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Abstract

We describe an extension to tReFTSUSY program that provides for the calculation of the spartiplecsrum in the
Next-to-MinimalSupersymmetric Standard Model (NMSSM), where a chiral dighe that is a singlet of the Standard
Model gauge group is added to the Minimal Supersymmetriodgted Model (MSSM) fields. Often, s symmetry

is imposed upon the mode$0FTSUSY can calculate the spectrum in this case as well as the cage wgbeeral;
violating (denoted a%3) terms are added to the soft supersymmetry breaking terchtharsuperpotential. The user
provides a theoretical boundary condition for the coudiagd mass terms of the singlet. Radiative electroweak
symmetry breaking data along with electroweak and CKM mratata are used as weak-scale boundary conditions.
The renormalisation group equations are solved numeyibaliween the weak scale and a high energy scale using
a nested iterative algorithm. This paper serves as a maauhktNMSSM mode of the program, detailing the
approximations and conventions used.
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1. Program Summary

Program title: SOFTSUSY

Program obtainable fromhttp://softsusy.hepforge.org/

Distribution format:tar.gz

Programming languagec++, fortran

Computer:Personal computer.

Operating systemTested on Linux 4.x

Word size:32 bits.

External routinesNone.

Typical running time:A few seconds per parameter point.

Nature of problem:Calculating supersymmetric particle spectrum and mixiagameters in the next-to-minimal
minimal supersymmetric standard model. The solution torém®rmalisation group equations must be consistent
with boundary conditions on supersymmetry breaking patarsgas well as on the weak-scale boundary condition
on gauge couplings, Yukawa couplings and the Higgs polqudiameters.

Solution methodNested iterative algorithm and numerical minimisationtref Higgs potential.

Restrictions:SOFTSUSY will provide a solution only in the perturbative regime ané$sumes that all couplings of
the model are real (i.€CP—conserving). If the parameter point under investigationda-physical for some reason
(for example because the electroweak potential does nat &imacceptable minimunypFTSUSY returns an error
message.
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2. Introduction

While TeV-scale supersymmetric particles have not yet theend" at the LHC [1, 2], searches for them continue
along with continuing strong theoretical interest in sggermetric (SUSY) models. This is a testament to the theoret-
ical successes of weak-scale supersymmetry: chiefly tldutémn of the technical hierarchy problem, improvement
of the apparent unification of Standard Model (SM) gauge tingp and the provision of a potential dark matter
candidate. In order to pursue SUSY phenomenology, a lorayledional chain is required [3]. Typically, this chain
begins with the calculation of the supersymmetric spectrimeiuding the couplings of the various sparticles and
Higgs bosons. Currently, in the Minimal Supersymmetrim8tad Model (MSSM), there are several spectrum gen-
erators:ISASUSY [4], SOFTSUSY [5], SPheno [6], SUSEFLAV [7] and SUSPECT [8]. Information from these spectrum
generators is then passed to other programs (for exampde that calculate decays, that simulate collider events, or
that calculate the thermal relic density of dark matter)dage in the SUSY Les Houches Accord format [9].

Recently a boson was discovered in the CMS and ATLAS expertisrat over the 50 level [10, 11] with proper-
ties consistent with the SM Higgs boson. Using 4.8fbf 7 TeV data and 20.7 f3 of 8 TeV data, ATLAS measures
the mass to bey, = 1255+ 0.2f8:2 GeV by combining thed — yy andH — ZZ decay channels [12]. In CMS, these
channels give the combined constramt= 1253+0.4+0.5GeV in 5.1 fio! of 7 TeV data and 5.3 fi} of 8 TeV data.

In the MSSM, one can often obtain a CP even Higgs that couplesimilar way to the Standard Model Higgs boson.
At tree-level, its mass is bounded by, < Mz, at odds with the LHC experiments’ mass measurements. Hawev
the radiative corrections to the CP even Higgs mass can baldi, particularly those from stops. The corrections
are larger if the stops are heavy, and if they are heavily thixaedeed, the MSSM has enough flexibility [13] such
that the experimental values of, are achievable with TeV-scale stops and large mixing. Orother hand, these
relatively heavy stops reintroduce the little hierarchgldem, requiring cancellation (at the level of one in selvera
tens) between apparently unrelated parameters in the MSiglyshpotential. Thus, we have the well known corre-
lation [14] between a higher Higgs masg > 106 GeV and a higher level of apparently unnatural canéetiain
several well-studied simple models of supersymmetry bngakiediation, the problem is much exacerbated [15].

In order to reduce the unnatural cancellations implied leyHliggs mass measurement [16, 17, 18, 19, 20], one
can augment the MSSM by a gauge singlet chiral superfieldd2123]. This model is referred to as the Next-to-
Minimal Supersymmetric Standard Model (NMSSM) [24]. We Isd#stinguish between a version where an extra
symmetry is assumed (ofter¥a symmetry) and a version where it is n@i] [16, 25, 26, 27]. In the MSSM, (based
on a two Higgs doublet version of the SM with softly broken= 1 global supersymmetry) the tree-level bound upon
the Higgs mass comes from the fact that the quartic Higgslowspare related to the electroweak gauge couplings
by supersymmetry. The Higgs potential is modified by the tamlliof a gauge singlet, and the resulting lightest
CP even Higgs boson can receive additional positive caomsto its mass at tree-level. In addition, the neutral
Higgs potential (now a function of three fields rather than fwthe MSSM) is heavily modified, with associated
potential reductions in the unnatural cancellations. @lavth other factors this had lead to considerable interest i
the NMSSM in the recent literature and benchmarks points avt25 GeV Higgs have already been proposed [28]. It
is therefore essential for the research community to hasessdo a variety of reliable computational tools to caleula
the relevant NMSSM observables.

As mentioned above in the MSSM case, the initial step in autational chain is typically spectrum and cou-
plings calculation. Currently, there is one out-of-the<lpackageNMSPEC [29] which calculates the spectrum of
the NMSSM, matching weak-scale data with theoretical bampdonditions on supersymmetry breaking and Higgs
potential parameters. However, one can also matRAH [30, 31, 32, 33] withSPheno [6] in order to be able to
calculate the spectrum after setting up the model. The NM8&Blincluded in an extended version of the SUSY Les
Houches Accord [34] so that this information may be passgadgrams performing other calculations. For instance,
NMHDECAY [35] is capable of calculating the NMSSM Higgs decays, BWSDECAY [36, 37] calculates sparticle de-
cays.PYTHIA [38] is then capable of simulating particle collisions i tNMSSM and, in additionyicr0OMEGAs [39]
can calculate the thermal dark matter relic density.

Having several public spectrum generators for the MSSM haseg fruitful for the community. As well as
comparisons and bug-finding, the various generators hékezefit levels of approximations and are able to calculate

1In some cases, lower bounds of 1 TeV or more have been placedgipinos and squarks by LHC experiments.
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in different generalisations of the MSSM. For example, some aiergas harder) to use for certain assumptions
about supersymmetry breaking mediation. The advantageavifig several supported, publicly available spectrum
generators naturally also extends to the case of the inogdggpopular NMSSM. The extension @OFTSUSY to
include the NMSSM will hopefully aid the accuracy and fedgipof a variety of NMSSM studies.

In the present paper, we focus on the recent componentsahatbieen added 8DFTSUSY in order to include the
effects of the gauge singlet superfield. Up-to-date versiotisi®imanual (along with othe¥0FTSUSY manuals) will
be released along with the code in tivec/ subdirectory. The other manuals in this subdirectory ti#taistandard
R—parity conserving MSSM [5], th&-parity violating MSSM [40] and the loop-level neutrino massmputation
in the R—parity violating MSSM [41]. The remainder of the paper prede as follows: in section 3, we introduce
the NMSSM supersymmetric parameters and the soft supersymyiireaking parameters using our conventions. In
section 4, we describe the algorithm employed to calculespectrum of masses and couplings of NMSSM patrticles,
detailing our level of approximation for various parts oé ttalculation. More technical information is relegated to
the appendices. In section Appendix A, we explain how to hengrogram. The class structure, along with the
data contained within each class, is shown in section ApgeddFinally, in section Appendix D, we reproduce the
renormalisation group equations of the NMSSM to two-loaydtiding the full 3 by 3 flavour structure.

3. NMSSM Parameters

In this section, we introduce the NMSSM parameters irBBRTSUSY conventions. The translations to the variable
names used in the program code are shown explicitly in seégppendix C.

3.1. Supersymmetric parameters
The chiral superfield particle content of the NMSSM has thlefdng S U(3). xS U(2). xU (1)y quantum numbers

L:(1,2-3), E:(11,1), Q:(321Y), U:31-2,
D:(3113), Hi:(1,2,-3), Hx:(L,23), S:(1,1,0). 1)

S is the gauge singlet chiral superfield that is particulah®NMSSM.L, Q, Hy, andH, are the left-handed doublet
lepton and quark superfields and the two Higgs doublefd), andD are the lepton, up-type quark and down-type
quark right-handed superfield singlets, respectivelyeNat the lepton doublet superfieldsand the Higgs doublet
superfield coupling to the down-type quatkshave the same SM gauge quantum numbers. We dendidJéB)
colour index of the fundamental representatior{y, z} € {1, 2, 3}. TheS U(2). fundamental representation indices
are denoted bya, b, ¢} € {1, 2} and the generation indices iy j, k} € {1,2,3}. &y, = €¥*andex = € are totally
antisymmetric tensors, withi,3 = 1 ande, = 1, respectively. Currently, only real couplings in the syo¢ential
and Lagrangian are included.

The full renormalisableR—parity conserving superpotential is given by

_ _ _ , .
Wy, = €an [(YE)ij LPHZE; + (Yp)ij Q™HEDjx + (Yu)ij Q¥*HOU x + (AS +#)(H2H‘lj)] + &S+ %52 n 583 )
= W&SOSM + €ab [(/lS +,u)(H2H|1°)] + &S+ %32 n §K33 3)

where the subscrifs reflects the fact that this superpotential contains termshwiolate theZz symmetry that is
commonly imposed on the NMSSM. Imposing thgsymmetry restricts the superpotential to

— - - K

We, = eap | (Ye)i LPHIE; + (Yo)ij QPHIDj« + (Yu)ij QH3Uj + AS(HEHD)| + 5° 4)

= Wit + €antS(H3HY) + £ (5)

The Z3-NMSSM superpotential Eq. (5) contains no explicit massapwaater, thereby allowing a solution to the
problem when the singlet field acquires a Vacuum Expectatidne (VEV) and generates affectiveu term of the

right size. As such, it is sometimes referred to as the scabriant NMSSM in the literature. In this paper, we will
always writeZ3-NMSSM for theZ; conserving case Eq. (5) a#fd-NMSSM for the generél; violating one Eq. (3).
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For parameters common to both the MSSM and eitherZi&IMSSM or %3-NMSSM, a comparison of the
SOFTSUSY conventions and the literature can be found in Table 1 of ti®SM SOFTSUSY manual [5]. Elsewhere,
our conventions are those of the SUSY Les Houches AccorddBd]thus consistent with the review of Ellwanger,
Hugonie and Teixeira (EHT) [22] and also Ref. [42]. (Note les@r that our definitions of the neutral Higgs VEVs
(section 3.3) dier by a factor ofV2 compared to Refs. [22, 42].)

3.2. Next-to-minimal SUSY breaking parameters
The soft breaking scalar potential is given by

K
Vsoit = Va + Vo w0t ME|SI? + eapdAS HEHD + %33 +Vz,, (6)
where all%3 terms are included in
2
= &S+ 732 + €aMHSHY + h.c.. 7)

Expressions for the trilinear scalar interaction potdndaand scalar bilinear SUSY breaking potentiél of the
MSSM are given in Sect. 2.2 of trBFTSUSY manual [5] for theR-parity conserving MSSM. The notatic)r‘y|m§:0

indicates that th&s soft bilinear massng present inv is set to zero to avoid double counting with the third term in
Eq. (7).

3.3. Higgs potential and electroweak symmetry breaking
At tree-level, the Higgs potential is given by

Vhiggs = VE + Vi + VE (8)
0
= Virssm+ VE" + Vigy 9)
where
VEN = |AS + pP(IHaf? + [H1l?) + [AH2Hy + kS + 14'S + &2, (10)
2
VHN = n2|SP2 + (/lAlS FoHy + gAKs3 + %782 + S+ h.c.). (11)
The three neutral Higgs fields then pick up VEVs
1 (v o 10 1
(H)) = —( ) (Hy) = —( ) (S) = ——s, 12
1 \/é 0 2 \/i Vo \/i ( )
which are related to the soft masses via the minimizatiornlitimms:
M% 2 2
My, = == COS(F) = V3 + (M tang — ptel” (13)
A2 (M)est s
m, = COS(Z?) TVt Tang el (14)
mé = K2 - —V2 + KAV + /lA,1m — kAS— rTfS2 — W%+ 2uEr — Bk’ (15)
2 V2s
We have tap = v»/v1, and for simplicity we have introduced
(M)esr = — Beff + M8, (16)
and
As KS  __ u's )
=u+—, Bg=A+—, = +Al— + . 17
Heff = [ 73 =Mt M = mj ( N &F (17)
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3.4. Tree-level masses

The chargino and sfermion masses are obtained by subiggifut> per into the MSSM expressions. The neu-
tralino mass matrix is contained in the Lagrangian ter§%°" Moy + h.c., wherej® = (-ib, —ii?, hy, hy, 3T
and

My 0 —MzCssw  MzSssw 0
0 Mo MzCﬁCW —MzSﬁCW 0
Mjo = | —MzCGsw  MzCsew 0 —u —AVs . (18)
Mzsssw  —MzssCw —H 0 —Avy
0 0 0 0 s+’

We uses andc for sine and cosine, so that = sing, ¢z = coss andsw(cw) is the sine (cosine) of the weak mixing
angle. The 5 by 5 neutralino mixing matrix is an orthogonatira with real entries, such thﬂTM@oO is diagonal.
The neutralinog? are defined such that their absolute masses increase wigasing. Note that some of their mass
values can be negative.

The CP-even gauge eigenstate€)' = (H?, HY, S) are rotated into mass eigenstate®{ = (hy, hp, hs) by a
mixing matrixR,

h® = RHC. (19)
The mass matrix arises from the Lagrangian teid®)" M2,H®, where
oV 1oV iR Y
v viovg OV10V2 ov10s
2 2 2
Mﬁoz oV oV _1v oV , (20)
OVo0V1 62V2 Vo OVo OVL0S
9V Y Vv 10V
0sivy SOV #s  sads

and we have rewritten the elementsl\tbﬁ0 by imposing tree-level electroweak symmetry breaking (BNSubstitu-
tion on the the double derivatives of thifeztive potential. This is equivalent to defining

NV 6ij oV
(MZ0)ij = v, o, (21)
with v3 = s. The explicit elements of the matrix are

(M2o)y = M§c§+(%8eﬁ+ﬁ1§) tang, 22)
M2z = (422~ —Z)ﬂ—@seﬁ 2. (23)
(Mio)s = [zﬂeﬁVTz_(Beﬂ“"KS"‘ﬂ)Tz] (24)
(Mio)22 = Mis5+ (—Beff+m§)/tanﬂ (25)
M2, =/1[2 Y2 (Bart 2 ), 26
(Mfo0)23 #eﬂ“\/é (eﬁ+\/§+ﬂ)\/§ (26)
MEdss = oA+ ) 5+ L2 A+ 422 1 30) - V2les + eal s @7

The three imaginary components of the neutral Higgs figttl$'(= (H1, H}, S') mix to give the two physical CP
odd boson#\; , and the Goldstone bos@f. A mixing matrix P relates the two bases

a=PH', (28)
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wherea” = (G°, A1, A;). Here,P matches the conventions of [42], while deleting the first fomm P produces the
2 by 3 mixing matrix for the physical CP-odd Higgs bosons irH&2 conventions [34]. Following EHT [22], the
entries of the 3 by 3 mass mati#,? in theH' basis read

(M1 = (% Be + mg) tang, (29)
pl _

(M2 = %Beﬁ + 1%, (30)

(MP)1s = AVu(AL— 25— 1), (31)

(M2)> = (% Beﬁm‘é)/tanﬂ, (32)

(MiD)2s = V(AL — 2xs— ') (33)

(Mid)az = A(Ber + 3KS+;/)Vu—:d — 3kAS—2m2 — k'S — & (4/( + Iis,) - % (34)

where tree-level EWSB has been imposed.

Note that — as in the MSSM — the mixing of the Goldstone baS8mlepends only on tgh As shown in EHT
[22], this can be seen by first performing a rotatiorphyvhich convertsviZ? to be block diagonal. The resulting 2 by
2 submatrix may then be diagonalised. Therefore the CP-dxidgrcan be stored as a single mixing angle.

Finally, the charged Higgs fields in the mass basis contaémuassless charged Goldstone bdsband a charged

Higgs,H* with mass
2\,2

. = (% Bor + mg) (tanf + cotp) + M, - - (35)

4. Calculation Algorithm

We now describe the algorithm used to perform the calculafidne full iterative algorithm to determine the mass
spectrum is shown schematically in Fig. 1. Here we will pdeva detailed description of this procedure and specify
all contributions that are included in the calculation.

As in MSSMSOFTSUSY, the SM fermion and gauge boson masses, and the coupl{Mig, G, andas(M,) act
as low energy constraints. Beldwz, the evolution of these input parameters proceeds in thenaradescribed in
Sect. 3.1 of the MSSMOFTSUSY manual [5]. Similarly, the initial guess for the SUSY pradgeg DR parameters
atm follows the procedure outlined in Sect. 3.2 of [5], with thadd@ional NMSSM parameteiig, «, S, &g, i’} either
initially set to their (user specified) input values, or to@e the case wher ands are treated as outputs from the
EWSB conditions (section 4.2).

4.1. Running of NMSSM couplings

Following the initial guess atn;, the two-loops functions of theX3-NMSSM are used to evolve the SUSY
preserving parameters to a user specified sile If gauge unification has been specified as a boundary congdliti
My is revised to leading-log order to provide a more accurdigevapon the next iteration:

92(Mx) — 91(Mx)
9,(Mx) - g5(Mx) )’
where primes denote derivatives calculated to two-loogiord

In all stages of the calculation, the evolution of the NMSSMameters is governed by three family, two-loop
renormalization group equations (RGEs), whose form [43fdida generalN = 1 semi-simple SUSY gauge theory

(36)

2SOFTSUSY does this internally by storing, in the sPhysical object (see Eq. (Appendix C.4)). Note that the SLHA outpuegithe 3 by 2
mixing matrix and thus matches SLHA2 conventions.
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‘ 1. SUSY radiative corrections (Mz). !_

‘ 2.SUSY radiative corrections tgy, :(My). ‘

convergence
r— - - - - - - - - - = == = - ‘3 Run tOMSUSY-‘

4. EWSB with iterative solution fofieg, outputs{s, «, ms} in Z3-NMSSM and{y, n‘é,gs} in Z3-NMSSM.

5. Run toMy. Apply soft breaking and NMSSM SUSY boundary conditiqns.

6. Run toMz.

L e - — = +{ 7. Calculate Higgs and spatrticle pole masses. RLMth

Figure 1: Iterative algorithm used to calculate the NMSSkcspum. The initial step is the uppermost oM ysvis the scale at which the EWSB
conditions are imposed, as discussed in the fég.is the scale at which the high energy SUSY breaking boundamgitions are imposed.

is known. From these general results, it is possible to dehe explicit expressions of the RGEs in a chosen model
(e.g. the work of Martin and Vaughn [43] provides a completedf the RGEs for the MSSM).
In the case of the NMSSM considered here, it is a simple tagkmeralize the MSSM expressions [43] to include
contributions due to superpotential parameters suchasl their soft SUSY-breaking counterpaayis (Naturally,
the RGEs for such parameters must be derived separately. wichloop RGEs for th&;-NMSSM are presented in
the review by EHT [22], with the the third family approximerti
0 0O 0 0 O 0 0 O
Yuz{oo 0], YDz{OO 0], YEz{OO 0
0 0 Ve

: (37)

0 0 v 0 0 w

imposed to simplify the resulting expressions. HowevegdRTSUSY the whole calculation is performed with quark
flavor-mixing between all three families, so it is necesdargerive the additional NMSSM contributions from the
general RGEs [43, 44]. The resulting expressions are detlén section Appendix D and in each case we have found
agreement with the results of EHT [22] once the third famipximation Eq. (37) is enforced. Note that in the
SOFTSUSY conventions, alp3 functions are real. We also incorporate the two-loop rugrior tang and the Higgs
VEVs vy, ands. Here, we make use of the results obtained by Sperling e#t5).46], where the pure NMSSM
contributions are reproduced in section Appendix D. Thegmm can be made to run faster by switchitigtbe two-
loop renormalization of the scalar masses and tri-linealascouplings. Once the user-supplied boundary condition
are applied aMy, the whole ensemble of NMSSM soft breaking and SUSY presgraouplings are evolved td.

The inclusion of radiative corrections to the gauge and W&aouplings (steps 1 and 2 in Fig. 1), and NMSSM
renormalization (step 3) is analogous to MSSBFTSUSY — for details we refer the reader to sections 3.3 and 3.4 of
the SOFTSUSY manual [5].

4.2. Low energy boundary conditions and electroweak symrhetaking
The three electroweak symmetry breaking (EWSB) conditadiosv the central value of th& pole mass$vi; to be
taken as input, thereby constraining three parameters.(E8)sand (14) can be rewritten in termsyjr and mg)eﬁ,
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as in the MSSM. Including tadpole correctionsnd the transverse self enerfly, of the Z boson, the resulting
expressions are

5 mzﬁl(Msusv) - mzﬁz(Msusﬁ tarf S(Msusy) 1 )
Her(Msusy) = @ f(Msusy — 1 — 5Mz(Msusy) (38)
. —2
(M3)er(Msusy) = %QASUSY){YHZ (MsusY) + T, (Msusy) + 2u2(Msusv)| 1+ gM (Msusv)}} (39)

Here, mz_ m2 —t/vi, M2 2(Msusy) = M2 + Rell],(Msuysy is the DR running (mas$) of the Z boson, and

= (05 + g’z)l/2 Wheregz andg = +/3/5g; are the gauge couplings 8fU(2). and (unnormalised) (1) interactions
respectlvely Through Eqgs. (38) and (39) we canufix and (ng)eﬁ in a similar manner to the MSSM. Note however,
that in this case these aggiectiveparameters constructed from several model parameters saust select which of
the latter are fixed. In thB3-NMSSM, we fixsvia Eq. 38 and via Eq. 39, and use the third EWSB condition to fix
mg. In the X3-NMSSM, we have more freedom and can choose tp ﬁmdmg — as in the MSSM — and use the
third EWSB condition to fix¢s.

The full one-loop tadpole corrections from [42] are implenesl, along with NMSSM two-loo®(atas) and
O(apas) contributions [42] to the tadpolésThe two loop corrections from the MSSM are used @§e?), O(ana.),
O(aﬁ), O(a?) andO(arap), though it should be noted that these are not complete iNMESM. In both one-loop
and two-loop cases, the tadpole corrections themselvesdem the output from the EWSB conditions, therefore an
iteration is employed to find a self consistent solution eAthe EWSB iteration converges, the whole set of NMSSM
parameters are run ta;. As detailed in Section 3.3 of [5], the gauge coupliggsg, andgs (whereg; is the GUT
normalised gauge coupling &f(1)y) and third familyDR Yukawa couplingsy:, y, andy; are fixed, including the
precision corrections alz. Note however, that the expressions for the one-loop selfgges of the gauge bosons
and fermions are modified to match those given in [42] for tIhS$M.

SOFTSUSY calculates corrections to giy following the procedure outlined in [47]. We use the samecpdure
in the NMSSM, with self energies generalised to NMSSM andgishe NMSSM the lightest Higgs mass and the
coupling which will match that of the MSSM when in the MSSM iiniT his ensures a simple simple MSSM limit for
threshold corrections.

In the X3-NMSSM, the parameters s, & andy’ are reset to their input values Blt;. The parameters are then
evolved back tdVisysy whereM3 and tarp are predicted as part of a consistency check. If the userteasfied that
Aisto be input at the SUSY scale theris set here.

In general, the scalar Higgs potential (in both #ae andZ3-NMSSM) can possess several local minima [22], so
we include a test d¥lsysy to determine whether the chosen parameter space poinsponds to a global minimum
(as done in th&@MSPEC [29] CHECKMIN routine). The test works by comparing the vabf the physical potential at
the VEVsv,, vy, Sagainst scenarios where two or more VEVs are zero. We in@danddoop radiative corrections to
the dfective potential from third generation quarks and squarkssections from other sfermions are negligible due
to their small Yukawa couplings. The parameters are thelvegidack up tdVx and the procedure is repeated until
convergence is achieved, as shown in Fig. 1.

4.3. NMSSM spectrum

After the iteration has converged we calculate the pole egasBhe Higgs pole masses are calculated using one-
loop self energies from Degrassi and Slavich [42], with &ddal %z contributions to the triple Higgs couplings
included (see Appendix A of EHT [22]). Two-loop correctiofd®] of O(atas) and O(apas) are incorporated via
FORTRAN files provided by Pietro Slavich. Contributions of ordefe?), O(ava:), O(ad), O(e?) and O(ata) are
included from the MSSMrORTRAN files (also supplied by Pietro Slavich), but we note thatéhegressions receive
additional NMSSM contributions which are currently undable. Consequently, our calculation is not correct to this
order, but rather t@(atas) and O(apas). Nevertheless, the higher order MSSM contributions pfevia) a good
approximation in the vicinity of the MSSM limit , and (b) eeascomparisons against MSSM results.

SWe thank Pietro Slavich for kindly supplying us with tABRTRAN files.
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The sfermions, neutralinos and charginos also receive néd83M corrections to their self energies. To the best
of our knowledge, the required expressions are presentgdojd8]. However, we found a number of typographical
errors in the published results [48], whose orfgimas due to the need to manually condense the auto-generated
IATEX output from SARAH [30, 31, 32, 33]. In particular, the self energy expressigeserated bysARAH do not
contain these errors. Therefore, we used a combinationsofteelisted in [48], auto-generatefgX output from
SARAH for the self energies, plus individual checks of our own.afin all one-loop self energies, tadpole corrections,
and two-loop RGEs were unit tested against code piecesgaunerated frorilexibleSUSY [49], an in development
MATHEMATICA package for generatingy+ code which makes use of the aforementioggRIAH package.
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Appendix A. Running SOFTSUSY

SOFTSUSY produces an executable callegftpoint.x. For the calculation of the spectrum of single points in
parameter space, we recommend the SUSY Les Houches Acc8tdHAQ) [34] inpufoutput option. The user must
provide afile (e.g. the example file included in 8@FTSUSY distributionrpvHouchesInput), that specifies the model
dependent input parameters. The program may then be run with

./softpoint.x leshouches < nmssmHouchesInput

For the SLHAZ2 input option, the output will also be given intBA2 format. Such output can be used for input into
other programs which subscribe to the accord, suabvasra [38] (for simulating sparticle production and decays
at colliders), for example. For further details on the neaegformat of the input file, see Ref. [34]. It supports the
setting of all other SLHA2 input blocks associated with remmplex couplings. The default output is in SLHA2

format, the conventions of which are explained in Ref. [34].
As of SOFTSUSY3. 4, the command line interface ebftpoint.x has changed, se@ftpoint.x --help. For the
MSSM the new syntax is

./softpoint.x <susy-breaking-model> [susy-breaking-model options] [general options]

where the available SUSY-breaking models are listed inefébl and the general options are listed in Table A.2.
For the NMSSM, the syntax is

./softpoint.x nmssm <susy-breaking-model> [NMSSM flags] [NMSSM parameters] [general options]

wheresugra is the only currently available susy-breaking model. Theegal options are listed in Table A.2 and the
NMSSM flags and parameter options are listed in Table A.3.

4F. Staub, private communication.



susy-breaking model susy-breaking model option  desoripti

sugra --m0=<value> unified soft scalar mass
--m12=<value> unified soft gaugino mass
--a0=<value> unified trilinear coupling

amsb --m0=<value> unified soft scalar mass
--m32=<value> gravitino mass

gmsb --n5=<value> number ofS U(5) mulitplets
--mMess=<value> messenger scale
--LAMBDA=<value> SUSY breaking scale Fs > / < S >
--cgrav=<value> Gravitino mass scaling factor

Table A.1: MSSM command line options fepftpoint.x

general option description

--mbmb=<value> bottom massn'S(my,)

--mt=<value> top massrf*®

--alpha_s=<value> strong couplingr¥S(Mz)

--QEWSB=<value> EWSB scale

--alpha_inverse=<value> inverse electromagnetic couglingd!S(Mz)
--tanBeta=<value> tang

--sgnMu=<value> signu

--mgut=unified define unification scal®x by gi1(Mx) = g2(Mx)
--mgut=msusy set unification scale tMsysy
--mgut=<value> set unification scale to fixed value

Table A.2: General command line options &wftpoint.x

Appendix B. Calculating decayswith NMSSMTools

SOFTSUSYhas a compatibility mode which interfaces wihiSSMToo1sto calculate sparticle decays in the NMSSM.
To enable it, the user has to first inst@iliSSMToolsand then run theetup_nmssmtools. sh Script

$ cd /path/to/NMSSMTools/

$ wget http://www.th.u-psud.fr/NMHDECAY/NMSSMTools_4.1.2.tgz

$ tar xf NMSSMTools_4.1.2.tgz

$ cd /path/to/softsusy/

$ ./setup_nmssmtools.sh \
--nmssmtools-dir=/path/to/NMSSMTools/NMSSMTools_4.1.2 \
--compile

The setup-nmssmtools.sh SCript cOpiesmProcessSpec.f andMakefile.nmssmtools from the SOFTSUSY directory
to themain/ directory within theNMSSMToolsfolder. If the--compile flag is providedNMSSMToolsis recompiled.
Afterwards the user can generate a NMSSM spectrum SGRTSUSY and usaiMSSMToolsto calculate the decays.
Thesoftsusy nmssmtools.x Script combines these two steps:

$ ./softsusy_nmssmtools.x leshouches < slhalnput > slhaOutput

HereslhaInput is an SLHA input file with the SOFTSUSY block entry 15 set to dditionalNMSSMToolsspecific
flags can also be used with entries 16 and 17, which are pssg§8)Toolsas MODSEL blocks 9 and 10 respectively,
following the NMSSMToolsconvention.

Block SOFTSUSY
15 1 # NMSSMTools compatible output (default: 0)

10



NMSSM flags

description

--lambdaAtMsusy

inputA at scaleMsuysy

NMSSM parameters

description

--m0=<value>
--ml12=<value>
--a0=<value>
—--tanBeta=<value>
--mHd2=<value>
--mHu2=<value>
--mu=<value>
--BmuOverCosBetaSinBeta=<value>
--lambda=<value>
—--kappa=<value>
--Alambda=<value>

unified soft scalar mass

unified soft gaugino mass

unified trilinear coupling

tans

soft down-type Higgs mass squarraaﬁ1
soft up-type Higgs mass squanﬂzﬁ2
1 parameter

Bu/(cosB sing)

trilinear superpotential coupling
trilinear superpotential coupling
trilinear soft couplingh,

—--Akappa=<value>
--lambdaS=<value>
—--xiF=<value>

trilinear soft couplingA,

XSy = s/ V2

linear superpotential coupling
linear soft coupling's

bilinear superpotential coupling
bilinear soft couplingn?

bilinear soft massg

--xiS=<value>
—--muPrime=<value>
--mPrimeS2=<value>
--mS2=<value>

Table A.3: NMSSM command line options fepftpoint .x

16 4 # Select Micromegas option for NMSSMTools
# (default: 0) O=no, l=relic density only
# 2=direct detection + relic demnsity,
# 3=indirect detection + relic density
# 4=all

17 1 # l:sparticle decays via NMSDECAY (default: 0)

After softsusy nmssmtools.x is called, the following three output files can be found in EMSSMToolsdirectory
NMSSMTools_4.1.2/main/: The file nmProcessSpec-decay contains the sparticle decays in form of SLHA DECAY
blocks, nmProcessSpec-omega Will contain the output fromnicrOMEGAS if entry 16 is selected to be non-zero and
nmProcessSpec-spectr contains the spectrum calculated¥¥SSMTools.

Appendix C. Class Structure

We now go on to sketch the NMSSM class hierarchy. Only metlaodsdata which are deemed of possible
importance for prospective users are mentioned here, brg re many others within the program itself.

Appendix C.1. General structure
To implement the NMSSM (and other non-minimal supersymimetodels), theSOFTSUSY class hierarchy was
generalized with the following requirements in mind:

e The class of supersymmetric parameters (gauge couplingerotential parameters and VEVS), whose beta
functions are independent of soft-breaking parametemyldibe at the top of the class hierarchy. This makes
them usable independently of the soft-breaking paramédterexample during the initial guess.

e One should be able to reuse as much MSSM code as possibleaiopée by inheriting from existing MSSM
classes.

11



RGE

MssmSusy

|SoftPars<NmssmSusy>|

Y

SoftPars<MssmSusy>
= SoftParsMssm

Y

|SoftParstssm|

Softsusy<SoftParsMssm>
= MssmSoftsusy

|Softsusy<SoftParstssm>|

|NmssmSoftsusy|

Figure C.2: Heuristic high-level class structureSaFTSUSY. Inheritance is displayed by the arrows anpedefs are displayed by the equals
signs.

The above requirements were implemented by the followiramgkes:

1. The class of the soft breaking MSSM parameters and thédr foections was converted into the class tem-
platesoftPars<Susy>. The template parameter represents the class of supergyimpagameters, from which
SoftPars<Susy> inherits. The class which contaiai MSSM parameters and beta functioesftParsMssm,
was made a typdef fasoftPars<MssmSusy>, whereMssmSusy is the class that contains the supersymmetric
MSSM parameters and beta functions.

template <class Susy>

class SoftPars : public Susy {
// implementation of soft breaking MSSM parameters
// and their beta functions

};

typedef SoftPars<MssmSusy> SoftParsMssm;

This approach makes it possible to have a class of soft brgdkESM parameters but with aftérent set of
supersymmetric parameters. This mechanism is used in the3W) see Section Appendix C.3.

2. The class which organises the MSSM mass spectrum catmneas converted into the class templedetsusy<SoftPars>.
The template parameter represents the class of all modetheders and beta functions, from whif tsusy<SoftPars>
inherits.MssmSoftsusy was made a@ypedef for Softsusy<SoftParsMssm>.

template <class SoftPars>

class Softsusy : public SoftPars {
// organisation of MSSM mass spectrum calculation
// using model parameters in SoftPars

};

typedef Softsusy<SoftParsMssm> MssmSoftsusy;

This approach makes it possible to have a MSSM spectrumlagitmu class but with an arbitrary set of model
parameters. This mechanism is used in the NMSSM, see App&ndli
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data variable methods
double lambda, kappa trilinear superpotential displayLambda

A, K couplings displayKappa
double mupr bilinear superpotential displayMupr
o coupling

double xiF linear superpotential  displayXiF
& coupling

double sVEV VEV of singlet field displaySVEV
S

Table C.4:NmssmSusy class data and accessor methods

data variable methods

double alambda, akappa trilinear soft displayTrialambda
ay, a parameters displayTriakappa
A, /i displaySoftAlambda
A a/k displaySoftAkappa
double mSpsq bilinear soft displayMspSquared
mz2 parameters

double mSsq soft scalar mass displayMsSquared
mg

double xiS linear soft displayXiS

&s parameters

Table C.5:SoftParsNmssm class data and accessor methods

Appendix C.2 NmssmSusy class

The class of supersymmetric NMSSM parameters and betadms@imssmSusy, inherits fromMssmSusy to reuse
the MSSM parameters and beta functions, see Figure C.2.d# ddta members and access methods for the new
supersymmetric NMSSM parameters, which can be found ineTabt.

Appendix C.3.SoftParsNmssm class

To implement the class of soft-breaking NMSSM paramei®rs;Parsiimssm, the SoftPars<Susy> template is
instantiated usingimssmSusy as template parameter. Thereby one obtains the class of M&®Mreaking beta
functions, using supersymmetric NMSSM paramet@kgtParsNmssm then inherits fronBoftPars<NmssmSusy> to
add extra NMSSM contributions to the soft-breaking betafioms:

class NmssmSusy : public MssmSusy {
// implement supersymmetric NMSSM parameter beta functions
// by reusing MSSM ones

+;

class SoftParsNmssm : public SoftPars<NmssmSusy> {
// implement soft-breaking NMSSM parameter beta functions
// by reusing MSSM ones

+;

FurthermoregsoftParsNmssm adds new soft-breaking NMSSM data members and access nsethloidh are listed in
Table C.5.
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data variable description

DoubleVector mh0,mAO vectors of neutral Higgs masseg My
(MSSM:n=2,m=1, NMSSM:n =3, m= 2)

double mHpm charged Higgs massy-

DoubleVector msnu vector Ofrt’h;i:l___3 masses

DoubleVector mch,mneut  Vectors ofm _ ,, Mo _ respectively
(MSSM:n = 4, NMSSM:n = 5)

double mGluino gluino massry

DoubleMatrix mixNeut orthogonal neutralino mixing matri®
(MSSM: 4 by 4, NMSSM: 5 by 5)

double thetal, thetaR 0Lr chargino mixing angles

double thetat, thetab 6 p Sparticle mixing angles

double thetatau 6, sparticle mixing angle

double thetaH CP-even Higgs mixing angke in the MSSM

double thetal0 CP-odd Higgs mixing angléx in the NMSSM
DoubleMatrix mixh0 orthogonal CP-even Higgs mixing matiiin the NMSSM

DoubleMatrix mu, md, me (2 by 3) matrices of up squark, down squark and
charged slepton masses

Table C.6:sPhysical Structure. Masses are pole masses, and stored in units ofM&&¥g angles are in radian units.

Appendix C.4 NmssmSoftsusy class

To create the NMSSM spectrum calculation clagssmSoftsusy, theSoftsusy<SoftPars> template class is in-
stantiated usingoftParsimssm as template parameter. Thereby one obtains an NMSSM spectilgulator, which
uses NMSSM parameters and beta functiomssmSoftsusy then inherits fronsoftsusy<SoftParsmssm> and over-
writes MSSM functions to account for the extra NMSSM paetic!

class NmssmSoftsusy : public Softsusy<SoftParsNmssm> {
// organise NMSSM spectrum calculation reusing MSSM functions

};

To implement the NMSSM pole masses and mixing matrices,stagsical struct had to be generalized, as in
Table C.6.

Appendix D. Renormalization Group Equations for the NM SSM

In this section, we present the components of the one- andawm renormalization group equations (RGES)
which belong exclusively to the NMSSM. Our expressions Hzen derived in thBR scheme from existing results
[43, 44] for general SUSY gauge theories. The complete R@&Ethan obtained by combing the expressions below
with those for the MSSM [43].

Appendix D.1. Yukawa Couplings
Fort = In Q, the trilinear superpotential parame¥¥ evolves according to the general expression [43]

“vik _ vijprk kjpyi ikpy-)
;Y = YIPT 4 YAIPT, 4 YTy, (D.1)

where

ot wi, 1 o

i = 1672'2% + (167'(2)2% ’ (D'2)
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andyi(l’z)‘ are the one- and two-loop anomalous dimensions respactNete that the 3« 3 Yukawa matrice¥ype
are obtained by identifying indices in Eq. (D.1) with theenednt chiral superfields in the superpotential.

At one-loop order, the only addition to the MSSM expressi@#8] for the Yype RGEs is the inclusion of?
terms which originate from the Higgs anomalous dimensions

Y =A% and yQ'| =22 (D.3)

At two-loop order, all the gauge-Yukawa contributions francancel for each/i(z)j, so the additional contributions
arising in the NMSSM are simply given by

M|, = e, 04
75|, = —2rive). (0.5)
yg)oj 'ﬂ = (VoY) - (oY), (D.6)
@Dj| _ i j

Yo = —222(r o), (D.7)
YoM ‘A = —222(Y} o)), (D.8)
Y| = =32% - 2% - BAPTI(Yu YY), (D.9)
Yre| = =32% - 2% - BAPTr(YpY[) - A°Tr(YeYD). (D.10)

In a similar manner, the RGEs fdrandx are obtained from Eq. (D.1), with

dﬂta = AT} + 12 +T9), (D.11)
d
3= 3T, (D.12)

where the one- and two-loop expressions for the singlet aflmm dimension are given by

y S =222 422, (D.13)
y<2)s ~4% - 8% — 822 - BAPTI(YuY{)) — BAZTr(YuY[)) — 242 Tr(Ye YY) + 89242 + 6322 (D.14)

Appendix D.2. Gauge Couplings

In the NMSSM, the one-loop RGEs of the for the gauge couplmgare identical to those for the MSSM. At
two-loop order however, thé coupling appears through the term

d
5082 (1§jz)zv.,kwkca(k)/d(ea) (D.15)

whered(Gy) is the dimension of the adjoint representation of gauge@,. The result is

d o
%], = T@ep A =320 (0.16)

where we have taken into account the additional factor of Zkwhrises from tracing oves U(2) group indices in
Eq. (D.15).

5For example, fok = Hp we haveYH2 = ()i,

15



Appendix D.3. Gaugino Mass Parameters
As for the gauge couplings above, we need only consider thitiaa of theA? terms arising from
d 262 (T = MaY ¥ )¥;3cCa(K)

e ? [T6r) dGa) ’ (b-17)

WhereTjAjk is a trilinear soft SUSY-breaking parameter. By evaluatirgsummations in Eq. (D.17), we find

d 295 2 @
a a/1 = m(ﬂﬁl - A Ma)Aa N (D18)

with Agz) as givenin (D.16).
Appendix D.4.u Parameters
The general expression [43, 44] for the SUSY-conservirigddlr terms is given by

d ..
d—ty” = 1T}, + P, (D.19)

from which we obtain

d H H
I+ T
Tl u( 2):

4 TS (D.20)

Appendix D.5. Trilinear Couplings

If we denoteTEk as a soft SUSY-breaking trilinear, then the evolution at-teap is given by

d d ik _ [ﬂ(l) ik

dt A 167r2 A (D-21)

where the explicit expressions for tggunctions can be found in [43]. FAr = U, D, E, the A contribution to the
one-loops function arises from the following factor

B]" 5 HTA Y me ™+ (% o i TR (D-22)

where there isi0 summatiomvera = 1, 2, with the index determined by the choiceTofe.g. if T = U thena = 2).
Expanding the indices leads to

<1>] ‘ = (T A2 + (Y121, . (D.23)

The two-loop expressions involve a large number of summatgm to minimize the proliferation of generation
indices we choose to express our results in terms>o83natrices:

B3|, = = PUA[BA + 262 + BTr(Yo Yp) + Tr(Ye YL)] — A2[5YU Y[ Un + AUAY(, Yy + Yo Y Ua + 2DAY Yy ]
— 228, Yy[34% + 2% + 3Tr(YpYS) + Tr(YeYL)] — 24%Yy [34a, + 2xa, + 3Tr(DAYS) + Tr(EaYL)]
- 2a,[3Yu Y Yu + Yo Y. Yul, (D.24)

B2, == A°Da[34% + 2% + BTr(YuY[))] = A2[5Yp Y, Da + 4DAY] Yo + 2UAY], Yo + Yu Y, Dal

— 228, Yp[322 + 2% + 3Tr(YuY,))] - 24%Yp[34a, + 2@, + 3Tr(UAY]))] - 24a,[3Yp YL Yo + Yu Y|, Yol,
(D.25)

BE)|, == PEa[34% + 2% + BTr(YuY)))] — A[5Ye Y En + 4EAY{ Ye| - 242, Ye[34 + 2 + 3Tr(Yy YY)
— 22%Yg[30a, + 2xa, + 3Tr(UAY]))] — 612, Ye YL Ve . (D.26)
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Fora,, the one-loog function reads in full
D = Lo, (YemnY™™ + Yiumn Y™™ + Yo maf ™) + A(YemaT 8" + Yiume 8" + Ys mal A5)

ay
—4 3" (a1 - 2Mad)gZCa(H) , (D.27)
a=1,23

from which the various sums immediately yield
BY =ai[3Tr(YuY,) + 3Tr(YoY0) + Tr(YeYL) + 1242 + 2 — 3¢? — 3¢
+ A[BTI(UAY]) + 6Tr(DAYS) + 2Tr(EAYL) + dawk + 295My + 603M;] . (D.28)
The two-loop expression is given by
BE) = - 502%, — 36ATr(UAY{, YuY[)) — 36ATI(DAY] Yo Y5) — 12ATr(EAYL YEYE) — 92, Tr(Yu Y, Yu Y)
— 9, Tr(Yp Y. Yo YD) — 3a Tr(Ye YL Ye YD) — 8%, — 321, — 124%%a,
— 1883[(au/A)Tr(YuY)) + Tr(UAY,))] — 182%[(au/A)Tr(YoYS) + Tr(DaYy)]
— 63[(@/ D) Tr(YEYL) + Tr(EAYL)] — 242%A[(au/A) + (a/k)] — 12[Tr(UAY, Yo Y5) + Tr(DAYL YuY,))]
— 3% [3Tr(YuY)) + 3Tr(Yo Y) + Tr(YeYL)] — 6, Tr(Yu Y, Yo Y5) + 2g22%[3a, — AM]
+ 8GA[Tr(UAY]) - MiTr(YuY))] = 2GEA[Tr(DAY) — MiTr(YoYL)] + 2gA[Tr(EAYL) — MiTr(YeYy)]
+ Egfau[2Tr(Yyu Y() — Tr(Yo ) + 3Tr(YeY()] + 120547 32, — AMe]
+ 32032 Tr(UAY()) = MaTr(YuY[))] + 32034 Tr(DAYS) — MaTr(Yo Y5)] + 16g3a.[Tr(Yu Y)) + Tr(Yo Y5)]
+ 5014[207(@,/1) — 828M1] + 2g34[15(@,/1) — 60M2] + 2g2g52((a1/ ) — 2(M1 + Mp)]. (D.29)
For a,, the one-loop calculation is similar to thataf, with the result
B = 18a4” + 128k + 6a,A° . (D.30)
At two-loop we have
2 = - 120¢%a, — 122%, — 481%a, — 480%3[(ar/A) + (a/K)] — 244%*a,
— 362 Tr(UaY{) + (/D) Tr(YuY)] — 362%([Tr(DaY)) + (au/A)Tr(YaY.)]
— 122%Tr(EAY) + (/D) Tr(YeYd)] — 642 [3Tr(YuY]) + 3Tr(YaY]) + Tr(YeYd)]
+ 2gi1%([(a1/2) + 3(ac/x) — M1] + 36g51%[(a,/4) + 3(ac/k) — Mz]. (D.31)

Appendix D.6. Higgs Masses
To determine tha andx contributions to the Higgs masses, it is useful to define {f2€Jfollowing quantities

MZ =md + g, +mg +a5/2%,
MZ =3ng + &/«
ME =Tr(m& YuY{) + Tr(YangY() + Mg, Tr(YuY() + Tr(UaU) .
M2 =Tr(mgvdvg) + Tr(YamZY;) + mg Tr(YgY]) + Tr(DaD}).
M2 =Tr(mEYeYS) + Tr(YeméY{) + m@, Tr(YeY{) + Tr(EAER).
(D.32)

Both the up- and down-type Higgs masses andmy, receive the samg contribution at one-loop order,

Y| =242M2,  e=12. (D.33)

Ho 12
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The two-loop expressions for?, are
2

[;’(2) = — 1204 M2 + (a2/ )%} - 643 (M3 + M2Tr(YqY}) + 2(@i/A) Tr(DaY,)}

— 223{M2 + MATr(YeY?) + 2(an/A)Tr(EAYL)) — 4222 (M? + M2 + 2(a,/ ) (8 /«))
+ SRR, — E,), (034)

with a similar result fomg, ,

,8(2) = — 1204M2 + (a;/2)%} — 622{M2Z + M2Tr(Y,Y]) + 2(@,/ ) Tr(UaYS))
— 4% (M3 + M2 + 2(a1/ ) (a/x)} - BGFA%(ME, —mEy) . (D.35)
For the singlet massis, the one-loop result is
,3%) = Ys pgY PI5ME + 2Ys pgY SPI(P)? + hs pch® P, (D.36)

where

Ys quS pr(mz)q = 2/12(”12 + m|2—|2) + 4K2mg g

hs ph®>P9= 422 + 4a2, (D.37)
and thus Eq. (D.36) becomes
[;’f%) = 402M2 + 43M2. (D.38)

At two-loop we get

ﬁffé = — 164*M3 + (au/ )%} - 32HM? + (a,/x)?} — L2 M3Tr(Y,Y]) + M2 + 2(a./ ) Tr(UaY,)}

— 123{M2Tr(YqY.) + M3 + 2(a1/ ) Tr(DAY,)} — 445 M2Tr(YeY) + M2 + 2(a, /) Tr(EAY{)}
— 164%3{M3 + MZ + 2(a,/2)(a/k)} + 2052 M2 — 2M;[(81/2) — Ma]}
+ 12g54%{M7 — 2M3[(a,/) - M2]} (D.39)

Appendix D.7. Squark and Slepton Masses

The squark and slepton masses only receive contributionsdr« at two-loop order. The results are listed below,
wherel is a 3x 3 unit matrix.

ﬁfg 22YImY, + mévuvj + YY) mzé +2m8, YoY] + 2UaUj + 2M3YLY] + 2a,/A(Y U + UaY)))
Qla
- 12{2YTm%Yd + MEYaY{ + YaYimG + 2mf, YaY] + 2DaD}, + 2M3YgY] + 2a,/A(YaD), + DaY))
2Zg70%(mG, — M@,)1, (D.40)
ﬁffﬁ) — 222(2Y MG Yy + MEY( Yu + YIYumg + 208, Y(YG + 2URUA + 2M3Y( Yy + 220/ A(Y{Ua + ULYL))
A
— Bg1%(m, - m,)1, (D.41)
BY| = - 22%(2Y;mG Yo + MEYS Y + Y] Yamg + 23, Y] Y + 2D, Da + 2M3Y{Yq + 22,/A(Y;Da + D Ya))
dla

+ 205A%(MG, — )1, (D.42)
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ﬁfg — P{2Y]MEYe + MEYY] + YoYNE + 2mf YeY{ + 2EAE] + 2M3YeY{ + 281/ A(YeE} + EaY))
Ll

— 2giA%(m;, - m,)1, (D.43)

,8(2) = — 202[2Y[MEYe + MY{ Ye + Y. Yeg + 2m2, Y{Ye + 2ELEA + 2M2Y{ Ye + 28, /A(YSEn + ELYe)}

+ PO, — )1 (D.44)

Appendix D.8. Tadpole Terms
The general RGE for a SUSY-conserving tadpole term reads

d

dtL = LPrL, (D.45)

and thus foii = S one has q
5 = &TS. (D.46)

For the soft SUSY-breaking tergs, we use the general RGE from [44] because Martin and VaugBhdd not
include the tadpole as part #kor. The relevant RGE reads

d
dt

£s = ﬁ(l) 52, (D.47)

1672 ¢ (1&12)2

where the one-loop function is given by

(1) = 2(1 + KP)ég + MAay + ka)éEx + 24 (2AmB + km2)
+ A[Ap(Mg, + MR,) + ki My + 4aymg + 2a,mg . (D.48)

At two-loop we obtain

BE = = 4%¢s + Aan/ Dér) - 8*Es + Aa/)ér) - BA(ETI(YLYY) + 2[(@n/ DTr(YaY]) + TrUAY)]Jér
— 62%{£sTr(YaY]) + 2[(an/ )Tr(YaY,) + Tr(DaAY )] }r
— 222(&sTr(Ye YY) + 2[(an /) Tr(YeY) + Tr(EAY))] )k
— 8A%KPlés + 2[(an/ ) + (ac/K)]EF )
— 124(m[(a/A) + @ IT(YoY]) + METr(UAYY) + M + [(a1/2) + p/ TTr(UAY]) + [M8, + M@, 1Tr(YuY{)})
— 122{mé[(an/A) + L TTr(YaY]) + METr(DAY]) + (M3 + [(a2/2) + f TTr(DAY]) + [Mf, + M@, ITr(YaY))}}
— 4{Mg[(an/A) + p TTr(YeYS) + METH(EAYE) + ulME + [(a1/A) + £ TTH(EAYE) + [M, + mi ITr(YeYd)})
— 8B3(mB[2(ar/A) + 1] + u[MZ + (au/D[(an/A) + '] + MG + M1}
- 82{mE[(a/A) + (ac/k) + '] + 1/ [MT + (au/D)[(ac/k) + '] + 28]}
- 8MZ[2(ac/x) + 1] + 1 [MZ + (a/K)[(ac/x) + '] + 2mB]}
+ SAGZ13mE[(au/A) + 1/ — Ma] + 2u[mfy + ME, — (/M1 — i’ My + 2MZ] + A[2&e[(a/A) — My] + &s]}

+3A95{3MB[(a1/A) + i’ — Ma] + 2u[m@, + MG, — (au/A)Mz — i’ Mz + 2M3] + A[2&6[(a1/2) — M2] + £s]} .
(D.49)
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Appendix D.9. Additional Parameters
Here we list thel andk contributions to the RGEs for the scalar mass?s Bu andmg = B'y’, and the evolution
of the Higgs VEVsvy 2 s. For the former, we get at one-loop

‘r}g = 22(3AM + 2uay) + 2AkmZ. (D.50)

At two-loop we have
ﬂf%) = —22%(7mg + 16uay/2) — 313 BEMETI(Y,Y() + 2u[3Tr(UAY]) + (ai/)Tr(Y,Y)]}
A

— 3A{BMETr(YaY]) + 2u[3Tr(DAY]) + 81/ ) Tr(YaY))}
— PP(BMBTr(YeY{) + 2u[3Tr(EAYY) + (an/A)Tr(YeY{)])
— A2 + 2u[(au/ ) + (a/K)]} — 8AK{ME + 1’ (au/ )} - BAKCHME + 1 (8 /x))

+ RGP - uMy) + 12g34°(mM5 — uMy) (D.51)
FormgZ, the one-loogs function reads
[3522 = 40(AM2 + 2u'ay) + 8k(xmZ + ' a) + BAKME. (D.52)

At two-loop we have
Bz == BAYME + 44 (/1)) — 16¢(2mE + 51’ (@ /x)} - 160°*(2mE + ' [3(2u/ ) + 2@/ W)}
— 1222{mETr(YuY{) + 2 [(aa/ ) Tr(YuY{) + Tr(UAY)])
— 122(mZTr(YaY}) + 2u'[(au /) Tr(YaY]) + Tr(DaY))]}
— A22METr(YeY]) + 2/ [(au/ ) Tr(YeYS) + Tr(EAY)]) — 1643«{ms + u(an/ 1)}
— 24| METr (Y Y{) + pTr(UAYE)} = 240dmETr(YaY]) + uTr(DaY))}
— BA(MBTI(YeY]) + 1Tr(EAYS)} + ZAkgi{mg — uMy} + 24kg5{mE — Mo}

+ 22%gHmE + 2/ [(an/A) — Ma]} + 120%g5(m& + 24/ [(au/2) — M2]}. (D.53)
At one-loop, the up- and down-type Higgs VEVg receive additional contributions solely frair{45],
BP|, = —Ved®,  a=12, (D.54)

while theg function for the singlet VE\&is given by
B = _25(42 +42). (D.55)

At two-loop, theg functions are given by [45, 46]

@ = {75421)'*1 —(§97 + 363)|3Tr(YoYp) + Tr(YeYy) + 4%| + ggg}, (D.56)
2 =2 - (3 + 30T )+ 2]+ 3. ©57)
pO = 525 (D.58)
The one-loogs function for targ is the same in the NMSSM as the MSSM. At two-loop, one has
ﬂ(l)
60 = tanp o -+ ek + 368) oo ©59)
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