m%, | Rl — m7 Te(T*T) — mg Tr(0*0). (2.3)

Dirac mass terms connecting the gauginos and the fermionic components of the adjoint
superfields are introduced. They are generated from the R-symmetric operator involving
the D-type spurion [66]3

2 W’a,i ag D ~ ~t

where M is the mediation scale of SUSY breaking, W represents the gauge superfield
strength tensors, §; = §, W, B is the gaugino, and g = O, T, S is the corresponding Dirac
partner with opposite R-charge which is part of a chiral superfield ;= O, T, 5. The mass
term is generated by the spurion field strength W’ i = 0.D; getting a vev (D;) = MMP.
Additionally, integrating out the spurion in eq. (2.4) generates terms coupling the D-fields
to the scalar components of the chiral superfields, which leads to the appearance of Dirac

masses also in the Higgs sector,
Vp = ME(BS —V2Dg S) + M (WT* — V2D, T*) + MP (3°0" — v2D}0") + h.c..
(2.5)

During electroweak symmetry breaking (EWSB) the neutral EW scalars with no R-
charge develop vacuum expectation values (vevs)

1 1

HY = —(vg+ b4+ io , ng—vqu w +10y) ,

d \@(d ba +ioq) \/Q( ¢ )
1 1

T = —(vp + ¢p + io7), S =—(vs+ ¢s+iog).
\@(T o1 + ior) \/Q(s ¢s +ios)

After EWSB the singlet and triplet vevs effectively shift the p-parameters of the model,
and it is useful to define the abbreviations

L Aivs n Aot off0 _ Aivs

i 1 \/5 2 ) /’["L i \/i ’

The R = 0 Higgs sector contains four CP-even and three CP-odd neutral as well as

i =u,d. (2.6)

three charged Higgs bosons. The Higgs doublets with R-charge 2 stay inert and do not
receive a vev such that two additional complex neutral and charged scalars are predicted
by the MRSSM. The sfermion sector is the same as in the MSSM with the restriction that
mixing between the left- and right-handed sfermions is forbidden by R-symmetry. In the
MRSSM the number of chargino and higgsino degrees of freedom is doubled compared to
the MSSM as the neutralinos are Dirac-type and there are two separated chargino sectors
where the product of electric and R-charge is either 1 or —1.

The mass matrices of the SUSY states can be found in ref. [6]. The masses of the
gauge bosons arise as usual with an important distinction which will be discussed in more
detail in the following.

3 Alternatively, it is also possible to generate Dirac gaugino masses via F-term breaking [67].



2.2 The W boson mass in the MRSSM

The expression for the W boson mass differs from the usual form of the MSSM and the
SM due to the triplet vev vp. With the representation in eq. (2.2) the kinetic term for the
scalar triplet is given as

J [(DMT)T (D“T)} DT = 3,T + 195 [W, T] . (2.7)

The possible contribution to the gauge-boson masses from a triplet vev arises from the
quartic part as

~(1g2)?Tr ([T, W) [W,7] ) = <%2)2Tr ([r=.7] [7.7]) Timawery

2
- —%2 (W“WaTng - WaT;WbTb) , (2.8)
where the 7% are the Pauli matrices. The two terms of the last expression cancel each other
for the neutral component when the triplet vev is inserted. Hence, only the mass of the
charged W boson receives an additional contribution. Then, the lowest-order masses of the
Z and W bosons in the MRSSM are given as
_ Q% 2

miy = Z20° + vz, (2.9)

9t + 9§v2
4

my = A28 2
with v = (/02 + 03. The appearance of v in the expression for the W boson mass is also
relevant for the definition of the weak mixing angle as the introduction of vy spoils the
accidental custodial symmetry of the SM.

Numerically the contribution due to the triplet vev is strongly constrained by the
measurement of electroweak precision observables, especially Ap which leads to a limit of
lvr| < 3GeV. A more detailed discussion of its influence on the W boson mass is given in
section 5.2.1.

The weak mixing angle which diagonalises the neutral vector boson mass matrix leading
to the photon and Z boson is related to the gauge couplings as usual

< 93

2 2 2 -2
Gy = cos”(Oy) = , Sy =1—&y, (2.10)
gt + 95

where we have introduced the notation éw, cw and Sy in order to distinguish those
quantitities from the ones defined in eq. (2.12) below. Together with the electric charge e
derived from the fine-structure constant o = e? /47 the weak mixing angle Oy can be used

to replace the gauge couplings,
g == g2==—. (2.11)

Additionally, we define the ratio of the masses of the electroweak gauge bosons as

2 2,2 2,2
2 _ My 9 e ur 2 ) e ur
CW:T_CW—FW’ SW_]‘_CW_SW_ﬁ' (212)
my, (1 =& )msy, stymy,



In the limit of vanishing vy the two quantities s%V and 512/[/ coincide with each other at
tree-level as in the MSSM. For the extraction of the W boson mass from the muon decay
constant it is helpful to solve eq. (2.12) for 53,

1 / 4e202
~2 2 T

taking the physical solution such that 5%[, — 3%{/ for v — 0 holds as required.

2.3 Determination of the W boson mass

The Fermi constant G is an experimentally very precisely measured observable that is
obtained from muon decay. The comparison with the theoretical prediction for muon decay
yields a relation between the Fermi constant, the W boson mass, the Z boson mass and the
fine-structure constant. Therefore a common approach is to use Gg as an input in order
to derive a prediction for the W boson mass in the SM and in BSM models.

Muons decay to almost 100% via p~ — e~ 0. The Fermi model describes this
interaction via a four-point interaction with the coupling Gr. It is connected to the exper-
imentally precisely measured muon lifetime 7 extracted by the MuLan experiment [68] via

i miG%F m2
7. 19273

m,% ) (1+ Aq). (2.14)

Here, F'(m?2/ mi) collects effects of the electron mass on the final-state phase space, and
Aq denotes the QED corrections to the Fermi model up to two loops [69-71].* Detailed
expressions can be found for instance in chapter 10 of the Particle Data Group report [19].

Equating the expression in the Fermi model with the SM prediction in the on-shell
scheme yields the following relation between the Fermi constant G, the fine-structure
constant o = e?/(4n) in the Thomson limit, and the pole masses (defined according to
a Breit-Wigner shape with a running width, see below) of the Z and W bosons, Mz and

My, respectively,

Gr ¢ (1+ Ar) (2.15)
— = r .
V2 8ME sy, ’

where all higher-order contributions besides the ones appearing in eq. (2.14) are contained
in the quantity Ar. The same functional relation holds also in the MSSM and the NMSSM.?
The weak mixing angle in eq. (2.15) is given by s%, = 1 — M2,/M% in accordance with
eq. (2.12).

SM:

“In the past, conventionally a factor (14 (3m,)/(5M7;)) has often been inserted in eq. (2.14) in order to
take into account tree-level W propagator effects even though this correction term is not part of the Fermi
model. With the enhanced accuracy of the MuLan experiment this previously numerically negligible factor
has to be taken into account on the side of the full SM calculation when using the experimentally extracted
value of G from ref. [19].

5 As mentioned above, tree-level effects from the longitudinal part of the W propagator and, for the case
of an extended Higgs sector, of the charged Higgs boson(s) are understood to be incorporated into Ar. As
effects of this kind are insignificant for our numerical analysis, we will neglect them in the following.



In the MRSSM the relation of eq. (2.15) gets modified because of the contribution of
the triplet vev vr entering at lowest order,

Gr ¢ (1+ AF) (2.16)

= T o2 9 r .
V2 8ME 5,

where 3%, originates from the gauge coupling go, see eq. (2.11) and eq. (2.12). We use

the notation A7 for the higher-order contributions in the MRSSM, where eq. (2.16) is

expressed in terms of the quantities My, Mz, « defined in the on-shell scheme as in

MRSSM:

eq. (2.15). Inserting eq. (2.13) into eq. (2.16) and solving for ME, yields

1 1 am 1
M2, = M2 | = - — (1 + A7 — 4V2 1| ———— | . 2.1
w VA (2 + \/4 \/QGFM%( + Ar \/>GFIUT)) L 4\/1§GAF~U% ( 7)
+Ar

As AF itself depends on Myy it is technically most convenient to determine My numerically
through an iteration of this relation. In the limit v — 0 the result of eq. (2.17) yields the

well-known expression

1 1 o
M2 =—Mi|+, /> —————(1+Ar 2.18

that is valid in the SM, since A7 coincides with the usual definition of Ar in this case.

As mentioned above, in the previous calculation [6] for the MRSSM a mixed scheme
was used where only the gauge-boson masses My, and My are on-shell quantities. For

completeness we provide a short description of this scheme. Following refs. [47, 48], the
2

WNTS/DR
in this scheme together with the on-shell definitions of the masses. Here, MS/DR denotes
renormalisation via modified minimal subtraction either in dimensional regularisation or

running electromagnetic coupling 555 /DR and the running mixing angle s are used

reduction. Higher-order corrections are collected in several parameters that incorporate a
resummation of certain reducible higher-order contributions, in particular

N _ v -2 _ Mgv 22 _ 2
ONSPR T T Cwwsor =g Swasor L G (1)
where
. - 0344 (p?) 1
AA — HAA O , HAA O = T , N— —
2 PR e ver.v
p==0
) A2 X XA:ZZ(MQ) i}WW M2
Apo= 51—, N e (2 ) : (2.20)
V2t M My,

Here Apg contains the tree-level shift arising from the triplet vev, while Apg contains the
higher-order corrections including all MRSSM one-loop and leading SM two-loop effects,
$r denotes the transverse part of the DR-renormalised self-energies of the gauge bosons,
and R indicates the real part. Analogously to eq. (2.16) one can write

MRSSM: =_ MS/DR
2 a2
V2 8MiyS v ow

(1+ Afyw) (2.21)



where the quantities defined in egs. (2.19), (2.20) have been used, and Ay, contains
additonal higher-order corrections. The described approach has been used in previous work
for the MRSSM and is the one implemented in several MSSM and NMSSM mass spectrum
generators following refs. [52, 72]. For an approach in a pure minimal subtraction scheme
see ref. [73].

In the following, we discuss the details of the on-shell calculation in the MRSSM
according to eq. (2.16), making use of the state-of-the-art prediction of the SM part, and
compare it to previously obtained results.

3 A7 in the MRSSM

For our on-shell calculation of the W boson mass in the MRSSM we include all MRSSM
SUSY effects at one-loop level and all known higher-order contributions of SM type. This
follows the approach taken for the MSSM [46, 49] and the NMSSM [46].

3.1 One-loop corrections

3.1.1 General contributions

At the one-loop level, AF(® receives contributions from the W boson self-energy, from
vertex and box corrections, as well as from the corresponding counterterm diagrams. It
can be written as

SYW(0) — 6 M} 1 v 853
A = 2T (](22 W+ (Vertex and Box)+5 (627 + 02}, + 02 + 02,/ ) +20e— W
N 3

The field renormalisation of the W boson drops out as the field only appears internally.
The expressions for the MRSSM vertex and box contributions are given in the appendix

of ref. [6].
Using the on-shell scheme, we fix the renormalisation constants of the gauge-boson

masses as
2 2 2 2 WW/ZZ ;3 2
MR 70 =Mz, + MR, ;. 6ME,, =Ry VP2 (M2, )., (3.2)
where E;V w/ ZZ(pQ) is the transverse part of the unrenormalised gauge-boson self-energy

taken at momentum p?, and as before i denotes the real part. The field renormalisation
constant of a massless left-handed lepton is

1
Ino= <1 + 2522) I, 625 =-%5(0). (3.3)

The electric charge is renormalised as

Sw X77(0)

Gy M2

x4 (p?)

ep =e(1+de), 56:1HAA(O)+ 5 ,
W* =0 (34)

2
Aaf?), (MZ) = (T44(0) — RIA (M3))

, HAA(O) =

‘ light quarks ’

where the quantity Aaﬁz)d(M%) is extracted from experimental data and accounts for the

contributions of the five light quark flavours.



For the renormalisation of the weak mixing angle ZS%V the appearance of vr leads to
differences compared to the SM and the MSSM. The parameter S%V is renormalised with
the renormalisation constants of the gauge-boson masses

§s%, 3 Y2Z(M2Z)  sWW(ME)
2 2 2 T
= 0sty, —X =R - W2 . 3.5
Sy o = Siv + 08 2 2 ( ) 5 > (3.5)

The renormalisation constant of the weak mixing angle 512/‘, can be expressed in terms of
55%,[,, e, dup and M2 using the relation between §%V and 8124/ given in eq. (2.12),

5~2 ) 2 2 32 ) 5M2
N R
Sty Sty Sty v M7, — Sy
(3.6)
Expressing (55%/‘, by the self-energies of the vector bosons gives
05 _ _ cy <Z%Z(M%) B E:VVW(M%»
3124/ 23%[, — 8‘24/ M% MI%V (3.7)
4ravd TA4(0) + 2 Sw 247 (0) §RZ]ZZ(]MZ) 26UT
228, _ s1,)M2 Gw M2 M2 or

If the triplet vev was absent, the on-shell renormalisation of the electroweak parameters
would be the same as in the SM and the MSSM, and 55124, and (5812,‘/ would coincide. It is
important to note in this context that in our renormalisation prescription S’%V is treated
as a dependent parameter as specified in eq. (3.6). The renormalisation of the triplet vev
is described in the following section. This prescription for the weak mixing angle ensures
that the contributions to 5'§I2/V / 512/‘, incorporate the typical quadratic dependence on m; that
is induced by the contribution of the top/bottom doublet to the p parameter at one-loop
order. This behaviour was found to be absent in renormalisation schemes where the weak
mixing angle is treated as an independent parameter that is fixed as a process-specific
effective parameter sin? f.g, see refs. [74-76].

3.1.2 Renormalisation of vr

The triplet vev vr is an additional parameter of the electroweak sector in the MRSSM
compared to the MSSM. As it appears in the lowest-order relation between the muon
decay constant and My, eq. (2.17), its renormalisation is required for the prediction of
Myy. In principle, in the MRSSM one could instead have used My, as an experimental
input parameter in order to determine vy via egs. (2.9)—(2.13). Among other drawbacks,
in such an approach the SM limit of the MRSSM, which involves vy — 0, could not be
carried out. Instead, we prefer to keep My, as an observable that can be predicted, using
in particular Gr as an experimental input, and compared to the experimental result as it
is the case in the SM and the MSSM.
For the calculation of My, performed in this work we renormalise vy such that

! 2
Svr = K <4—D —vE + log 47r> . (3.8)

5Tt also appears in the lowest-order relation between My, and the weak mixing angle, eq. (2.13).

~10 -



Accordingly, dvr only contains the divergent contribution (in the modified minimal sub-
traction scheme) with a prefactor k, where the correct choice of the latter ensures that the
renormalised quantities are finite. The value of vr is taken as input at the SUSY scale
mgusy. The triplet vev is the only BSM parameter entering the tree-level expression of
eq. (2.9). All other BSM parameters of the MRSSM only enter the loop contributions and
do not need to be renormalised at the one-loop level. As vr is a parameter of the elec-
troweak potential a comment on the tadpole conditions is in order. The tree-level tadpoles

are given as

1 i
td = vq [8 (97 + 93) (vG —v2) — 1 MEBvs + g2 Mipor + miy, + (1 ’ﬂﬂ — v By,
1 _
ty = Uy [8 (97 + 93) (v2 —v3) + g1 MEBvs — g2 Mpor +mi;, + (u&® )2] —vaBy ,
1 1 F _
tr = 592MI?/ (vi—va) + 5 (Adviui T A2t ) + 4(ME)2vr + mFor,

ts = %glMg (v —v3) + \}5 (M%%MZHHF + )\uUZMZH’_> +4(ME)?vs +mivs,  (3.9)
and one may trade one model parameter for each of the tadpoles. The numerical values of
those parameters are fixed implicitly by the conditions ¢; = 0 so that they now are expressed
as functions of all the other input parameters of the model. In our calculation of My, we
choose the set of m%{u, m%{d, m2T and vg as dependent parameters. Choosing instead v
as a parameter to be fixed by the tadpole equations would require a renormalisation of all
parameters in these relations. This would lead to a finite counterterm dvy which would
have a complicated form but would be expected to have a numerically very small impact
on the prediction of My as it is suppressed in eq. (3.7) by a prefactor of v2./M2.

Our calculation for the My prediction in the MRSSM is embedded into the framework
of SARAH/SPheno described in section 4 below. There, we use a different set of parameters
derived from solving the tadpole equations, namely vr is treated as an output there and
m2T as input. The value for vy calculated by the SARAH/SPheno routines is then passed to
our implementation of the Myy calculation as an input. This is necessary as vr is much
smaller than mgygy for realistic parameter points. Therefore, small variations in vy during
the required iteration might have strong effects on the BSM mass spectrum and may lead to
numerical instabilities. For example, at tree-level a chosen vy value might lead to physical
Higgs states while tachyonic states might appear after adding the loop corrections to the
mass matrices and tadpole equations. This is circumvented by using in a first step m2T as
input and keeping it positive. In the following we describe the treatment of the tadpole
conditions in the SARAH/SPheno framework in more detail and illustrate that the definition
that we have chosen for vy ensures that it is suitable as input for our calculation of My
satisfying eq. (3.8).

In the SARAH/SPheno framework free parameters are renormalised in the DR scheme,
and the masses of the SUSY states are calculated to a considered loop order. The tadpoles
are an exception in this context as they are renormalised relying on on-shell conditions.
Hence, their counterterms cancel the tadpole diagrams, and the tadpole contributions do
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not need to be considered as subdiagrams of other loop diagrams. This means that the
bare tadpole g ; is given as

to; =t; +0t;, oty =—T1"(0), (3.10)

where I'(0) are the unrenormalised one-loop one-point functions. The renormalised tad-
poles t; are required to vanish, corresponding to the minimum of the effective poten-
tial. The parameters chosen as dependent parameters via the tadpole conditions for the
SARAH/SPheno mass spectrum calculation are m?,,u, ’I’h%{d, U and Ug. As the tadpoles are
renormalised via on-shell conditions, the renormalised dependent parameters respect the
tree-level relations while the counterterms of these parameters (57%%“, 5m§,d, dor, 00g)
have to contain finite parts. Therefore, considering only the finite part of all appearing
quantities (i.e., counterterms that only contain a divergent contribution have been dropped)
the finite parts of the counterterms are given implicitly via the following relations:

1 5. 1 - 1 - N -
Vg [<4A¢21UT+2Ad,UJd+92MI/%> S0+ (2)\35vs+/\dud—91M§> 5vs+(5m%{d] =-T%0),

1 1 1
Uy |:<4A36T_2Auﬂu_g2MI?/> dvr+ <2>‘1215775+>\u,uu+91MBD> 5ﬁS+5m%‘Iu:| =—T%0),

1

2v/2

2v2

(AgAgv2— Ay Ayv2) 605+ [m%+4(MV%)2+i(A§U§+A§v3)] sor =—-T7(0),

1
(AaAqv? — Ay Ayv2) 807+ {m§+4(M§)2+ 2()\31)3—1—/\3@3)} 6tg=—I°(0).
(3.11)

Note that the terms containing Ag,, and Ag,, arise from the terms involving szf,i and ptE

in eq. (3.9).
In the loop calculation one can then define parameters mi}bOp, m%lo‘)p, v%}mp and U?OP
u d
as sum of the tree-level parameter and the finite part of the counterterm. For the triplet
vev we choose (as above, a purely divergent counterterm is dropped)

V%P = G + 607 | inite - (3.12)

This definition of v;?()p corresponds to a renormalisation of vy with a purely divergent coun-

terterm as required in eq. (3.8). Therefore, vio®®

as an output of this procedure is a suitable
input for the our calculation of the My prediction. This change in parameterisation leads
to a numerical difference between the value of m% used for the My, calculation on the
one hand and for the derivation of the loop-corrected SUSY mass spectrum on the other.
As we consider the SUSY corrections only up to the one-loop level for A7 the one-loop
shift of the model parameter m? formally leads to a higher-order effect that is beyond the

considered order for the SUSY loop corrections. Solving eq. (3.11) for 007 |gnite yields

&ﬁT‘ﬁnite = (313)
[ +4(ME)?+ 3 (A\qvg + A20m) I (0)lgimite — 55 (AaAavg — Auduvy )T (0) finite
§ (Aadqv] — A Ayv2)2 = [mF +4(M)2 + § (AJvj + A202) | [mE +4(ME)2+ 5 (Njvi+A202)]
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The divergent part of §or on the other hand can be compared to the general expressions
given in ref. [77] and we find agreement with them.

A compact expression for vy can be derived by solving the third equation of (3.9) for
it. At tree-level, we get the following

(AutiS™ + go M )02 — (AgpS™ + go M )02
2 (m3 +4(MP)?) + 5 (AZv3 + A202)

vp = (3.14)

The magnitude of vr can be affected in several ways. On the one hand it can become
small as a consequence of large SUSY mass scales appearing in the denominator. Here,
the combination m?2. + 4(MV’?/)2 is the squared tree-level mass matrix entry for the CP-even
Higgs triplet. On the other hand, the numerator can become small. For tan 5 > 1 the term
proportional to v2 dominates. If then QQMV[[), is numerically close to —Auuﬁﬁ’o a partial

cancellation is possible leading to a reduced value for vp.”

In ref. [78] the influence of the triplet vev on the decoupling behaviour in a model
where the Standard Model is extended by a real triplet was studied. It was found that non-
decoupling behaviour exists when the triplet mass parameter approaches large values while
the triplet-doublet-doublet trilinear coupling also grows. While a detailed investigation
of this issue in the MRSSM would go beyond the scope of the present paper, we note
that studying the numerical one-loop contributions to the triplet tadpole I'" we do not
find a non-decoupling effect for a comparable limit. Hence, this effect does not appear
in our numerical analysis, see also the discussion in section 5.1 where we compare the
MRSSM prediction with the one of the SM for the case where the SUSY mass scale is
made large. Our results regarding the decoupling behaviour of the MRSSM contributions
can be qualitatively understood in the following way. In an effective field theory analysis
of the decoupling behaviour one would study the matching of the MRSSM to an effective
SM+triplet model. There, the tree-level matching conditions would fix the quartic triplet
coupling to zero as it does not appear due to R-symmetry in the MRSSM. This affects
the number of free parameters of the effective model, preventing the occurrence of non-
decoupling behaviour. However, if one-loop matching conditions for the quartic coupling
were taken into account these contributions could in principle give rise to a non-decoupling
effect. As those contributions would correspond to a two-loop effect in the MRSSM for
the calculation of My they are outside of the scope of the present work, and we leave the
investigation of contributions of this kind to further study.

It should be noted that the expressions in parenthesis in the numerator also appear in the Higgs mass
matrix elements mixing the doublets and triplet. Therefore, if the triplet scalar mass parameter is not
large, a certain tuning is necessary to reduce the admixture of the triplet Higgs component with the state
at 125 GeV in order to ensure that the latter is sufficiently SM-like. Such a tuning would at the same
time reduce the numerical value of vr. In the numerical scenarios studied in this paper, however, such a
tuning does not occur since in our numerical analysis below the triplet mass is always much larger than the
mass of the SM-like state in the parameter regions where the My, prediction is close to the experimental
measurement.
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3.2 Higher-order contributions

For a reliable prediction of My, in a BSM model it is crucial to take into account SM-type
corrections beyond one-loop order. Only upon the incorporation of the relevant two-loop
and even higher-order SM-type loop contributions it is possible to recover the state-of-
the-art SM prediction within the current experimental and theoretical uncertainties in
the appropriate limit of the BSM parameters, see e.g. the discussion in ref. [46]. In our
predictions we incorporate the complete two-loop and the numerically relevant higher-order
SM-type contributions.

A further important issue in this context is the precise definition of the gauge-boson
masses according to a Breit-Wigner resonance shape with running or fixed width. While the
difference between the two prescriptions formally corresponds to an electroweak two-loop
effect, numerically the associated shifts are about 27 MeV for My, and 34 MeV for M.

3.2.1 Breit-Wigner shape

The definition of the masses of unstable particles according to the real part of the complex
pole of their propagator is gauge-independent also beyond one-loop order, while the defini-
tion according to the real pole is not. Expanding the propagator around the complex pole
leads to a Breit-Wigner shape with fixed width (f.w.). Experimentally, the gauge boson
masses are extracted, by definition, from a Breit-Wigner shape with a running width (r.w.).
Hence, it is necessary to translate from the internally used fixed-width mass M{VW' to the
running-width mass My at the end of the calculation

FQ
W fow. w
MEY = MEY + oM (3.15)

where for the decay width of the W boson, I'yyy, we use the theoretical prediction
parametrised by G including first order QCD corrections,

3(ME PG < 2a5>
Ty = 2w SCF () .
v 22 3

(3.16)

For My, which is an input parameter in the prediction for My, the conversion from the
running-width to the fixed-width definition is carried out in the first step of the calculation.

In the following, the labels f.w. and r.w. will not be displayed as the fixed-width
gauge boson masses only appear internally in the calculation. If not stated differently, the
parameters My, and My always refer to the definition of the gauge boson masses according
to a Breit-Wigner shape with running width.

3.2.2 Higher-order SM-type contributions

The part of A7 beyond the one-loop level contains all known SM-type contributions. Ex-
plicitly, as in ref. [46] we write

AFMESSM _ A sMRSSM(a) | A sMRSSM(h.o.) (3.17)
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where AFMRSSM(@) ¢ontains all one-loop corrections from the different sectors:
MRSSM(ar) _ A =(@) ~() ) ~() ~(@)
Ar () - ATfermion + A"ngauge—boson/Higgs + ATsfermiom + ATchargino/neut’,ralino + ATR—Higgs :
(3.18)
The term AFMRSSM(h-0.) qenotes all higher-order corrections, where for this work we restrict
ourselves to the state-of-the-art SM-type corrections:®
AfMRSSM(h.o.) — ATSM(h'O'). (319)

This includes QCD two-loop, Ar(®®s) [22-27], and three-loop corrections, Ar(aa?) [34-37],
electroweak two-loop fermionic and bosonic corrections, Ar§§2 and Aréﬁj) [28-33], as well
as leading mixed QCD-electroweak three-loop, purely electroweak three-loop and QCD
four-loop corrections, Ar(Grmias) Ap(GEm?) [38-41] and Ar(Grmiod) [42, 43).

The full electroweak two-loop corrections in the SM, Ar(@®) = Argﬁ)l + Arl(;zz) [28-33],
for which numerical integrations of two-loop integrals with non-vanishing external momen-
tum are required, are implemented using the simple fit formula given in ref. [45]. In this
way AFMRSSM (A1) can be evaluated at the correct value of My, at each step of the iter-
ative evaluation of eq. (2.17), see ref. [46] for more details. For the implementation of the
SM corrections the contributions given in table 1 of ref. [46] could be reproduced taking

the same input parameters.

4 Implementation and estimate of remaining theoretical uncertainties

As for the previous work on the MRSSM [6-9, 82], our prediction for Myy is embedded in the
framework of SARAH/SPheno [56-63], see also the discussion in section 3.1.2. We use SARAH-
4.12.3 and SPheno-4.0.3 for this work. The complete calculation of the SUSY pole masses
at the one-loop level in this framework is done in the DR renormalisation scheme. For this
purpose no counterterms are calculated explicitly, but rather an implicit renormalisation is
performed, such that divergences (including terms of v and log47) are dropped keeping
only the finite part of loop functions. The input parameters of the calculation are the
SUSY parameters at the SUSY mass scale msysy and «, Gp, My as well as the quark
and lepton masses. As explained in section 3.1.2, within the SARAH/SPheno framework the
tadpole equations of the MRSSM including the relevant higher-order corrections are solved
to obtain m%{u, m%[d, vg and vy at mgusy in terms of the other model parameters. In
order to determine the SUSY mass spectrum two-loop renormalisation group equations are
used to run between the electroweak scale and the SUSY scale. At the SUSY scale the
pole masses of the superpartners are calculated at the one-loop order. The Higgs boson
masses are calculated including also two-loop effects.? As discussed in section 2.3, in the
previous calculation [6] for the MRSSM the predictions for My, and also the weak mixing

8The MSSM-like O(aas) two-loop corrections [51, 79-81] cannot be taken over to the MRSSM case since
the Dirac nature of the gluino modifies the gluino and mass-shift contributions, in contrast to the case of
the NMSSM [46]. The higgsino contributions of O(a}, atay, ) are similarly affected.

9SARAH/SPheno in principle supports EFT matching to the SM for the calculation of the mass of the
SM-like Higgs boson. However, this would require specific adjustments for the case of the MRSSM.
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angle §%/V,ﬁ were derived from eqgs. (2.19)—(2.21) using a mixed on-shell/DR calculation
following ref. [52].

The prediction for My, presented in this work, which employs the on-shell scheme
and incorporates the state-of-the-art SM-type contributions, has been integrated into the
described framework by extending the generated SARAH/SPheno output by additional rou-
tines implementing the calculation described in the previous sections. For this part of the
calculation, all SM parameters are renormalised on-shell while the SUSY masses are ob-
tained from the input parameters via lowest-order relations. As described in section 3.1.2,
vr is renormalised as DR parameter and taken at the SUSY scale. No renormalisation of
the other SUSY parameters is required as they enter only at the one-loop level. This en-
sures the validity of symmetry relations between the SUSY parameters. The obtained fully
analytical expressions for the one-loop parts are combined with the state-of-the-art higher-
order corrections of SM-type as described in section 3.2.2. The evaluation of eq. (2.17)
is carried out iteratively until numerical convergence is obtained. The prediction for the
%V,ﬁ and calculate the
DR gauge couplings using the parameter p according to eq. (2.20). These quantities are

W boson mass obtained in this way is then employed to extract §

used as part of the SUSY mass spectrum calculation.

Concerning the remaining theoretical uncertainties of the prediction for the W boson
mass in the MRSSM, one needs to account for theoretical uncertainties that are induced by
the experimental errors of the input parameters as well as for uncertainties from unknown
higher-order corrections. Among the experimental errors of the input parameters the one
associated with the top-quark mass is the most relevant one leading to about a 4.5 MeV
effect on the prediction of My, for a top pole mass uncertainty of dm; = 0.75 GeV. While
the experimental value given in eq. (1.5) has a smaller error, as discussed above it does
not take into account the systematic uncertainty arising from relating the measured mass
parameter to a theoretically well-defined quantity that can be used as input for the prtedic-
tion of Myy. The uncertainties on the hadronic contribution to A« and on My contribute
up to 2.5 MeV each to the uncertainty of the My prediction. The experimental error on
the muon decay constant G is negligible compared to the other sources. The same is true
in the SM prediction for the experimental error on the Higgs boson mass.

The theoretical uncertainties from unknown higher-order contributions have been es-
timated in ref. [44] to be at the level of about 4 MeV in the SM for a light Higgs boson
(MPM < 300 GeV).! Uncertainties from unknown higher-order SUSY loop contributions
have been estimated for the MSSM and the NMSSM in refs. [46, 49]. Since SUSY loop
effects decouple for heavy SUSY scales, also the uncertainty associated with unknown
higher-order SUSY contributions shrinks with higher SUSY masses, while those uncertain-
ties can be substantial for relatively light SUSY states. At the two-loop level, corrections
from gluinos, stops and sbottoms give the largest effect in the MSSM. As explained above,
contributions of this kind are not included in our MRSSM prediction because the Dirac
nature of the gluino in the MRSSM would require a dedicated calculation of MRSSM

10T ref. [48] an estimate of 6 MeV was given for the uncertainty by comparing the on-shell prediction
with a mixed-scheme calculation done at the same perturbative order.

~16 —



two-loop contributions. Nevertheless, the contributions in the MSSM and MRSSM can
be expected to be of similar size, and we estimate an uncertainty of at most 5MeV for
mgusy > 1TeV from the O(aayg) corrections. As usual, the dependence of the MRSSM
prediction on unknown values of BSM parameters is not treated as a theoretical uncer-
tainty, but this dependence rather indicates the level of sensitivity for constraining those
parameters by confronting the My prediction in the MRSSM with the experimental result
for this high-precision observable.

5 Numerical results

In the following, we show how the prediction for My, in the MRSSM depends on the general
SUSY mass scale of the model. Then, we discuss how the different SUSY sectors affect the
prediction. The SM input parameters [19] are always set as follows

my = 173.00 GeV , mpM(1hy) = 4.18 GeV, My = 91.1887 GeV, Tz = 2.4952 GeV

Aayep = 0.031497686 Aaff;)d = 0.02761, 0" = 137.035999139, aSM (M) = 0.1181,
Gp = 1.1663787 x 107° GeV 2,

where for Aa}(lz)d the result [83] is used.

5.1 General SUSY contributions and decoupling behaviour

We investigate the decoupling behaviour for My, by defining a general SUSY mass scale
mgusy as follows for the soft breaking parameters of egs. (2.3) and (2.4) as well as the gy
and u, parameter of the superpotential:

B
2 _ .9 T I M
mRu_de_mS_mT_mO_Qsin26_ SUSY 5
9 _ 9 _ 9 _ 9 _ 9 P
Mg =My =Mz R =Mgr=Mmjp=mgygy 1,
D _ 2D _ AsD B MsUsy
ME = MR = ME = jia = o = ™5 (5.1)

The superpotential parameters are fixed to the value of the benchmark point BMP1 given
in refs. [7, 82], the dimensionless couplings are set as Ay = —1, A, = —1.03, Ay = 1.0 and
Ay = —0.8. The ratio of the doublet vevs has been set to tan 8 = 3.

In figure 1 we show the dependence of My, and M} on the common SUSY mass scale
mgyusy defined above. The mass splitting between fermionic and bosonic mass parameters
is required to achieve a prediction for the SM-like Higgs boson mass Mj, close to the ex-
perimental value measured at the LHC. The MRSSM prediction for M}, is shown on the
right-hand side of figure 1. The prediction for My, in the MRSSM is compared in the left
plot with the SM prediction for My, where the mass of the Higgs boson in the SM is iden-
tified with the corresponding MRSSM prediction for the mass of the SM-like Higgs boson,
MEM = M,IL\/IRSSM(mSUsy). It can be seen that with a rising SUSY mass scale the SUSY
contributions decouple, and the prediction for My, approaches the SM limit for large SUSY
masses. On the other hand, for small values of mgygy the prediction for My, shows a steep
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Figure 1. Comparison of the My, (M},) prediction as blue full line on the left (right) depending
on a common SUSY mass scale mgygy (definition given in the text). The green dashed line on the
left shows the prediction of the SM calculation for My, if M S’M =M ,IZV[RSSM (msusy) is used. The
red dotted line and the shaded area show on the left the experimental central value for My, and its
1 o uncertainty band according to eq. (1.3), while on the right the experimental value for the mass
of the detected Higgs boson is supplemented by a band of £3 GeV indicating a rough estimate of
theoretical uncertainties from unknown higher-order corrections. All dimensionless superpotential
parameters are chosen as for BMP1 of ref. [7].

rise while the prediction for M}, is significantly lowered. As one can infer from a comparison
of the two curves in the left plot, the effect of shifting the value of the Higgs-boson mass
in the SM-type contributions accounts only for a small fraction of the increase in My for
small mgysy, while the bulk of the effect is caused by generic MRSSM contributions.

The comparison of the behaviour of the prediction for My in figure 1 with the case
of the MSSM and the NMSSM (see e.g. refs. [46, 49]) shows that in the MRSSM the
decoupling to the SM result occurs at higher values of the SUSY mass scale, while the
increase of My, for a decreasing SUSY scale is more pronounced than in the MSSM and
the NMSSM. The difference between the MRSSM prediction and the SM prediction with
M, EM =M }LV[RSSM (mgusy) still amounts to about 10 MeV for mguygy values of about 3 TeV
in figure 1, and the difference reduces to values below 1 MeV only for mgusy 2 5 TeV. The
different behaviour in the MRSSM as compared to the MSSM and the NMSSM [46, 49] is
in particular related to the enlarged matter content in the MRSSM, where the additional
degrees of freedom arise from the adjoint and the R-Higgs superfields, and to the fact that
the A/ superpotential parameters contribute to My, in a similar way as the top Yukawa
coupling. In the considered scenario the A, /4 couplings are of order one and have a large
effect on the prediction. For low SUSY masses the triplet vev has a relevant influence on
My already at tree-level. The impact of the triplet vev becomes negligible for larger SUSY
mass scales as v goes to zero, see the discussion in section 3.1.2.

In the simplified scenario with a common mass scale mgygy of figure 1 one can see
that the range of mgygy values yielding a prediction for My, within the 1o band of the
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Figure 2. As figure 1 but with pg = p,, fixed to 400 GeV.

experimental central value does not coincide with the parameter region where the mass
of the SM-like Higgs boson is close to 125GeV. The prediction for M} in the MRSSM
has a significant dependence on the parameters ugy and . This can be seen in figure 2
where the same parameters as in figure 1 are used except that ug and p, are not scaled
with mgusy/2 as in eq. (5.1) but kept fixed at g = p,, = 400 GeV. For fixed values of pg
and p, the MRSSM prediction for My still approaches the SM prediction for large values
of msyusy, but the numerical difference between the two predictions remains sizeable up
to even higher values of mgyusy than in figure 1. On the other hand, the fixed value of
ta = by = 400GeV brings the regions of mgysgy that are preferred by the My and M,
predictions into better agreement with each other.

5.2 Impact of different MRSSM contributions

In the following we investigate how the different contributions in the MRSSM affect My,
separately. First we describe the influence of the triplet vev on the prediction for Myy. Then
we describe how the different MRSSM sectors contribute to My, individually. Especially
the extended Higgs and neutralino sectors are relevant in this context as they differ in the
MRSSM from the MSSM and NMSSM and contain the effects from the A/A couplings.
Several of the figures shown in the following sections contain plots of both My, and My
as function of the parameters of interest. This is of interest as the Higgs boson mass in
the MRSSM is very sensitive to those parameters, and as shown in figure 1 the variation
of Mj has an impact on My, via the SM-type contributions. In order to disentangle this
contribution from the genuine MRSSM effects it is convenient to also show the dependence
of Mj, on the relevant parameters.

The fixed parameters are set either as before, when mgysy is varied, or we use updated
values for BMP1 of ref. [7] giving rise to a better agreement with the latest experimental
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Figure 3. Dependence of My, on vr obtained from varying the common SUSY mass scale as in
figure 1.

value for My given in (1.3). The latter parameters are

tanf =3, Ag=—1.2, Ay =—1.1, A\g=1.0, A\, = —0.8,
i = pg = 500GeV, ME = 550CGeV, M) = 600GeV, mg, = mp, = ms = 2TeV,

D 2
MO =1.5 TeV, mZ7L =MegR = 1 TeV,mO =mg,L;3 = Mqg,R;3 = md~’R;3 =15 TeV,

By, = (500 GeV)?, mp = 3TeV, mg 12 = mar12=mjp,q=2.5TeV. (5.2)

5.2.1 Influence of the triplet vev

As the triplet vev affects the W boson mass already at the tree level by breaking custodial
symmetry, even a small value (compared to Myy) affects the prediction at the same order
as the size of the experimental uncertainty.

In figure 3 we show the interplay of vy and My, when the SUSY mass scale mgysy
is varied as in figure 1 and all Ag,/Ag, are set equal to zero. One can see that in this
case the vy tree level contribution is numerically large for vy 2 1 GeV. The potentially
large impact of v can be clearly seen by the quadratic dependency exhibited in the figure
which is in accordance with eq. (2.9). For |vr| 2 3 GeV the prediction for My grows above
the experimentally allowed region. Therefore, for phenomenological reasons the parameter
region with |vp| < 3GeV is preferred. For |vp| &~ 3 GeV, using the parameters of eq. (5.2)
and adjusting myp accordingly, the associated one-loop contribution (which is proportional
to v2) to A7 from eq. (3.1) is of similar size as the SM three- and four-loop contributions
leading to a shift of 5M$T)’L°°p ~ 1MeV. It should be noted that the higher-order
contributions also significantly depend on the SUSY mass spectrum.

For our numerical analysis in the following we choose the parameters of eq. (5.2) as
basis. This yields

vPR(Q = mgusy) = —0.38 GeV (5.3)
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Figure 4. Dependence of My, and M; on Ay and A,. The value for vy is fixed according to
eq. (5.3), and the other model parameters are chosen as in eq. (5.2). The red bands mark the
experimental (theoretical) uncertainty region for My, (MpM-lke) as in figure 1.

as an input for our My, calculation. This setting leads to a tree-level (one-loop) shift of
(5MIE€,}T) = 0.28 MeV ((5M$T) = —0.17MeV), respectively, where again it should be noted
that the higher-order contributions are significantly affected by the parameters of the SUSY
mass spectrum.

5.2.2 Influence of the A couplings

The dependence of My on the superpotential parameters Ay and A, is shown in figure 4.
The effects are stronger for A, than for A4 because of tan 5 > 1. In the extreme case of
A, = 2 a shift of more than (5Mé{> “) — 130 MeV is possible compared to the minimal value
at A, = —0.5. In the phenomenologically interesting region where the MRSSM Higgs boson
mass prediction is around the experimental observation of about 125 GeV with A, = —1.1
the shift in My, compared to A, = 0 is 5M‘S[/,\“) ~ 10 MeV. The actual effect from the A,
variation on Myy for large |A,| is even stronger than the variation displayed in figure 4 since
large |A,| also drives the SM Higgs mass prediction to values far above the experimental
observation, as shown in the lower left plot of figure 4, which gives rise to a downward shift
from the SM-type part of the contributions to Myy. As shown on the right-hand side of
figure 4, an enhancement of the magnitude of A4 from zero to unity leads to a reduction
of 5MI(/{> )~ 5 MeV, while the prediction for M}, is lowered by about 1GeV.

The behaviour of Myy with regard to the two parameters Ay and A, can be understood
from their influence on the electroweak precision parameters S, 7" and U which contribute
to Myy. For this, we follow the lines of refs. [6, 82]. There, several limits of the contributions
to S, T and U were studied analytically. The T parameter has been identified as the one
with the biggest impact on My, where the contributions from the neutralino and chargino
sector dominate. Up to a prefactor the definition of the T" parameter corresponds to the
one of Ap. In general, the Ap parameter depends on the fourth power of A leading to
significant effects for magnitudes close to or above unity, as it is visible in figure 4.
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Figure 5. The plot on the left depicts the shift in the prediction of My, with respect to the
SM prediction according to eq. (5.5). On the right the corresponding value of vr is plotted. Two
different scenarios are considered where the parameters A4, are fixed to either the values Ay = —1,
A, = —1.03 or to zero, while pug = p, = 500 GeV, and the values of all other mass parameters are
given in eq. (5.1).

It is of interest to understand the interplay of A4 and A, concerning the My prediction.
In the previous works of refs. [6, 82|, all analytical expressions in the study of several model
limits have been derived setting vy = 0, turning off all Az contributions. As we want to
investigate these contributions we discuss a different model limit in the following. We take
the gaugeless limit (g1 = g2 = 0) and set pg = py, = M{y and A\, = A\q = 0. Then, we find
contributions from the electroweakino sector to the Ap parameter as

_ e 13 (AZv2 — szg)Q
- 16mME53,  96(MP)?

Apd (5.4)
The relative sign between the two couplings and the fact that tan 8 > 1 for the scenario
considered is the reason why an increase of AZ actually decreases the prediction for My,
when A4 and A, are of similar magnitude. The A, contribution dominates for most of the
parameter space, and the A?z term leads to a reduction of the contribution in this case.
The situation is reversed for tan 8 < 1.

In figure 5 we show on the left the quantity
O My = MM — MEG (MM = MMM (mgusy)) (5.5)

where as above M, }YIRSSM is the SM-like Higgs boson mass of the MRSSM. On the right the
prediction for v is depicted. We compare the scenario studied above where the magnitudes
of Ag, are of order unity with a scenario where A4 and A, are both fixed to zero. Note
that it is necessary to fix the values of g and p, to the ones of the benchmark point of
eq. (5.2), while all other dimensionful SUSY parameter are scaled with mgysy as specified
in eq. (5.1). The parameters A\g and A, are also set as in eq. (5.2). This setting limits the
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Figure 6. Dependence of My, and M}, on a common Higgs sector mass (left) and a common squark
mass (right). The other parameters are chosen as in figure 4.

size of vp for mgugy below 1 TeV. In both scenarios the difference in the prediction for My,
between the MRSSM and the SM decreases from more than 50 MeV at mgyusy ~ 1TeV
to below 5 MeV for mgyusy values in the multi-TeV range. Both lines show a very similar
shape while the main contributions to d My are different in the two scenarios.

In the scenario with Ay, of about —1 the magnitude of the triplet vev drops to below
1 GeV for mgysy > 1TeV as there is a partial cancellation in the numerator of eq. (3.14)
between the terms of A, /qpt,/q and ga M, D which are of similar magnitude. Therefore, vy
drops below 1 GeV already for relatively low mgyusy. It goes to zero for larger mgysy but
with a smaller rate as the cancellation in the numerator of eq. (3.14) is not perfect. As vy
is small above mgysy = 1 TeV, its tree-level contribution does not substantially impact the
prediction for My in this parameter region. Then, loop corrections from Ag, like eq. (5.4)
are the most relevant ones.

In the scenario where Ay, are fixed to zero their loop contributions vanish. On the
other hand, there is no significant cancellation in the numerator of eq. (3.14) for tan 8 > 1.
Then, vy drops below 1 GeV only above mgysy = 3.5 TeV, and its tree-level contribution
to Myy is relevant for a larger mass range.

5.2.3 Higgs sector contributions

In the following, we investigate the influence of the extended Higgs sector of the MRSSM
on the W boson mass. The contributions from the Higgs sector include the ones from
the two MSSM-like Higgs doublets, the singlet and triplet states, which all mix with each
other, as well as the two R-Higgs doublets. We vary all the relevant soft breaking masses
m%, m%, m%u/d as well as the MSSM-like CP-odd Higgs mass parameter m?A =2B,,/sin2p
simultaneously to show the dependence of the W boson mass on them. On the left side of
figure 6 the dependences of My and M}, on these parameters are shown. As a comparison

~ 93 -



we show the dependence on the squark masses on the right, here all the soft-breaking
squark mass parameters are varied simultaneously.

Altogether, varying the common Higgs sector mass from 500 GeV to 4 TeV leads to an
increase of the Higgs boson mass by almost 30 GeV and a simultaneous decrease of My,
by about 30 MeV. The variation of the common squark mass from 500 GeV to 4 TeV on
the other hand increases the Higgs boson mass by about 14 GeV while My drops by about
20MeV. For both plots decoupling-like behaviour of the relevant SUSY contributions to
My, can be seen which is similar to the one in figure 1. The residual slope for high SUSY
masses originates purely from the Higgs mass dependence of the SM-like contributions
to Af.

It has been noted before [6] that O(1) A/A parameters have effects comparable to the
ones of the top Yukawa coupling as both, the Yukawa and A/A couplings, originate from
similar terms of the superpotential. The squark contributions to My stem mainly from
top- Yukawa effects with a suppression factor originating from the squark masses. The Higgs
sector effects on the other hand are driven by the A/A parameters being of order one and
are suppressed by the soft-breaking Higgs mass terms. Therefore, the similar behaviour
arising from both sectors for My, and M), as shown in figure 6 is expected. The effect of the
Higgs sector is quantitatively larger when varying the involved common mass parameters in
a similar range as more degrees of freedom contribute in the Higgs sector even taking into
account the colour factor for the squark contributions. A rising my leads to a suppression
of the triplet vev and its contribution to My via the tadpole relation (3.14).

5.2.4 Neutralino contributions

Contributions of charginos and neutralinos to My are very relevant in the MRSSM as the A
superpotential parameters affect their mixing and lead to novel contributions. Additionally,
the dimensionful parameters influence these corrections directly and indirectly, which is
discussed in the following.

Figure 7 (left) shows that the effect of the mass parameter M is similar to the ones of
the scalar soft breaking masses discussed before, i.e. the predicted value for My, decreases
for rising Mé)/. As already noted in the discussion of figure 1 and figure 2, the parameter p,,
has a large impact on the prediction for M}, in the MRSSM. In the plots on the right-hand
side of figure 7 the variation of pu, is only shown in the range of 250 to 1000 GeV as for
higher values of u, the tree-level Higgs boson mass becomes tachyonic. This is caused
by the effect of u, on the singlet-doublet mixing of the scalar Higgs boson mass matrix
in the form M{F-even = —vu(\/i)\uuiﬁ’_ + g1 ME). Because the SM-like Higgs boson is
the lightest electroweak scalar in the considered scenario, the enhanced mixing leads to
a strong reduction of the Higgs boson mass and the appearance of a tachyonic state for
large p,. The Higgs boson mass also decreases with rising le\?/ as the loop contributions
to My, depend on log(my /MV][D,) As the Dirac mass is smaller than the scalar mass in the
considered range the Higgs boson mass decreases with increasing MVII),.

Varying M¥. and p, in the mass range from 250 to 600 GeV yields a downward shift

D
in the My prediction of 5MIEVMW) = 21 MeV for MI?, and 5Mé{,“‘) = 16 MeV for pu,. The
downward shifts are mainly driven by contributions from Apj, see eq. (5.4). For the
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Figure 7. Dependence of My and My, on MY (left) and u, (right). The other parameters are
chosen as in figure 4.

mass range above about 600 GeV the prediction for the mass of the SM-like Higgs boson
decreases for both parameters, as described above. In this parameter region the decrease
in the Higgs boson mass leads to additional contributions shifting My, upwards. Those
contributions from the SM-like Higgs boson partially cancel the SUSY corrections, with a
net effect in the My prediction of a less steep decrease with rising MVZI), and of an increase
with rising p,.

5.3 Scan over MRSSM parameters

In figure 8 we show the predictions for My, in the MRSSM resulting from a scan over
MRSSM parameters as a green band in relation to the input value for the top quark pole
mass. We have arrived at this band by scanning over several parameter combinations,

—15<-N=Ag= My =A, <15,
250 GeV < g = py = ME = ME < 3000 GeV,
250GeV < mg = mr = mp, = mpg, = ma < 3000 GeV,
250 GeV <mg,p = mj =mjp =mar = mer < 3000 GeV, (5.6)

where the prediction for the mass of the SM-like Higgs boson has been required to agree
with the measured value within the theoretical uncertainties. As condition for M}, the
mass range 122 GeV < M} < 128 GeV has been adopted. The SM prediction where the
measured Higgs boson mass within the experimental uncertainties has been used as input
is shown in red. The blue ellipses mark the measurements of the top quark and the W
boson mass including their two-dimensional 1 ¢ and 2 o experimental uncertainty regions.
It should be noted that the systematic uncertainty in relating the measured value of the
top quark mass to the top quark pole mass (see the discussion above) is not accounted for
in figure 8. A proper inclusion of this uncertainty would widen the displayed ellipses along

the m; axis.
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Figure 8. Prediction for the W boson mass in the MRSSM and the SM versus the input value
of the top quark pole mass in comparison with the experimental results for My, see eq. (1.3),
and my, see eq. (1.5). The green band of MRSSM predictions arises from the scan over MRSSM
parameters specified in eq. (5.6), where the condition 122 GeV < Mj < 128 GeV has been applied
for the prediction of the SM-like Higgs boson mass. The narrow red band, which is shown on top of
the green band, indicates the SM prediction where the experimental measurement is used as input
for the Higgs boson mass. For the experimental measurements of My, and m; the two-dimensional
regions allowed at the 1 ¢ and the 2 ¢ level are indicated.

The comparison of the MRSSM and SM predictions for My, with the experimental
results for My, and m; in figure 8 shows on the one hand that MRSSM parameter regions
giving rise to a large upward shift in My, as compared to the SM case are disfavoured by
the measured value of My, in accordance with the results of figures 1-7. On the other
hand, figure 8 indicates a slight preference for a non-zero SUSY contribution to My, see
also the discussion for the MSSM and the NMSSM in refs. [49, 50]. The band of the SM
prediction barely intersects with the 2 o ellipse of the experimental results in figure 8, and
a non-zero SUSY contribution giving rise to a moderate upward shift in My is required in
order to reach compatibility with the experimental result at the 1 o level.

5.4 Comparison to other calculation methods

After the discussion of the various features of our numerical results, we now turn to a
comparison of our results with predictions for My in the MRSSM that have been obtained
with other approaches. As discussed above, the calculation of My in refs. [6-8] was done
using the implemented mixed OS/DR calculation of SARAH/SPheno. In ref. [65] and the
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Figure 9. Comparison of the My, prediction as a function of mgygy (left) and A,, (right) calculated
in this work using the on-shell scheme (black line) with the result from SARAH/SPheno using the
original contributions (blue dashed line) and using corrected contributions (purple dash-dotted line).
As in the figures above, the red dotted line and the shaded area show the experimental central value
for My and its 1 o uncertainty band according to eq. (1.3). All other model parameters are chosen
as for BMP1 of ref. [7]. For details see the discussion in the text.

update of the program FlexibleSUSY, it was recently shown that SM higher-order contri-
butions implemented in SARAH/SPheno were not correct with regard to the usage of the OS
and DR top quark mass in the two-loop SM contribution.!! Correcting the implementation
leads to a shift of My, of 50-100 MeV compared to the result of the original calculation for
example given in refs. [6-8] for the MRSSM. This is not only true for the MRSSM but also
for all other versions of SARAH/SPheno and also concerns the original SPheno code. In the
following we show how the on-shell calculation presented here compares to the previous
and corrected mixed OS/DR scheme predictions obtained with SARAH/SPheno.

In figure 9 we show the predictions for My, arising from the different calculations
as function of the common SUSY mass scale as defined in section 5.1 (left) and of the
superpotential parameter A, of the MRSSM (right). The on-shell result obtained in this
work is given as solid black line, the previous OS/DR result as dashed blue line and the
corrected OS/DR result as dash-dotted purple line. The experimental result for My, is
shown as red dotted line with a shaded region for the experimental 1 ¢ uncertainty.

It can be seen in the left plot of figure 9 that only the on-shell result presented in this
work shows a proper decoupling behaviour where for large mgysy the MRSSM prediction
approaches the SM prediction in which the Higgs boson mass of the SM is identified with the
mass of the SM-like Higgs boson of the MRSSM, see also figure 1. Both the previous and
corrected mixed OS/DR scheme predictions obtained with SARAH/SPheno show a slope
for large mgyusy such that the deviation between the MRSSM prediction and the SM
prediction grows for increasing msysy. The correction of the contributions for the OS/DR
calculation yields a large upward shift of about 100 MeV in My that is roughly constant for
the displayed range of mgysy. As a consequence, the prediction for My arising from the

"The tools SPheno, SARAH/SPheno and FlexibleSUSY all contain the correct expressions in their latest
versions respectively.
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calculation in the mixed OS/DR scheme including the correction shows a large deviation
from the measured value of My, for all values of mgysy. The same feature also holds for
the plot as function of A, shown on the right-hand side of figure 9. Also in this case the
correction that was implemented in the calculation based on the mixed OS/DR scheme
yields a roughly constant upward shift in My, that brings the MRSSM prediction far away
from the experimental result for My,. Both the previous and corrected SARAH/SPheno
predictions are in good agreement with their corresponding results from FlexibleSUSY
generator shown on the right of figure 10 in ref. [65] and the behaviour seems to be a
general feature of the mixed OS/DR scheme.

In view of these findings the relatively good agreement between our on-shell result
and the previous mixed OS/DR scheme prediction obtained with SARAH/SPheno before the
correction (dashed blue line) for mgyugy below 2 TeV (left plot) and for the whole A,, range
(right plot) appears to be a numerical accident. This accidental agreement implies that
the parameter regions that were identified in refs. [6-8] for predicting My, values that are
compatible with the experimental result are roughly in agreement with the ones obtained
from our new on-shell prediction within the estimated uncertainties. We have verified this
accidental feature for the benchmark points of the MRSSM proposed in refs. [6-8]. Further
investigations to clarify the observed features of the mixed OS/DR scheme prediction, which
has been first proposed for the MSSM in ref. [52] and more generally also for non-minimal
SUSY models has been implemented in the tools SARAH/SPheno and FlexibleSUSY, would
clearly be desirable.

6 Conclusions

We have presented the currently most accurate prediction for the mass of the W boson in
the MRSSM. The result is based on the on-shell scheme, using the muon decay constant,
the fine-structure constant and the Z boson pole mass as precisely measured experimental
inputs. The appearance of a triplet scalar vacuum expectation value vy at lowest order
in the electroweak symmetry breaking condition for the W boson mass but not in the
corresponding relation for the mass of the Z boson leads to custodial symmetry breaking
effects in the prediction for My, already at tree-level, while the other BSM parameters
of the MRSSM enter via higher-order corrections. As described in detail, the prediction
for the W boson mass needs to properly take into account the relation between the weak
mixing angle and the gauge boson masses that is modified in the MRSSM in comparison
to the SM and extensions of it involving only Higgs doublets and singlets.

Our prediction for the W boson mass is based on the full one-loop contributions in
the MRSSM that we have supplemented by all available SM-type corrections of higher
order. The implementation is based on a SPheno-4.0.3 mass spectrum generator that has
been obtained by SARAH-4.12 for the MRSSM. The calculation of My, in the on-shell
scheme has been carried out making use of the available analytical one-loop expressions
that have been consistently combined with the high-order corrections of SM-type. For the
latter a fit formula has been implemented, which accounts for the full electroweak two-loop
corrections of SM-type involving numerical integrations of two-loop integrals with non-
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vanishing external momenta, as well as analytical results for leading QCD, electroweak
and mixed corrections up to the four-loop level. For the renormalisation of the triplet
scalar vacuum expectation value vy entering the prediction for My at lowest order a DR-
type prescription has been chosen, where the numerical value is determined via a two-step
procedure ensuring numerical stability.

We have investigated the numerical result for the W boson mass in view of the char-
acteristics of the parameter space of the MRSSM. We have verified in this context that in
the decoupling limit where the SUSY particles are heavy the SM prediction is recovered,
i.e. in this limit the MRSSM result approaches the SM prediction in which the Higgs boson
mass of the SM is identified with the mass of the SM-like Higgs boson of the MRSSM.
The upward shift in My for a small SUSY mass scale tends to be more pronounced in the
MRSSM than it is the case in the MSSM and the NMSSM, while the decoupling to the
SM result occurs at higher values of the SUSY mass scale than in those models.

The most relevant SUSY parameters of the MRSSM influencing the prediction for My,
are the triplet vacuum expectation value and the A superpotential couplings. The triplet
vacuum expectation value is related to all other model parameters through its contribution
to the electroweak symmetry breaking conditions and gives rise to a lowest-order shift in
the p parameter. Since the A parameters are trilinear couplings of the superpotential, they
enter in a similar way as the Yukawa couplings, see also the discussion in ref. [6]. We have
identified leading contributions to the prediction for My, that enter with the fourth power
of A, and A4. Additionally, the A couplings have an important impact via the contributions
of the neutralino and chargino sector to My,. The contributions to My of the extended
Higgs sector of the MRSSM with a common Higgs sector mass show a qualitatively similar
behaviour as the ones of the squark sector with a common squark mass. Confronting
the results of a parameter scan in the MRSSM as well as the SM prediction for My, as a
function of m; with the experimental results for the W boson mass and the top quark mass,
we have demonstrated a slight preference for a non-zero SUSY contribution to My,. While
this preference is similar to the results that were found in the MSSM and the NMSSM,
it should be noted that there is no direct limit from the MRSSM to the MSSM. This is
caused in particular by the fact that the A couplings are a specific feature of the MRSSM
and by the pure Dirac nature of gauginos and Higgsinos in the MRSSM. While certain
contributions are similar in the two models, in particular the MSSM-like contributions from
stops and sbottoms which are driven by the top Yukawa coupling, the absence of trilinear
A-terms in the MRSSM also gives rise to differences in the squark sector.

We have compared our results for My to the ones that were obtained in the MRSSM
from the mixed OS/DR implementation of SARAH/SPheno before [6-8] and after the correc-
tion that was pointed out in ref. [65] was carried out. While as described above our result
shows a proper decoupling behaviour where for large values of a common SUSY mass scale
in the MRSSM the SM prediction is recovered, this is not the case for either of the previous
results. Those predictions show a deviation from the SM result that actually grows with
increasing mgysy. While the result of the mixed OS/DR implementation of SARAH/SPheno
before the correction was applied agrees relatively well with our result in some parts of the
parameter space, a feature that is apparently caused by a numerical coincidence, the mixed
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OS/DR implementation of SARAH/SPheno including the correction shows a large upward
shift in My of about 100 MeV compared to the previous result that gives rise to a large
deviation from the measured value of Myy. Because of the described accidental numeri-
cal agreement our analysis roughly confirms the preferred MRSSM parameter regions that
were identified from the investigation of the My prediction in refs. [6, 7]. As we have
demonstrated, the large deviations of the result of the mixed OS/DR implementation of
SARAH/SPheno including the correction both with respect to our result and with respect to
the experimental value of My should motivate further work in this direction.
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