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ABSTRACT: Grand Unified Theories (GUTSs) can feature predictions for the ratios of quark
and lepton Yukawa couplings at high energy, which can be tested with the increasingly
precise results for the fermion masses, given at low energies. To perform such tests, the
renormalization group (RG) running has to be performed with sufficient accuracy. In su-
persymmetric (SUSY) theories, the one-loop threshold corrections (TC) are of particular
importance and, since they affect the quark-lepton mass relations, link a given GUT flavour
model to the sparticle spectrum. To accurately study such predictions, we extend and gen-
eralize various formulas in the literature which are needed for a precision analysis of SUSY
flavour GUT models. We introduce the new software tool SusyTC, a major extension to
the Mathematica package REAP [1], where these formulas are implemented. SusyTC extends
the functionality of REAP by a full inclusion of the (complex) MSSM SUSY sector and a
careful calculation of the one-loop SUSY threshold corrections for the full down-type quark,
up-type quark and charged lepton Yukawa coupling matrices in the electroweak-unbroken
phase. Among other useful features, SusyTC calculates the one-loop corrected pole mass of
the charged (or the CP-odd) Higgs boson as well as provides output in SLHA conventions,
i.e. the necessary input for external software, e.g. for performing a two-loop Higgs mass
calculation. We apply SusyTC to study the predictions for the parameters of the CMSSM
(mSUGRA) SUSY scenario from the set of GUT scale Yukawa relations ¥¢ = —1 % — ¢

Yd K Ys
and Z—; = —%, which has been proposed recently in the context of SUSY GUT flavour
models.
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1 Introduction

Supersymmetric (SUSY) Grand Unified Theory (GUT) models of flavour are promising
candidates towards solving the open questions of the Standard Model (SM) of Particle
Physics. They embrace the unification of the SM gauge couplings, a dark matter candidate,
a solution to the gauge hierarchy problem and an explanation of the hierarchies of masses
and mixing angles in the flavour sector. Whether a flavour GUT model can successfully
explain the observations in the flavour sector, depends on the renormalization group (RG)
evolution of the Yukawa matrices from the GUT scale to lower energies. Furthermore,
it is known that tan 5 enhanced supersymmetric threshold corrections (see e.g. [2-6]) are
essential in the investigation of mass (or Yukawa coupling) ratios predicted at the GUT
scale. Interesting well-known GUT predictions in this context are b — 7 and b — 7 — ¢
unification (for early work see e.g. [7-10]) and y, = 3ys [11]." Other promising quark-
lepton mass relations at the GUT scale have been discussed in [12, 13], e.g. y, = :I:%yb,
Yy = 6ys or y, = %ys. Various aspects regarding the impact of such GUT relations for
phenomenology have been studied in the literature, see e.g. [14-31] for recent works.

Ly; are the Yukawa couplings in the diagonal basis.



With the discovery of the Higgs boson at the LHC [32, 33] and the possible discovery of
sparticles in the near future, the question whether a set of SUSY soft-breaking parameters
can be in agreement with both, specific SUSY threshold corrections as required for realizing
the flavour structure of a GUT model, and constraints from the Higgs boson mass and
results on the sparticle spectrum, gains importance. To accurately study this question, we
introduce the new software tool SusyTC, a major extension to the Mathematica package
REAP [1].

REAP, which is designed to run the SM and neutrino parameters in seesaw scenarios
with a proper treatment of the right-handed neutrino thresholds, is a convenient tool
for top-down analyses of flavour (GUT) models, with the advantage of a user-friendly
Wolfram Mathematica front-end. However, the SUSY sector is not included. In order to
take supersymmetric threshold corrections into account in the analyses, for example of the
Ay flavour GUT models in [34, 35|, the following procedure was undertaken: first REAP
was used to run the Yukawa matrices in the MSSM from the GUT-scale to a user-defined
“SUSY”-scale. At this scale, the SUSY threshold corrections were incorporated as mere
model parameters, in a simplified treatment assuming, e.g., degenerate first and second
generation sparticle masses (cf. [36]), without specializing any details on the SUSY sector.
Finally, the Yukawa matrices, corrected by these tan S-enhanced thresholds, were taken
as input for a second run of REAP, evolving the parameters in the SM from the “SUSY”-
scale to the top-mass scale.? Although this procedure is quite SUSY model-independent, it
only allows to study the constraints on the SUSY sector indirectly (i.e. via the introduced
additional parameters and with simplifying assumptions), and it is unclear whether an
explicit SUSY scenario with these assumptions and requirements can be realised.

The aim of this work is to make full use of the SUSY threshold corrections to gain
information on the SUSY model parameters from GUTs. Towards this goal we extend and
generalize various formulas in the literature which are needed for a precision analysis of
SUSY flavour GUT models and implement them in SusyTC. For example, SusyTC includes
the full (CP violating) MSSM SUSY sector, sparticle spectrum calculation, a careful cal-
culation of the one-loop SUSY threshold corrections for the full down-type quark, up-type
quark and charged lepton Yukawa coupling matrices in the electroweak-unbroken phase,
and automatically performs the matching of the MSSM to the SM, including DR to MS
conversion. Among other useful features, SusyTC calculates the one-loop corrected pole
mass of the charged (or the CP-odd) Higgs boson as well as provides output in SLHA
conventions, i.e. the necessary input for external software, e.g. for performing a two-loop
Higgs mass calculation.

SusyTC is specifically developed to perform top-down analyses of SUSY flavour GUT
models. This is a major difference to other well-known SUSY spectrum generators (e.g. [37—
41], see e.g. [42] for a comparison), which run experimental constraints from low energies to
high energies, apply GUT-scale boundary conditions, run back to low energies and repeat
this procedure iteratively. SusyTC instead starts directly from the GUT-scale, allowing the

2Such a treatment of threshold corrections as additional model parameters is now implemented in the
latest version of RGEMSSMON.m of REAP 11.1.2.



user to define general (complex) Yukawa, trilinear, and soft-breaking matrices, as well as
non-universal gaugino masses, as input. These parameters are then run to low energies,
thereby enabling an investigation whether the GUT-scale Yukawa matrix structures of a
given SUSY flavour GUT model are in agreement with experimental data.

We apply SusyTC to study the predictions for the parameters of the Constrained MSSM

(mSUGRA) SUSY scenario from the GUT-scale Yukawa relations % = -1, Z—‘s‘ = 6,
and Z—; = —%, which have been proposed recently in the context of SUSY GUT flavour

models. With a Markov Chain Monte Carlo analysis we find a “best-fit” benchmark point
as well as the 1o ranges for the sparticle masses and the correlations between the SUSY
parameters. Without applying any constraints from LHC SUSY searches or dark matter, we
find that the considered GUT scenario predicts a CMSSM sparticle spectrum above past
LHC sensitivities, but within reach of the current LHC run or a future high-luminosity
upgrade. Furthermore, the scenario generically features a bino-like neutralino LSP and a
stop NLSP with a mass that can be close to the present bounds.

This paper is organized as follows: in section 2 we review GUT predictions for Yukawa
coupling ratios. In section 3, we describe the numerical procedure in SusyTC and present
the main used formulas. We give a short introduction to the new features SusyTC adds to
REAP in section 4. In section 5 we study the predictions for the parameters of the CMSSM
SUSY scenario from the above mentioned GUT-scale Yukawa relations with SusyTC. In the
appendices we present other relevant formulas and a detailed documentation of SusyTC.

2 Predictions for Yukawa coupling ratios from GUTs

GUTSs not only contain a unification of the SM forces, they also unify fermions into joint
representations. After the GUT gauge group is broken to the SM gauge group, this can lead
to predictions for the ratios of down-type quark and charged lepton Yukawa couplings which
result from group theoretical Clebsch Gordan (CG) factors. To confront such predictions
of GUT models with the experimental data, the RG evolution of the Yukawa couplings
from high to low energies has to be performed, including (SUSY) threshold corrections.

In SU(5) GUTSs, for example, the right-handed down-type quarks and the lepton
doublets are unified in five-dimensional representations of SU(5) and the quark doublets
plus right-handed up-type quarks and right-handed charged leptons are unified in a ten-
dimensional SU(5) representation. The Higgs doublets are supplemented by SU(3).. triplets
and embedded into five-dimensional representations of SU(5). Using only these fields and a
single renormalizable operator to generate the Yukawa couplings for the down-type quarks
and charged leptons, so-called minimal SU(5) predicts Y, = YdT for the Yukawa matri-
ces at the GUT scale. To correct this experimentally challenged scenario, SU(5) GUT
flavour models often introduce a 45-dimensional Higgs representation, which can lead to
the Georgi-Jarlskog relations y, = —3ys and y. = %yd [11].

It was pointed out in [12] (see also [13]) that other promising Yukawa coupling GUT
ratios can emerge in SU(5), e.g. y, = j:%yb, Yu = 6ys or y, = %ys, and y, = —%yd from
higher dimensional GUT operators containing for instance a GUT breaking 24-dimensional
Higgs representation. A convenient test whether GUT predictions for the first two families



can be consistent with the experimental data is provided by the — RG invariant and SUSY
threshold correction invariant® — double ratio [36]

Yu Ya

| = 10.713% . (2.1)

While the Georgi-Jarlskog relations [11] imply a double ratio of 9, disfavoured by more
than 20, other combinations of CG factors [12, 13], e.g. y, = 6y and y. = —%yd can be in
better agreement (here with a double ratio of 12, within the 1o experimental range).

The combination of GUT-scale Yukawa relations y, = —%yd, Yu = 6ys, and y, = —%yb
(as direct result of CG factors, cf. table 1 and figure 1, or as approximate relation after
diagonalization of the GUT-scale Yukawa matrices Y; and Y.) has been used to construct
SU(5) SUSY GUT flavour models in refs. [34, 35, 43, 44]. A subset of these relation,
Yy = 6ys, and y, = —%yb, has been used in [45]. In addition to providing viable quark and
charged lepton masses, the GUT CG factors (Y¢);i/(Ya)i; = —3 and 6 can also be applied
to realize the promising relation between the lepton mixing angle H%\/INS and the Cabibbo

angle, 07MNS ~ 9 sin 9FMNS | in flavour models, as discussed in [46].

As mentioned above, in supersymmetric GUT models the SUSY threshold corrections
can have an important influence on the Yukawa coupling ratios. When the MSSM is
matched to the SM, integrating out the sparticles at loop-level leads to the emergence of
effective operators, which can contribute sizeably to the Yukawa couplings, depending on
the values of the sparticle masses, tan 3, and the soft-breaking trilinear couplings. Thereby,

Yr  Yu

via the SUSY threshold corrections, a given set of GUT predictions for the ratios TR

and g—z imposes important constraints on the SUSY spectrum.

The SUSY threshold corrections can be subdivided into three classes: while at tree-
level the down-type quarks only couple to the Higgs field Hy, via exchange of sparticles
at one-loop level they can also couple to H,, as shown in figure 2 in section 3. When the
sparticles are integrated out the emerging effective operator is enhanced for large tan 3
(i.e. “tan B-enhanced”). Analogously, there are also tan S-enhanced threshold corrections
to the charged lepton Yukawa couplings. For Y,,, however, the threshold effects emerging
from effective couplings to H; are tan S-suppressed. The second class of threshold correc-
tions emerges from the supersymmetric loops shown in figure 3. While some of them are
strongly suppressed, others lead to the emergence of effective operators proportional to the
soft SUSY-breaking trilinear couplings. For large trilinear couplings, they too can become
important. Finally there are threshold corrections from exchange of heavy Higgs doublets
and canonical normalization of external fields (i.e. from wavefunction renormalization di-
agrams), as shown in figures 4 and 5-7, respectively. Given the importance of the SUSY
threshold corrections, we will discuss them and their implementation in SusyTC in detail
in the next section.

3The invariance under SUSY threhold corrections holds under some generic conditions, cf. [36].



AB CD R (Yo)ii/(Ya)i
HoyF T Hys 45 _%
HyF THs 5 _%
HoyT FHs 10 6

Table 1. Examples for dimension 5 effective operators (AB)gr(CD)y and CG factors emerging
from the supergraphs of figure 1 when R and R are integrated out [12].

Figure 1. Supergraphs corresponding to the operators of table 1 generating effectively Yukawa
couplings when the pair of messengers fields R and R is integrated out.

3 SUSY threshold corrections & numerical procedure

We follow the notation of REAP [1] (see also [47]) and use a RL convention for the Yukawa
matrices. The MSSM superpotential extended by a type-I seesaw mechanism [48-54] is
thus given by

Wassm = Ye, EfHg - L;+ Y, NiH, - L;

J J

1
+ Yd,-jDz'CHd ’ Qj - YngUchu : Qj + §Mn”NchjC + :U’Hu : Hd ’ (3'1)

where the left-chiral superfields ®¢ contain the charge conjugated fields ¥ and g[;*R We use
the totally antisymmetric SU(2) tensor €15 = —ea; = 1 for the product ® - ¥ = €, WP,
The soft-breaking Lagrangian is given by

1
—Laoft = —5 Mo A"X* + huc.
+ T, 65 Ha L+ Ty,,05, Hy - Lj + Ty, diy Hy - Qj — Ty, Wh Hy - Q; + hec.

€ij
A2 A Tt 2 T % 2 ~ Tk 2 3 ~x 2 ~ ~ 2 ~
—|—QimQU_Q]—{—LimiijLJ—i-uRimﬂijuRj—i—dRimJidej+6RiméijeRj+uRiml;ijuRj

+myy, |Hul? +m3y | Hal> + (m3H, - Hg + h.c.) . (3.2)

Note that these conventions differ from SUSY Les Houches Accord 2 [55]. They can easily
be translated by

REAP & SusyTC | Y, Yy Y. T, Ts T. m2 mZ m2
SLHA2 | YT v7 YT T 1] 17 ()T (md)T (md)T

Since REAP includes the RG running in the type-I seesaw extension of the MSSM (with
the DR two-loop B-functions for the MSSM parameters and the neutrino mass opera-
tor given in [47]), we have calculated the DR two-loop S-functions of the gaugino mass



parameters M,, the trilinear couplings T, the sfermion squared mass matrices m?;, and
soft-breaking Higgs mass parameters m%{u and m%{d in the presence of Y,, M, and m?;
(using the general formulas of [56]). We list these S-functions in appendix A.

The Yukawa matrices and soft-breaking parameters are evolved to the SUSY scale

Q = /m;myg, , (3.3)

where the stop masses are defined by the up-type squark mass eigenstates %; with the
largest mixing to #; and fo.* REAP automatically integrates out the right-handed neutrinos,
as described in [1]. We assume that M,, is much larger than the SUSY scale ). REAP
also features the possibility to add one-loop right-handed neutrino thresholds for the SM
parameters, following [57].

At the SUSY scale @) the tree-level sparticle masses and mixings are calculated. Con-
sidering heavy sparticles and large @ 2 TeV the SUSY threshold corrections are calculated
in the electroweak (EW) unbroken phase. In the EW unbroken phase there are in total
twelve types of loop diagrams contributing to the SUSY threshold corrections for Yy (cf.
figures 2 and 3).

The SUSY threshold corrections to Yy are calculated in the basis of diagonal squark
masses and are given by (in terms of DR quantities)

YoM = Py PSPy, (3.4)

where Py, Pg, and P, are the threshold corrections (3.12), (3.19), (3.20), and (3.22) due
to canonical normalization. f’d’ij is given by

- - 1
MSSM G w B T W, B, T H
Yo, =Ya, " cosp (1 + 1o tan B (nj + iy + i i) + 15 (e e e+ Ez‘j))
- 1
MSSM G B
+ Tdij C08616ﬂ_2 <<Z] + C”> y (35)
where
* 2 2..
i 373 M |Ms|2” [Ms2 |
2
3 M M2 mg

w 22 2 Qj
e e

727y (IMI2 Iul2>

* 'rn2~ m2~ * 'rn2~ 2 * 2 m2~

7};3 _ §g% lli H, d; Q; + lMl H, 4 M| + lMl H, | M| Qj

Y 5T\ 9M,; M2 [Ma? ) 3 g 2" |uf? 6 n > |uf? ’

2
1 S e - mZ Mg

Nij = ——5 YdimTu,,,mYun/'HQ ) ) (36

T Y, & ’ ul? " |ul? )

4SusyTC can also be set to use the convention Q) = /ma, ma, or a user-defined SUSY scale, as described
in appendix C.



correspond to the tan S-enhanced loops of figure 2, and

2
2 2 M~
w 2 || [ My Qj
€: =1295Co0 | =5, ) )
2 Q> w7 |u?

2 2
S (A, (LB AP LY 20, (Wl 0P TG )
s Q2" [k IuP Q> Tk TuP

2
vyt (M
im Umn Unj |M|2’ |/’1’|2 )

n,m
2 A
Cq:§gzgﬂ2 g,
V3T My T\ [MsP [ Msf? )
2
3,11 myo Mg
=—- H . . 3.7
ng glgM 2 (’MI‘Q’ ’Ml‘Z ) ( )

correspond to the loops in figures 3 and 4, respectively, where the contributions Cg and
B
]
functions Ho, Cyg, and Bj are defined as

can become important in cases of small tan 8 and large trilinear couplings. The loop

_ zlog(z) ylog(y)
) = ey T i p -2 (38)
.1'2 oglx 2 (0]
Cola,,9) =5 (5~ lost) + T8y (OEW ) g
Bi(q) E—%Jr%logq. (3.10)

Y, T are the Yukawa- and trilinear coupling matrices rotated into the basis where the
squark mass matrices are diagonal, using the transformations

Y, = WY, WT
= WaT, WT
2 2 dlag T
mg = Wome Wl
mg = Wam,, dlagWJ , (3.11)

and analogously for down-type (s)quarks and charged (s)leptons.
The threshold correction Pj, due to canonical normalization of external Higgs doublets

is given by
Py, =/ (UK UD (3.12)
with U defined by
he _y —eapHG" _ cosf3 sinf —eapHG" ’ (3.13)
H* H? —sin 3 cos HY



Figure 2. tan f-enhanced SUSY threshold corrections to Yy.

where h and H are the mass eigenstates doublets of the MSSM Higgs scalar fields and

+ N -
16m2 \ X%, + Z3, + Z5y 4+ A%y + Bly Xog + Yag + Xog 4+ A1y + By
(3.14)

c) = <1 ) 1 <X11+Y11—|-1~’11+A11+B11 X12+Z12+Z12+A12+B12>
h = ;
1

with
Xiv = 3 I Va, 2Bz (m3, m3 ) |
i?j
Vi = 3 M, 282 (w3 m3 )
i ’
f/ll - Z ’Teij’2B2 (mzl’m%j) ’
2%
2 7 2 2
Xiz = 3 =T, Vi, B ()
i:j
_ A \/ 2 2

27‘7

Zia =Y —uT. Y* By (m?2,m2

12 = Hie;; eij 2 me,-me]. )
,J



Figure 4. Additional diagram with heavy Higgs doublet exchanged.

X22 = Z ’MP’Ydij ’232 (mi,m%) )
ihj

X = 3 0P (¥, [*By (2. m3 )
2%
Yoo = Z ]Tui].’232 (m%z, m%) ,
7"7j
1
An = g
5712 (|uf? — M ?)

5Bz (Q% M, ) (3.15)



1

B = g3 By (@2, M), |pf?)
4(|u)? - |Ma]2)?
3 9
App = 59%# M3 By (|ul?, [M:]?)
Bia = g33u* M5 By (|uf?, | Ma?) (3.16)

which correspond to the loops shown in figures 5 and 6. The loop functions B, and B, are
given by

_ 22 — ¢ ry (@
By (z,y) = 2@y + (x_y)gl g (y) , (3.17)
By (¢,z,y) =5 (xs—y3)+27xy (y—x)—|—6y2 (y—3z)log <%> +6 (y—m)?’ log <Z> (3.18)

The threshold corrections Py due to canonical normalization of the external fermion

fields are given by

. -1 :
Pr=/(K5*) Uy with K = UpkU} (3.19)

For the threshold corrections of the down-type Yukawa matrix the Ky are given by
1 - -
Koy, =0+ 162 ((ps +pa+ 1) 6ij + o + B + ol + pé‘j) : (3.20)
with
8 o 2 2 2
p3 = §QSB3 (Q a’M3‘ amQj) )
3
P2 = %B?) (QQa |M2|2am%j) )
1 3
P1L = E391B3 <Q27 |M1’27m%j) )
d YAl 2 12,2
ol = Z Yd,ﬂBl < 2 ) sin? 3,
- Q
Pl =Y V) Vi By (Q% [ m3,)
k
pr = %:Y Y. D1 ( 0 ) cos? B, (3.21)

corresponding to the loops in figure 7, and

)

1 d | ~d
Ka,; = dij + 6.2 ((X3 + x1) 6ij + Xi5 + Xij) , (3.22)

~10 -
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Figure 5. Scalar loops contributing to threshold corrections from canonical normalization of
external Higgs fields.
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Figure 6. Fermion loops contributing to threshold corrections from canonical normalization of
external Higgs fields.

with

3

X1 = 779% <Q27 ‘M1’27mfzj> )

X%’ = ZQ?dik?kaB?’ <Q2’ |,u|2,m%k) ’
k

d oot A (T 2

X§; = ZQYdideijl <2> sin” 3 . (3.23)
k

The diagrams for K4 are similar to the ones for Kg, when @ is replaced with d, with the

exception of the wino loop, which does not exist for external right-handed fermions. The
loop-functions B; and Bs are given by

Bu@z—i+%bmm, (3.24)
1 x z? T 1 Y
Bi(gz.y)=—7 5 @ =) +3 e log <y) + 5 log (q) . (3.25)

~12 -



Figure 7. Loops contributing to threshold corrections from canonical normalization of external
quark doublets.

For the charged leptons, YeSM is given by
YM = PY!PLP, (3.26)

where P. and P, are threshold corrections due to canonical normalization of external
charged lepton fields and

N - 1 1
Yéj = Y%SSM cos 3 <1 + T6:2 tan (TZ‘;V + 7’5) + 1672 (@VJV + 55))

~ 1
+ Tel\ijSM cos 3 62 55 , (3.27)

~13 -



with the tan S-enhanced contributions

2
3 My ([ |Myf2 ™3,
w 22 _ bt
™wW==Cyg H, , , 3.28
72 ( ul? 7 Jpl? (3.28)

2 2
TB — %g% _L*H m% mz’j + £H2 (mgz M1|2> ]' Ml HQ |M1|2 mi’j
RS M, IMlP’IMl\2 7 27 p? 2 p 2 7 |pl? ’

2
2 |M ‘2 mi
5W = 1292000 ‘,u‘ ) 2 ) 5 )
? Q> |ul* 7 |pl?

2
3 W2 M2 W2 M2 m2
6B =242 —2cC 4Co | &5, , —o
“ 591< o\ G T r ) T4 G ) |

2

1 m2 My
- Hy | - =i ) 3.29
&= 591M 2<|M12’|M1\2> (3.29)

The diagrams for the Y, SUSY threshold corrections are analogous to the ones in figures 2
and 3, with the exception that the loop diagrams shown in the top rows do not exist.
The diagram of figure 4 also doesn’t have an analogue for Y.. P. and P are calculated
from (3.19) with

KL= 52] + = 16 2 ((ﬁ? + ﬁ1> 5%] + pfj + ﬁfj) ) (330)
where

~ 3 2 2

p2 = *9233 (Q | Mo, ) )

~ 1 3 2 2

P1 = 559133 (Q ’|Ml| ’m~j> )

o5 —ZY Yo Bs (Q% |ul?,mg,)

~e Y, m%{ -2

55 = ZYeJkYemBl 02 sin® 3, (3.31)

k
and
1 ~ e ~e

Ke=06ij +—= 1672 (X105 + X5 + X5;) (3.32)

with

3
gg%Bfi (Q27 ’M1|27m§i) )

XG = D2V, Vi By (Q% luPmd )
k

X1=2
2
X5 = Zz Yo, Y B <Q2>sm . (3.33)
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Again, the loop diagrams for Ky, and K. can be easily obtained from the diagrams for g
by suitable exchange of labels and indices and dropping non-existent gaugino loops.
Turning to Y, the types of diagrams which were tan S-enhanced for Y; and Y, are now
tan B-suppressed. However, there also exist SUSY threshold corrections which are indepen-
dent of tan 8 and enhanced by large trilinear couplings. These SUSY threshold corrections
to Y, can have important effects. For example the SUSY threshold corrections to the top
Yukawa coupling y; can be of significance in analyses of the Higgs mass and vacuum sta-
bility. The expression for the Y, SUSY threshold corrections can be readily obtained from
the SUSY threshold corrections to Yy (3.4)—(3.7) and (3.19)—(3.23) by the replacement®

d—u,
cos 3 —sin 3, (3.34)

with the exception of the bino-loops, whose contribution become

* 2 2~ * * 2~
nB = §g% _g H H2 mczz mQj + EMI HQ (mlgu M1|2> _ lMl H2 |]\41|2 mQj
Y5 9 M, (M7 My )3 IZ 6 p > " pl> ) )

2
B_3 o8 ul? | My > m, 2 > |ML* g,
€5 = 91 7000 0 ) - 7000 0 ) )
7573 Q" |ul ") 3 Q" [ul 7 ul

2
B §g2giH2 mi, Mg,
9 5709 M,y |M 2 |M)2 )
=83 02 2 m2 3.35
X1 9591 (Q 7‘ 1| 7m11,3) ) ( . )

due to the different U(1) hypercharges of the (s)particles in the loop. The loop diagrams
are identical to the ones of figures 2, 3, and 4 with v and d exchanged.

After the SUSY threshold corrections are incorporated in the DR scheme, REAP converts
the Yukawa and gauge couplings to the MS scheme following [58].

Finally SusyTC calculates the value of |u| and mg from quu, m%d, tan 8 and My
by requiring the existence of spontaneously broken EW vacuum, which is equivalent to
vanishing one-loop corrected tad-pole equations of H, and Hy

p = el \/ % (tan(28) (m3, tan 6 — ¥, ot 8) — M3 — Re (15, (M2))) . (3.36)

with m$; =mj, —t, and m%{d = m%{d —t4. In the real (CP conserving) MSSM the phase ¢,
is restricted to 0 and 7. The expressions for the one-loop tadpoles ¢,, t; and the transverse
Z-boson self energy HEZ are based on [59], but extended to include inter-generational
mixing, and are presented in appendix B. Because p enters the one-loop formulas for
the threshold corrections, treating t,, ty and H% » as functions of tree-level parameters is
sufficiently accurate. The one-loop expression of the soft-breaking mass mg is calculated as

mg = \/ % (tan(28) (%, —m¥,) — (M2 + Re (15, (M3))) sin(28)) . (3.37)

Note that (3.12)-(3.15) stay invariant.
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If desired, SusyTC allows to outsource a two-loop Higgs mass calculation to external
software, e.g. FeynHiggs [60—67], by calculating the pole mass my+ (m4) as input for the
complex (real) MSSM

1 3 3 ~

— Re (T4 - (mp+)) + tgsin® B + t,, cos? 6) , (3.38)
1 _ _

x Re (Tlaa (ma)) + tgsin® B + t, cos? B) , (3.39)

where My is the DR W-boson mass given as

5(Q)

I3 (Q) = My + Be Wy (M) = 922

(3.40)

with Mz and My, pole masses and the DR vacuum expectation value ©(Q) given by

M3 + Re (I}, (M3))
342(Q) + 93(Q)

As in the previous formulas, the self energies IIy+y- and 1144 are based on [59], but

%(Q) =4 (3.41)

extended to include inter-generational mixing, and are understood as functions of tree-
level parameters. They are given in appendix B.

4 The REAP extension SusyTC

In this section we provide a “Getting Started” calculation for SusyTC. A full documentation
of all features is included in appendix C. Since SusyTC is an extension to REAP, an up-to-
date version of REAP-MPT [1] (available at http://reapmpt.hepforge.org) needs to be in-
stalled on your system. SusyTC consists out of the REAP model file RGEMSSMsoftbroken.m,
which is based on the model file RGEMSSM.m of REAP 1.11.2 and additionally contains,
among other things, the RGEs of the MSSM soft-breaking parameters and the matching
to the SM, and the file SusyTC.m, which includes the formulas for the sparticle spec-
trum and SUSY threshold correction calculations. Both files can be downloaded from
http://particlesandcosmology.unibas.ch/pages/SusyTC.htm and have to be copied
into the REAP directory.

To begin a calculation with SusyTC, one first needs to import RGEMSSMsoftbroken.m:

Needs["REAP ‘RGEMSSMsoftbroken‘"];

The model MSSMsoftbroken is then defined by RGEAdd, including additional options such
as RGEtang:

RGEAdd["MSSMsoftbroken", RGEtans — 30];
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In MSSMsoftbroken all REAP options of the model MSSM are available. The options addition-
ally available in SusyTC are given in appendix C. The input is given by RGESetInitial.
Let us illustrate some features of SusyTC: to test for example the GUT scale prediction
for the Yukawa coupling ratio Z—;‘ = 6, considering a given example parameter point in the
Constrained MSSM, one can type:
RGESetInitial[2-10"16,

RGEYd — DiagonalMatrix[{1.2:10"-3, 2.2:10"-3, 0.16}],

RGEYe — DiagonalMatrix[{1.2-10"-3, 6-2.2:10"-3, 0.16}],

RGEM12 — 2000, RGEAO — 1000, RGEmO — 3000];

Of course, any general matrices can be used as input for the Yukawa, trilinear, and soft-
breaking matrices, as given by the specific SUSY flavour GUT model under consideration.
Also, non-universal gaugino masses can be specified. As in REAP, dimensional quantities
are given in units of GeV. The RGEs are then solved from the GUT scale to the Z-boson
mass scale by

RGESsolve[91,2:10"16];

The ratio of the p and strange quark Yukawa couplings at the Z-boson mass scale can now
be obtained with RGEGetSolution, CKMParameters, and MNSParameters:

Yu = RGEGetSolution[91, RGEYu];
Yd = RGEGetSolution[91, RGEYd];
Ye = RGEGetSolution[91, RGEYe];
My = RGEGetSolution[91, RGEMv|;

MNSParameters[Mv,Ye][[3, 2]]1/CKMParameters[Yu, Yd][[3, 2]]

Repeating this calculation with all SU(5) CG factors listed in table 2 of [12], one obtains
the results shown in figure 8.

As described in appendix C, SusyTC can also read and write “Les Houches” files [55, 58]
as input and output.

5 The sparticle spectrum predicted from CG factors

In this section we apply SusyTC to investigate the constraints on the sparticle spectrum
which arise from a set of GUT scale predictions for the quark-lepton Yukawa coupling ratios
z—z, Z—‘:, and Z—Z As GUT scale boundary conditions for the SUSY-breaking terms we take the
Constrained MSSM. The experimental constraints are given by the Higgs boson mass mjo =
125.09 £0.21 £0.11 GeV [68] as well as the charged fermion masses (and the quark mixing
matrix). We use the experimental constraints for the running MS Yukawa couplings at the
Z-boson mass scale calculated in [36], where we set the uncertainty of the charged lepton
Yukawa couplings to one percent to account for the estimated theoretical uncertainty (which
here exceeds the experimental uncertainty). When applying the measured Higgs mass as

constraint, we use a 1o interval of 3 GeV, including the estimated theoretical uncertainty.

17 -



4,
? +
3} |
Ju 2_______________________________i ____________
Vs pmmmmmmmm oo S —
1 ¥ f
+ +
— +
— +
0 | | | | | |
-3 -3/2 1 9/2 6 9

CG

Figure 8. Example results for z—” at the electroweak scale, considering the SU(5) GUT-scale CG
factors from table 2 of [12], i.e. the GUT predictions % = CG, for a given example Constrained
MSSM parameter point with tan 8 = 30, m;/, = 2000 GeV, Ag = 1000 GeV, and mg = 3000 GeV.
The area between the dashed gray lines corresponds to the experimental 1o range [36].

For our study, we consider GUT scale Yukawa coupling matrices which feature the

GUT-scale Yukawa relations J¢ = -3, Z—‘s‘ =6, and & = —3 (cf. [12]):
yg 0 0 —2ya 0 0
Yi=10ys 0], Ye= 0 6ys O ,
0 0y 0 0 —3y
Yy 0 0
Yo=10 y. 0| Uckm(b12, 013, 623,9) , (5.1)
00 Yt

These GUT relations can emerge as direct result of CG factors in SU(5) GUTSs or as
approximate relation after diagonalization of the GUT-scale Yukawa matrices Y; and Y,
(cf. [34, 35, 43, 44]). For the soft-breaking parameters we restrict our analysis to the
Constrained MSSM parameters mq, my /3, Ao and tan 3, with y determined from requiring
the breaking of electroweak symmetry as in (3.36) and set sgn(u) = +1. We note that in
specific models for the GUT Higgs potential, for instance in [43], 1 can be realized as an
effective parameter of the superpotential with a fixed phase, including the case that u is real.

We note that we have also added a neutrino sector, i.e. a neutrino Yukawa matrix Y,
and and a mass matrix M, of the right-handed neutrinos, but we have set the entries of
Y, to very small values below O(1073), such that their effects on the RG evolution can
be safely neglected, and the masses of the right-handed neutrinos to values many orders
of magnitude higher than the expected SUSY scale. With these parameters, the neutrino
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sector is decoupled from the main analysis. Such small values of the neutrino Yukawa
couplings are e.g. expected in the models [34, 35, 44], where they arise as effective operators.

Using one-loop RGEs, REAP 1.11.3 and SusyTC 1.1 we determine the soft-breaking
parameters and p at the SUSY scale, as well as the pole mass my+. This output is then
passed to FeynHiggs 2.11.3 [60-67] in order to calculate the two-loop corrected pole masses
of the Higgs bosons in the complex MSSM. The MSSM is automatically matched to the
SM and we compare the results for the Yukawa couplings at the Z-boson mass scale with
the experimental values reported in [36].

When fitting the GUT-scale parameters to the experimental data, we found that our
results for the up-type quark Yukawa couplings and CKM angles and CP-phase could
be fitted to agree with observations to at least 1073 relative precision, by adjusting the
parameters of Y,,. The remaining six parameters are used to fit the Yukawa couplings of
down-type quarks and charged leptons, as well as the mass of the SM-like Higgs boson.

We find a benchmark point with a y? = 0.9:

input GUT scale parameters
Yd Ys Yb
8.92.107° 1.57-1073 0.109
mo Ao my o tan 8
1629.48 GeV  —3152.70 GeV  1840.48 GeV  21.27
low energy results
Ye Yu Yr
2.79-1076  5.90-10* 1.00-10"2
Yd Ys Yb mpo
1.75-107°  3.07-107* 1.64-1072 123.6 GeV

Looking at our results for the low-energy Yukawa coupling ratios, ¢ = (.16, Z—Z = 1.92,

Ya

and Z—Z = 0.61, the importance of SUSY threshold corrections in evaluating the GUT-scale
Yukawa ratios becomes evident. This can also be seen in figure 9. Additionally, as shown
in figure 10, SUSY threshold corrections also affect the CKM mixing angles.

The SUSY spectrum obtained by SusyTC is shown in figure 11. The lightest super-
symmetric particle (LSP) is a bino-like neutralino of about 827 GeV. The SUSY scale is
obtained as @ = 3014 GeV. The p parameter obtained from requiring spontaneous elec-
troweak symmetry breaking is given by p = 2634 GeV. Note that the only experimental
constraints we used were the results for quark and charged lepton masses as well as mpo. In
particular, no bounds on the sparticle masses were applied as well as no restrictions from
the neutralino relic density (which would require further assumptions on the cosmological

evolution).b

SFor example, the neutralino relic density may be diluted if additional entropy gets produced at late
times. Therefore we do not use the neutralino relic density as a constraint here.
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Due to the large (absolute) values of the trilinear couplings, we find using the con-
straints from [69], that the vacuum of our benchmark point is meta-stable. The scalar
potential possesses charge and colour breaking (CCB) vacua, as well as one “unbounded
from below” (UFB) field direction in parameter space. However, estimating the stability
of the vacuum via the Euclidean action of the “bounce” solution [70, 71] (following [72])
shows that the lifetime of the vacuum is many orders larger than the age of the universe.

Confidence intervals for the sparticle masses are obtained as Bayesian “highest pos-
terior density” (HPD) intervals” from a Markov Chain Monte Carlo sample of 1.2 million
points, using a Metropolis algorithm. We note that we did not compute the lifetime of
the vacuum for each point in the MCMC analysis, which would take far too much com-
putation time. This means that the obtained confidence intervals should be regarded as
conservative, in the sense that including the lifetime constraints the upper bounds on the
masses could become smaller. For some example points within the 16 HPD regions we have
checked that the lifetime constraints are satisfied. We applied the following priors to the
MCMC analysis: mg € [0,4] TeV, Ag € [-10,0] TeV, my 5 € [0,6] TeV and tan 3 € [2, 40].
As shown in figure 12 our results for the 10 HPD intervals for the Constrained MSSM soft-
breaking parameters are well within these intervals. The 10 HPD results of the sparticle
masses are shown in figure 13. Furthermore we find that for about 70% of the data points
of the MCMC analysis, the lightest MSSM sparticle is a neutralino, while for the others
it is the lightest charged slepton.® The HPD interval for the SUSY scale is obtained as
QHPD = [2048, 5108] GeV.

5.1 Comments and discussion

We would like to emphasize that the results described above have been obtained under
specific assumptions for the input parameters at the GUT scale. In the following, we
discuss these assumptions, how they may be obtained and/or generalized in fully worked
out models, and also some limitations and uncertainties of our analysis.

To start with, we have chosen the specific GUT scale predictions Z—Z = —%, Z—S =6 and
z—z = —%. This is indeed only one of the possible predictions that can arise from GUTs.
Other possibilities can be found, e.g., in [11-13]. We have chosen the above set of GUT
predictions since they are among the ones recently used successfully in GUT model building
(see e.g. [34, 35, 43, 44]). In the future, it will of course be interesting to also test other
combinations of promising Clebsch factors, and compare the predictions/constraints on the
SUSY spectra. Of course, one can also construct GUT models which do not predict the
quark-lepton Yukawa ratios. For such GUT models the constraints discussed here would
not apply.

Furthermore, for our study we have assumed CMSSM boundary conditions for the
soft breaking parameters, which is quite a strong assumption that will probably often
be relaxed in realistic models. On the other hand, universal boundary conditions may
also be a result of a specific SUSY breaking mechanism. Apart from the SUSY breaking

"An 1o HPD interval is the interval [0r,0x] such that f:LH p(6)df = 0.6826. .. and the posterior proba-
bility density p(0) inside the interval is higher than for any 0 outside of the interval [73].
8Note that since in the latter case the LSP may be the gravitino, we do not exclude those points.
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mechanism, GUTs themselves “unify” the soft breaking parameters since they unify the
different types of SM fermions in GUT representations. In SU(5) GUTs, for example, one
is left with only two soft breaking mass matrices at the GUT scale per family, one for the
sfermions in the five-dimensional matter representation and one for the sfermions in the
ten-dimensional representation. In SO(10) GUTSs, there is only one unified sfermion mass
matrix. In addition, the symmetries of GUT flavour models like [34, 35, 43, 44] include
various (non-Abelian) “family symmetries”, which lead to hierarchical Yukawa matrices
and impose (partially) universal soft breaking mass matrices among different generations.
The combination of these effects can indeed lead to GUT scale boundary conditions close to
the CMSSM. Finally, we like to note that the absence of deviations from the SM in flavour
physics processes leads to constraints on flavour non-universalities in the SUSY spectrum
(if the sparticles are not too heavy) and can be seen as an experimental hint that, if SUSY
exists at a comparably low scale, it should indeed be close to flavour-universal. In any case,
it will be interesting to see how the constraints on the SUSY spectrum change when the
assumption of an exact CMSSM at the GUT scale is relaxed.

On the other hand, although we have analyzed here a specific example only, some of
the key effects that lead to a predicted sparticle spectrum seem rather general, as long as
the quark-lepton Yukawa ratios are predicted at the GUT scale together with (close-to)
universal soft-breaking parameters (which we assume for the remainder of this discussion):

e The main reason for the predictions/constraints on the SUSY spectrum is the fact
that (to our knowledge) all the possible sets of GUT predictions for the quark-lepton
Yukawa ratios require a certain amount of SUSY threshold corrections for each gener-
ation.? In general, to obtain the required size of the threshold corrections, one cannot
have a sparticle spectrum which is too “split” (as e.g. in [74, 75]), since otherwise
the loop functions (cf. section 3) get too suppressed. More specifically, the required
threshold corrections constrain the ratios of trilinear couplings, gaugino masses, p and
sfermion masses. In a CMSSM-like scenario, this means the ratios between mg, my s
and Ag are constrained. Furthermore, since the most relevant threshold corrections
are the ones which are tan S-enhanced, tan # cannot bee too small.

e Finally, with the ratios between mg, m; /, and Ag constrained and a moderate to large
value of tan 8, the measured value of the mass my, of the SM-like Higgs boson allows
to constrain the SUSY scale. We note that this is an important ingredient, since
the threshold corrections themselves depend only on the ratios of trilinear couplings,
gaugino masses, 1 and sfermion masses, and do not constrain the overall scale of the
soft breaking parameters. The combination of the two effects leads to the result of a
predicted sparticle spectrum from the assumed GUT boundary conditions.

Since mp, plays an important role, we would like to comment that it would be highly
desirable to have a more precise computation of the Higgs mass available for the “large stop-
mixing” regime. As discussed above, we use a theoretical uncertainty of +£3 GeV, which

90One comment is in order here: in the CMSSM the SUSY threshold corrections are very similar for
the first two families, and therefore the argument remains valid even if the quark-lepton Yukawa ratios are
predicted for only two of the families, for the third family and either the second or the first family.

- 21 —



is dominating the 1o interval for my entering our fit. This theoretical uncertainty should,
strictly speaking, not be treated on the same footing as a pure statistical uncertainty (but
the same of course also holds true for systematic experimental uncertainties). Furthermore,
there are indications that the theoretical uncertainty in the my calculation in the most
relevant regions of parameter space of our analysis may be larger, as recently discussed e.g.
in [76], however there is no full agreement on this aspect. For our analysis we have used
the external software FeynHiggs 2.11.3, the current version when our numerical analysis
was performed, and the most commonly assumed estimate =3 GeV for the theoretical
uncertainty.

One may also ask why we did not emphasize the aspect of gauge coupling unification.
From a bottom-up perspective, one could indeed conclude that in order to make the gauge
couplings meet at high energy, the SUSY scale cannot be too high. However, in realistic
GUTs, such statements are strongly affected by GUT threshold corrections. They can be
implemented easily with REAP once the specific GUT model is known, however they are
very model-dependent. In particular, for more general GUT-Higgs potentials it is known
that gauge coupling unification is not resulting in a relevant constraint on the SUSY scale.
For our analysis, we have therefore simply set the GUT scale to 2 x 10'6 GeV. In an explicit
model, where the GUT threshold corrections can be computed and in particular if they
significantly shift the GUT scale, we expect that the predictions for the SUSY spectrum
will also be modified correspondingly, e.g. due to the increased amount of RG evolution.

Let us also comment on the fact that SusyTC is matching the MSSM to the SM at one
common “SUSY scale”. This is certainly a limitation of the current version of SusyTC. On
the other hand, as discussed above, in the scenarios where SUSY threshold corrections play
an important role, the sparticle spectrum cannot be too “split”. This means that for the
main applications of SusyTC, like the example presented in this section, one-step matching
is sufficiently accurate.

6 Summary and conclusion

In this work we discussed how predictions for the sparticle spectrum can arise from GUTs,
which feature predictions for the ratios of quark and lepton Yukawa couplings at high
energy. To test them by comparing with the experimental data, the RG running between
high and low energy has to be performed with sufficient accuracy, including threshold
corrections. In SUSY theories, the one-loop threshold corrections when matching the SUSY
model to the SM are of particular importance, since they can be enhanced by tan 5 or large
trilinear couplings, and thus have the potential to strongly affect the quark-lepton mass
relations. Since the SUSY threshold corrections depend on the SUSY parameters, they link
a given GUT flavour model to the SUSY model. In other words, via the SUSY threshold
corrections, GUT models can predict properties of the sparticle spectrum from the pattern
of quark-lepton mass ratios at the GUT scale.

To accurately study such predictions, we extend and generalize various formulas in
the literature which are needed for a precision analysis of SUSY flavour GUT models: for
example, we extend the RGEs for the MSSM soft breaking parameters at two-loop by the
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additional terms in the seesaw type-I extension (cf. appendix A). We generalize the one-loop
calculation of u and pole mass calculation of m4 and myg+ to include inter-generational
mixing in the self energies (cf. appendix B). Furthermore, we calculate the full one-loop
SUSY threshold corrections for the down-type quark, up-type quark and charged lepton
Yukawa coupling matrices in the electroweak unbroken phase (cf. section 3).

We introduce the new software tool SusyTC, a major extension to the Mathemat-
ica package REAP, where these formulas are implemented. In addition, SusyTC calculates
the DR sparticle spectrum and the SUSY scale @), and can provide output in SLHA “Les
Houches” files which are the necessary input for external software, e.g. for performing a two-
loop Higgs mass calculation. REAP extended by SusyTC accepts general GUT scale Yukawa,
trilinear and soft breaking mass matrices as well as non-universal gaugino masses as input,
performs the RG evolution (integrating out the right-handed neutrinos at their mass thresh-
olds in the type I seesaw extension of the MSSM) and automatically matches the MSSM to
the SM, making it a convenient tool for top-down analyses of SUSY flavour GUT models.

We applied SusyTC to study the predictions for the parameters of the Constrained

MSSM SUSY scenario from the set of GUT-scale Yukawa relations Z—Z = —%, Z—’: = 0,
and Z—Z = —%, which has been proposed recently in the context of GUT flavour models.

With a Markov Chain Monte Carlo analysis we find a “best-fit” benchmark point as well
as the 1o Bayesian confidence intervals for the sparticle masses. Without applying any
constraints from LHC SUSY searches or dark matter, we find that the considered GUT
scenario predicts a sparticle spectrum above past LHC sensitivities, but partly within
reach of (a high-luminosity upgrade of) the LHC, and possibly fully testable at a future
O(100 TeV) pp collider like the FCC-hh [80] or the SPPC [81].
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A The p-functions in the seesaw type-1 extension of the MSSM

In this appendix we list the S-functions of the SUSY soft-breaking parameters in the MSSM
extended by the additional terms in the seesaw type-I extension (obtained using the general
formulas of [56]). Our conventions for W and Ly are given in (3.1) and (3.2).

A.1 One-loop B-functions

66
167y, = =g M1, (A1)
167°Bar, = 293 Mz (A.2)
167% By, = —692 M3 (A.3)
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Figure 9. RG evolution of the Yukawa coupling ratios of the first, second and third family from
the GUT-scale to the mass scale of the Z-boson. The GUT scale parameters correspond to our
benchmark point from section 5. The effects of the threshold corrections are clearly visible at the
SUSY scale @ = 3015 GeV. The light gray areas indicate the experimental Yukawa coupling ratios
at My, taken from [36].
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14 32
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7 16
+ Ty (3 Te(Y]Ya) + Te(Y]Ye) = {207 — 363 - 39§> : (A.5)
167267, = Y, (4YJ T. + 2YJT,,> + T, (5YJYe +v) Yy>
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+Ye (6Te(Y]Ty) + 2Te(YV/T2) + 6P M + 6g3 My
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Figure 10. RG evolution of the CKM mixing angles M and 0SXM from the GUT-scale to
the mass scale of the Z-boson. The GUT scale parameters correspond to our benchmark point
from section 5. The effects of the threshold corrections are clearly visible at the SUSY scale
@ = 3015 GeV. The light gray areas indicate the experimental values at M.
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Figure 11. SUSY spectrum with SU(5) GUT scale boundary conditions %< = -3 Z—" = 6, and
z—; = g, corresponding to our benchmark point from section 5.
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16m° 8,2 = 4Yem3 Y, + 2V, YIm? 4 2m2y ]
+4my YY) +4T.T]
A 6 5
FOHMIP 15+ 2giS 15, (A.12)
1678, = 4Yl,m 2y + 2YijmD +2m2Y, Y,
+4m3 Y, Y, +4T,T) (A.13)
167% 5,3, =6 Tr(Yama Y + Y/ m3Yd)
+2Tr(Yem3 Y + YImEY,)
+6m3y, Te(Y,Yy) + 2m3, Te(YIYL)
+ 6 Te(TITy) + 2 Te(TIT.)
- 791|M1|2 — 63| Ma|* — ng ; (A.14)
167282, = Gﬂ(YquYJ +Yim gyu)
+2Tr(Y,mY,) + V,Im2Y,)
+6m3;, Tr(Y,[Y,) + 2m¥, Tr (YY)
+ 6 Te(TIT,) 4+ 2 Te(TIT, )
- 791|M1|2 — 63| Ma|* + g 1S, (A.15)
with
S:m%{u—m%{d+ﬁ(m%—m%+m§~+mg—2m%) . (A.16)
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Figure 13. 1o HPD intervals for the sparticle spectrum and Higgs boson masses with SU(5) GUT
scale boundary conditions 1% = —%, %‘j =6, and % = —32. For about 70% of the data points, the
LSP is the lightest neutralino X§.
A.2 Two-loop B-functions
12 28 36 52
(167%)? 5 = —gi T(T,Y,)) + 39% Tr(TaY,)) + 39% Tr(T.Y,}) + 39% Tr(T.Y,)
12
- Engl Te(Y, Y, — ggglMl Tr(YaY))
36 @M, Tr(Y.Y,)) — 5—glM1 Tr(Y,Y,)
176 176 94 94 796
+ 5 —gig5s My + 5 — 9195 Ms + 5 =975 M + 5 —9i95Ms + 25 ——9iMi, (A.17)

(167%)2857 = 4g2 Te(T,Y}) + g2 Te(T.Y]) + 1292 Te(TyY,)) + 1293 Te(T,,Y;)
—4g3 My Tr(Y, Y,T) — 495 Mo Tr(Y.Y,)
— 1292 M, Tr(Y, Y1) — 1292 M, Tr(Y,Y))
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18 18
+ 5 —gigs My + 5

(167%)28%7) = 802 Te(TuY)) + 8¢2 Te(T,Y,}) — 892 M5 Tr(YaY,)) — 892 M5 Tr(Y,Y,)

G292 My + 482 g3 My + 48¢2g2 M + 100g2 M, | (A.18)

+ %glgle + %91931\43 + 189593 Ms + 189395 M + 5693 M (A.19)
(16728 = —2T, (YdT VoYY, + 2V vy, + 3YJYUYJYH)

— 2y, (zydT T,Y]Yy +2v Ty, + 2v)v,viT,

+ Y] Y YIT, + VI T, Y] Y, + 3YJYuYuTTu)

T (YdT YaTe(Y. Y + 3Y,Y]) + 5Y,1 Y, Te(Y, Y + 3YuYJ))

— 2y, (Y; T, Te(Y, Y] +3Y,Y]) + Y]V, (T, V] + 31,Y))

+ VT, TH(Y, Y] + 3V, V) + 3V Y, Te(T, Y + 3TuYJ))

~ T, (Tr(BY,,YJYl,YJ LYYV + 3T (Y, Y] VY + 3,y YUYJ))

- 2Y, (Tr(6TVYJ Y, Y, + T,Y V.Y + YV, Y T.Y))

+ 3T (Y, YT,V + 1Y vy + 6T, Y v, Y ))

+ % @ (Tuyj Yy + 2V, Y Ty + Y, YT, — 2My (Y, Y] Yy + YquYu))
+6g5 (YY) T, +27,Y,Y, — 20M5Y, Y, V,,)

4
+ (1662 + 507 ) (2% DO + 2 YY)

136 15 16 92743
- ngggT + 3 —g:Tu — ggéfTu + 50 9 91T. + g1 95T + 89395 T,

8 272
VT (3230 + 39000 ) - SRRV, + )

— 2937 g5Yu (M + Ma) — 169593Y. (M + Ms)
Sy, + S Y, (A.20)
(167%)282) = —2Ty (3Y YaY] Yy + 2V}, Y*Yd +YIY,YY, )

— 3095 MaY,, —

— 2y, (4Y; TY Y+ 3YIVyiT, + 2viT,v]Y,

+2VIT VY, + ViV, YT, + QYJYuYJTu)

— Ty (5Yj Yy Te(Y.Y,) +3Y,Y)) + VY, To(v, Vi + 3YuYJ)>

— 2y, (QYJ T, Te(Y,Y, + 3Y,Y]) + 3Y] Y, Te(TLY] + 3T3Y))

+ YT, T, Y + 3V, V) + VIV, To (T, Y + 3Tuyj))

T (Tr(YeYJ Y,V 43V YY) + 3Ty, Y Yy + 3y v,y ))
=2 (T YITY + DY 4 6T YY)

+ 3Te(T,Y, YY) + T,V Yoyl + 6T, Ydyj))
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2
+x g2 (2TdYJYu + 3TY Yo+ 3YaY Ty 4 4Y Y, T — My (YaY] Yy + YdYJYu)>

+ 69% (YdYJTd + 2TdeTYd - 2M2YdeTYd)
2
+ (1ﬁg§ - 593) <2Yd Tr(YdTTd) + Ty Tr(YdTYd))

6
+ 2} (Ya TV L) + Ty (Y[ Y.))

+ ggfgszd - %géTd — %géde + %Q?Td +9195Ty + 8939374

— Yy Tr(Y] Yy) <3Qg§M3 — ;Lg%Ml) — %g%Mle T (YY)

- %95953@(1\41 + Ms) — 2g7g5Ya(M; + M) — 1695935 Ya(M> + Ms)

— 3093 Mo Yy — %gilMlyd + %gngyd ; (A.21)

(167228 = —2T, (3VIV.YY. + 2V VY [Ye + Vv vY, )
—9y, (4Y6TT6YJY€ F3YIVYIT, + oviT, Y Y,
+ VT Y]Y, + VIV, YT, + 2YJY,,YJT,,>
- T, (5Yte To(Y, Y] +3Y,Y]) + VY, Tr(Y, Y] + 3Yqu))
— 2y, (QY;jTe To(Y, Y] +3Y,Y]) + 3Y1Y, To(T. Y] + 3T,Y))
L YT, T, Y 4 3V, Y 1YY, (LY + 3Tuyj))
T, (Tr(YeYjYij 43V, VIV Y 4 3 Te(Y Y Y, Y] 4+ 3y,v] Yde))
-2, (TVYITY] + LYY + 6Ty YY)
+ 3TV, Y] + DY [Vay] + 6Ty vay)))
+%ﬂnﬁn—nmn)
+6g5 (Y YT, + 2T.Y] Y, — 2M, Y, Y]Ye)

2
+ <1Gg§ - g%) (2Ye To(Y]T)) + T, Te(Y] Yd))

5

6

+ 002 QYT + T VY
15 27 9

?gélee + EQ%Te + ggfggTe

4 12
= Yo Te(Y]Ya) (32g§M3 - 5g%M1> — S MY Tr(Y]Y,)

+

18
— gg%gSYd(Ml + My) — 3095 MyY, — 54g1 M1Y, | (A.22)
(1672288 = 2T, (YJY;YJY; +ovivYlY, + 3YJYVYJYV)
—2Y, <2YJT6YJY6 + 2YIT.Y]Y, + 2V Y. YIT,

L YIVYIT, 1Ay, Yy, + 3y, Y Ty)
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-7, (YJYE To(Y, Y, +3Y,v)) +5Y,) Y, Te(Y, Y + 3YUYJ))

— 9y, (YJTE T (YY) +3Y,Y]) + VY, T(T, Y + 37,v))

+ 2T, Te(Y, Y, + 3Y,Y)) + 3YY, Te(T, Y, + 3T,Y, ))

-, (’I‘r(3YVYJYVYJ Y, YIVY) 4+ 3 Te(Y, Y] YY) 4 3Y, Y Y, Y ))
— 9y, (Tr(TyYJYeYJ Y, YITLY 46T, Y)Y, Y

43T YY) + LYV Y+ 6TuYJYuYJ))

6
+ 2ot (QTVYJY,, LAV YT A Y, YT, + TLYHY, — 2My (Y, Y Y, + YVYJYe))

+692 (Y, YIT, + 2T, Y]Y, — 2M,Y,Y}Y,)

4
+ (16g§ + 5g§> 2V, Te(YIT,) + T, Te (Y, V.,))

15 207 9
+ ?gSTy + EQ%TV + ggfggTu

8
—Y, Tr(Y,Y,) (32g§M3 + 5g§M1>
414

18
- EQ%QSYV(Ml + M) — 30g5 MY, — 25

(167%)28%) = —4T! (TY[Y, + Y.YIT.) - 41} (TY]Y, + V. Y]T,)
L

giMY, (A.23)

~ 2V} (2mBY Y, 4 AL TIY, + 2T,

2.V m2Y, + V.Y Y.m? + zyem%YgYe)

— oy} (mﬁnyjm VT, TY, + 2V, TIT,

L2V, Y m2Y, + Y,V Y,mE +2Y,mi Y, YV)

=2 (4my, + m3) YIV.Y]Y, — 2 (4m};, +m3) VIV, VY,
—ort (Te To(Y, Y + 3Y,Y]) + Y, Te(T.Y, + 3T,Y) ))
—oT (TU To(Y, Y, +3Y,Y]) + Y, To(T, Y, + 3T, Y, ))
—yi (2m§Ye To(Y, V! + 3Y,Y]) + 2T, Te(V.T) + 3Y,T))
+ 2V, Te(T.T) + 3TAT) + Yom2 Te(Y.Y, + 3Y,Y) ))

—Y) (ngyy Te(Y, Y, +3Y,Y,)) + 27, Te(Y, T + 3Y, T))
+2Y, Te(T, T} + 3T, T)) + Yym3 Tr(Y, Y, +3Y,Y,))

— (4mdy, +m2) VIV (VY] + 3YaY)

= (4mdy, +m2) VY, (VY] +3Y,Y)

oYY, Ty (Yem%YeT + YIm2Y, + 3Yam3 Y] +3Y] mgyd)
oYY, Tr (meiyyf + Y Im2Y, +3Y,m3 Y} + 3YJm§Yu)

6
+ 4t (Qmi,dYJYe +m2YJY, + YiV.m? +2Vim2Y, + QTJTE>
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_ L gt (M7YIT. — 2|M|PY] Y. + MIT] YY)

59
621 18

+ ——gi M”15+ 5 — 195 (|M1]> + | Ma]?) 15
18 §

+ Eghnge(MlMQ) 15 4 3395 | Mo|? 13
3

+ zgion 15 + 39305 15 — fgls’ 13, (A.24)

(16772)2@(% — 4T (Tde Yy + YV Td) 4Tt (TuYJYu + YuYJTu)
—ov] (meZYdeT Yy + 2Ty TH Yy + 2v, 11T,
+YaY Jm2Ya + Ya¥ Yam + 2Yam Y] Va)
— oyt (2m§YuYJ Y, + 2T, T1Y, + 2V, TiT,
+2Y, Y m2Y, + VY[ Y,m? + 2Y,md Y] Yu>
—9 (4de +m2 ) YIYayiv, -2 (4mH +m2 ) Yiv,viv,
—or} (Td To(Y,Y,! + 3V, Y]) + Y, Te(TLY) + 3TdeT))
—oT (Tu To(Y, Y, +3Y,Y]) + Y, To(T, Y] + 3T,V ))
—v] (2mf~l~Yd Te(Y, Y + 3Y,Y]) + 2T, Te(V. T + 3Y,T))
+ Yy Tr(LT) + 3T4T]) + Yam? Te(YeY + 3YdeT))
—vi (ngyu To(Y, Y, + 3Y,Y]) + 2T, Te(Y, T} + 3Y, T
+ 2, To(T, T} + 3T, T)) + Yum? Te(Y, Y +3Y,Y;f ))
(4de +m2 ) YV, Te(V, Y +3Y,Y))
(4mH +m2 ) YV, Te(v, v+ 3Y, v
— o Ya T (Yem2 VS + YImEY, + 3Yam Y] + 37 fm2va)
vy, Tr (me%Yj + Y m2Y, +3Y,m3 Y} + 3YJm§Yu>
+ % ¢ (Qm%,dyj Ya+ dm¥, YV, + mE Y] Ya + Y] Yam + 2V m2Y,
+ 2mE Y]V, + 2V Yum® + AV mY,, + 211 T, + 4T5Tu)
- %g% (Ml*YdTTd FOMIYIT, — 4MyPYY,

+ MyTIY, + 2M T Y, — 2|M1|2YdTYd)

128 2 32
95| M3]* 15 + 59192R6 (MiM3) 13+ “=gigiRe (M1 M3) 1

15
199 2
+ e 1M 15 + = glg3 (IM* + [Maf*) 1

+ 329293(|M2|2 + Re(MzM3) + [Ms*) 1
32

+ 459193(”\41\2 + [ M3]%) 13+ 33g35| Ma|* 15

~32 -



1 16
+ 159101 13 +3g509 15 + 3

(1672)28%) = —2 (zm%,d +omZ + m%) Y Y vyl —2 (4mHu + mi) Y YV, Y]

930'3 13 + 915’/ 13 5 (A25)

4T, (TijYJ F T, Y + VYT + YJYuTg)

4y, (T; T,y + TiTY! + Y] TT + YjTuTg)

— 2y, (25/(1T m2YaY,[ + YIYaYim? + 2Y[Yam3 Y] + 2¥ m2y, Y]
+ VYV m2 + 2] Yum3 Y] + 2m3 Y Yay] + 2md Y] YuYJ)
—2 (4m§{u n mg) Y Y Te(v, v+ 3y, v

4T, (TJ Te(Y, Y] +3Y,Y)) + VI (v, 1) + 3YUTJ))

4y, (TJ To(T, Y + 3T,Y]) + Y Te(T, T + 3T, TT))

— oy (Yng Tr(Y, Y] + 3Y,Y)) + 2m2 Y] Te(Y, Y] + 3v,Y))
+ 2V Te(Y,m2 Y] + Yim2Y, + 3Y,m3 Y] + 3YJm,%Yu))

+ (695 - % gf) (mgyuyj +Y,Ym2 + 2my YY)+ 2V,m3 Y] + 2TuTJ)
~ 1242 (MQ*TUYJ MY, Y] + MQYuTg)

+ %g% (Ml*TuYT — oMy PY, Y + MlyuTg)

128 512 .
- 4|]\43|2 15 + 9193 (‘M1|2+R€(M1M3)+|M3|2) 13

45
3424 16 16 8
+ 75 91 giIM1|* 15 + BQ%@ 13+ 39303 13— *Q%S/ 13, (A.26)

(16%)%% — 2 (Qde +2m +m ) VY v,vi -2 <4de +m ) Yyiv,y)
—ary (Tivav] + Ty ] + vivar) + viver))
— Yo (TJTaY] + TITY] + Y] Tur) + ViT,1))
= 2vy (2vfmBvay] + YiYarfmd + oy Yamdy] + 2vimiv,y]
+ Y[y md oy Yumd ]+ omB v vay] + om2yiv.y))
—9 (4de +m ) YY) Te(VY) + 3Y,v))
= ATy (T (VYT + 3YaY]) + Y (VT + 3YT)) )
— 4y, (T; Te(T.Y,} + 3T,Y]) + Y] Te(TLT + 3747 ))
— oy} (Yj m2 Te(Y, Y[ +3YaY,)) + 2m2 Y] TV, Y] +3YaY,))
+ 2] Te(Yem2 Y] + Y m2Y, + 3Ygm3 Y] + 3V mgyd)>
+ (693 + % g%) (mgydyj +YaYjm2 4 omY, Yoy, + 2YamE Y] + 2Tde)

— 1263 (M3 TaY] — 2DMLPYaY] + MoY.T) )
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i (M1 TyY] — 2| My PYaY) + MlydTT)

~ 59
128 128
95| Msl* 15 + =9 (\M1|2+Re(M1M3)+|M3|) 13
08 4 16
—&—— g Mi|* 13 + 159101 13+ 39303 13+ 915’ 1s, (A.27)
(1672)28%) = (2mH +omZ, +m)YYTYYT—2(4mH +m)YYTYYT

AT, (TgYeY; + T Y+ YT + YJYVTJ>

_ay, (TJTeYJ +TITY + YITLT 4 Y TVTJ)

-2V, (QYJ m2Y. Y] + YIVeyIm? + 2y YemiY] 4 2y mZy, v}
+ YV, Y mZ + 2v Y,mi Y] + 2m2 YV Y] + 2mi Y Y, Y])
_9 (4de +m2 ) V.Y Te(V.Y + 3Y,))

AT, (Tg To(Y, Y] +3YyY]) + Y Te(V. T + 3Y,T) ))

4y, (TJ To(T.Y] + 3TyY]) + Y To(T.TT + 37,7 ))

— oyt (Y;mg Te(Y, Y, +3YaY]) + 2m2Y,] Tr(Y.Y) +3Y,Y))

+ 2V Te(Yom2 Y] + Yim2Y, + 3Yum3 Y] + 3V mZ«Yd))

- (Ggg - g gf) (m‘g‘YeY; +Y Y ImZ +2my YoV +2yem2 Y] + 2TeTg)
— 1242 (M;TeYJ — 2 M2V Y + MgYeTj)

12
+—gf (MY - 2DLPYY] YT

2808 12 12
+ o5 N1 gi|Mi)? 15 + 39%01 13+ *Q?S/ 13, (A.28)
(1672)282) = —2 (2m3;, +2m3, +m? )YYTYYT—2(4mH +mE) Y Y,V

— a1, (YY) + TV + YY) + YY)

4y, (TjTeYj FTIT Y + YIT.T) + YJTVTJ>

— 9y, (2ij§YeYj +YIV.YmE 4 2V Ym2 Y + 2Vim2Y, Y,
+ YV, Y imE 4 2V Y, miY) 4+ 2m3 VIV, 4 2ml VY, Y )
_9 <4mH +m2 )YYTTr(Y Y] +3v,Y])

4T, (TJ To(Y, Y] +3Y,v]) + Y Te(v, 7] + 3YuTJ))

— 4y, (Tj To(T, Y, + 3T.Y]) + Y] To(T, T} + 31,1} ))

— oy} (ijg Te(Y, Y, + 3V, V) + 2m2Y, Te(V, Y| + 3, V)
+ 2V Te(Y,m2 Y, + Ym2Y, + 3Y,m3 Y, + 3 mgyu))

(00 + 2t ) (mEVod 4 Yo+ 2y VY] 4 2oy 4 27,7
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— 1263 (M3 T, = 2Ma PV, Y] + MY, T )
12
- =gt (M Y] 2PV + MY T (A.29)
(167%)28%) = —2 (mi,d + m%,“) Te(Y.Y,V, Y + 3V, V1Y, Y))
Hd :
—12m%, Te(YY VY] + 3Yv vav))
— 2 T(TITY Y, + 3T Y Yy + THY.YIT, + 3T v Y Ty)
—2Te(T.TIY, Y + 30,11y, Y] + 1Y) v, 1! + 31,y v, 1))
—2Te(Y.TIT, Y + 3V, i T, Y] + Y.y 1,11 + 3v,vIT, 1))
— 36 Te(YaY, m2Y,Y] + V) Ydng;Yd)
— R2Te(Y Y m2Y. Y] + YIv.mi YY)
— 6 Te(Y, Y m2YaY, + YaVim2V, Y] + v Yum%YdT Yy +Y) Ydm%YJ Y,)
—2Te(Y, Y mZYoY,) + VoY m2y, Y] + VIv,miY]Y. + Y]Y.m2Y[fY,)

4
- (SQg§ - 5g§> Te(T) Ty + my, Y, Vi + Yo Y] + Y m2Ya)

12

+ ggf Te(TITe + mi, Y Ye + Yem2 Y] + YImZY,)
12

- gg% Te(M;Y,)T, + MiTJY, — 2|M|?Y]Y,)

4 *
+ 59% Te(M;Y,] Ty + My T Yy — 2| M, |2Y,]Yy)

— 3292 Te(MZY Ty + MsT1Yy — 2| Ms|?Y] Yy)
18 5 o

+—9ig3 (1Mf? + Re(Mi0M5) + M)

621 3 6
- ggi*IMlV + 33g3| Ma|? + 59501 + 39302 — 39?5’ 7 (A.30)

(167%)28%) = —2 (m%{d +m% ) Te(Y. Y, Y, Y + 3,y v, Y))
Hy, “
—12m3;, Tr(L, Y, Y, Y + 3V, Y v, Y,
—12Te(TIT, Y)Y, + 3T T, Y, Y, + TIY, YT, + 3T1Y,Y,T,)
—2T(T.TY, Y + 30,18V, Y] + T.Y) v, T} + 31,V v, T])
— 2 T(Y, T T, Y] + 3v it Y] + Y.y 1, 1 + 3v,viT,Th)
=36 Te(Y, Y, m3Y, Y, + YIY.m3Y]Y,)
- 2Te(Y, Y, mZY, Y, + VYV, miY]Y,)
— 6 Te(Y, Y, m2YaV + YoV imZV, Y] + ViYumg Y Yo+ Y Yam3Y]Y,)
—2Te (Y, Y m2Y.Y, + VoY m2y, Y] + Viv,miY]Y. + YIv.m2iyly,)

8
+ (329§ + 5g%> Te(TI T, + m%{uYJYu + Yum%YJ +YIm2Y,)

— ggf Te(M;Y,]T, + M\TY, — 2|M|?Y,]Y,)

— 3202 Te (M3 Y, T, + M3T]Y, — 2| M3*YY,,)

— 35 —



18 *
+ =913 (1ML + Re(MyM;) + [ Mo )

- 6gig)lgi‘IMﬂ2 + 3395 Mo + 29?01 + 30202 + gg%S/ ’
with
arZégfGmﬁh-%&n%d+T¥O”%+3"%‘%%”3+6m§+8”%>>’
O'% = g% (m%{u + m%‘{d +Tr (377”% T m%)) ’
o5 = g3 Tr (2m% +m%+m2) |
and

yzth%nnuﬁnﬁ)—miﬂ(%ﬁ#ﬁnﬁ)
+ﬂ@ﬁﬂn+m?ﬁﬁ—ﬂ0%@n+m§$@

_zﬂ(mxﬁ%+nnwg_ﬂajm@

30
3
+ 59% (m%[u - m%{d + Tr (m% — m%))

8
+ §g§ Tr (m% + m% — 2m121) .

1
+ —g? (9quu - 9m%{d + Tr (m?:2 - Qm% + 4m3~ + 36m2 — 32m§))

(A.31)

(A.32)
(A.33)

(A.34)

(A.35)

B Self-energies and one-loop tadpoles including inter-generational mix-

ing

Here we present the used formulas for the self-energies H:§ 2> U+ g, 144, and the one-loop

tadpoles t,, t4, which are based on [59] but generalized to include inter-generational mixing.
In this appendix we employ SLHA 2 conventions [55] in the Super-CKM and Super-PMNS
basis, to agree with the convention of [59]. The soft-breaking mass matrices in the Super-
CKM /Super-PMNS basis are obtained from our flavour basis conventions (3.1) and (3.2) by

di
yr =Y = Uy,
Ty = UlTyVy

22 _yst2
mQ:VdeVd,
A%E‘/jm%‘/e,
L2 2
a:Uqu}Uua
A2 _ rrt 2
m2 = Ulm2U, .

(B.1)

Let us briefly review our generalization to the sfermion mass matrices of [59]: we define

the sfermion mixing matrices by'°

2 _ a2 diagyrst
M2 = WMz e

10The SLHA 2 convention sfermion mixing matrices Rj can be obtained via R; = W}
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with the sfermion mass matrices in the Super-CKM /Super-PMNS basis

. 2 . ap
VCKMm%VgKM + %yg sin® 5 + D, %TJ sin 8 — u%yu cos 3

M2 = 2 ) )
%Tu sin 3 — u*%yu cos 3 m% + %yg sin? 8 + Dy.r
52 202 02 all ;
Mdgz mQ—i-%ydcos B+ Dar, % dco:ﬂ—,u%ydsmﬁ |
%Td cos 3 — u*%yd sin 3 ﬁ’% + %yg cos? B+ Dyr
52 202 o2 ll ;
2 m; + S yzcos” B+ De 1, %Ta COQSﬂ — u%ye sin 3
é A N . R ;
%Te cosff— %ye sin 8 m2 + %yg cos? B+ De g
Mg = V}IMNSm%VpMNS + D%L . (B.3)

The D-terms are given by

Df7L = M%(Izg — Qe SiIl2 Qw) COS(Qﬁ) 13 y
D¢r= M%Qe cos(26) sin? Oy 13 , (B.4)

where I3 denotes the SU(2), isospin and Q. the electric charge of the flavour f, and 6y
denotes the weak mixing angle. Note that our convention for u differs by a sign from the
convention in [59].

For the sake of completeness we also list the conventions for neutralino and chargino
mass matrices and mixing matrices: the neutralino mixing matrix is defined by

Myo = NTMGEN (B.5)
with
My 0 — My cos Bsinfy My sin §sin Oy
M 0 M, Mz cos cosBy —Mysin B cos Oy
0 pu—
v — My cos Bsinfy My cos 5 cos Oy 0 —
My sin Bsinfyy —My sin 8 cos Oy — i 0
(B.6)

The chargino mixing matrix is defined by
My = UTMj;ij‘gV , (B.7)
with

My = < M, V2My sin5> | (B)

V2Myy cos 15} 7
We now present the generalization of 115 ,, I+, aa, ty, and tg of [59] to in-

clude inter-generational mixing. For all we have checked that our equations reduce to the
corresponding equations in [59] when

W.,

fii = sz‘-s-si-s-g = Cos Hfi
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fiz‘+3 = _Wfi+3i = —sin Hf; , (Bg)
where 1 =1...3.

We keep the abbreviations of [59]:

Sqp = sin(a — ) , ( )
Cap = cos(a— ), ( )
95, = Is — Qesin® Oy (B.12)
9fr = Qe Sin2 Ow ( )

e = gosinbyy , ( )

Ne = {3 for (s)quarks

1 for (s)fermions

The conventions for the one-loop scalar functions Ag, Bos, By, H, G, and F [77, 78]
are adopted from appendix B of [59]. Summations ) s are over all fermions, whereas
summations ) fu? > 5, are restricted to up-type and down-type fermions, respectively.
Summations } n, >4 are over SU(2) (s)quark doublets, and analogously for (s)leptons.
In summations over sfermions the indices 4, j, s, and ¢ run from 1 to 6 for @, d, and €
and from 1 to 3 for 7. In summations of neutralinos (charginos) the indices ¢, j run from
1 to 4 (2). The summations ) ;o runs over all neutral Higgs- and Goldstone bosons, the
summation ), over the charged ones.

cos GW
93

167 2

H ( ) = _Siﬂ (BQQ(mA,mH) + BQQ(MZ,TI’Z}L) - M%B()(MZ,mh)) (B.lﬁ)
—clp (BQQ(MZ, mu) + Baa(ma, mp) — MZBo(My, mh))
0
~vcost oy (2% 4 02— M2E O B (g, 0
COos™ Uw < D+ My — COS29 0( W W)
— (8 cos? Ow + COSQ(ng)) BQQ(MW’ Mw)

— cosQ(QGW)322(mH+ T+ )

_ZNCZ
—f—;ZNCZ(l_S]E}QESln Ow) Z fw Wi,
f S

2

132 e Qesm Owost| 4Baa(m mft)

+ 4@5 SiIl4 Hw> Ao(mfs)

+> No ((97, + g%,) H(mg,my) — 4gg, gpom3 Bo(mys, my))
7
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cos 2 Oy
292

Z bz H(my 05T o)+2gl]Zm S0 oBo(m C mxo)

7.]

c0829W
g ng (m +,mx+)+29”Zm +m +Bo(mx+,mxj+).

The couplings f2, f3, g%, and g} are given in egs. (A.7) and (D.5) of [59].

167T2HH+H— (p

The couplings fy+ and gy+ are given in eq. (D.70) and egs. (D.39)-(D.42) of [59].

) = Z N¢ ( (cos? Byz + sin® Byfl) G(my, mq)
Q

-2 sin(26)yuydmumdBo (mu, md)>

+ Z sin® By2G(0, me)
L
#3NC Y (reg), Batma )
irj
+§:Z(AH+E)§jBO(mD“méj)
[ARE
+zf:2( en ) Aolmy)

2

+ % <SiﬂF(mH, Mw) + CiBF(mh’ Mw) + F(mA, Mw)

cos? (20w )

—F M
cos? Oy (mare Z)>

+ 2 F(my+,0) + 293 Ao( M) + g3 cos®(20y) Ag(My)

+ Z (Z (Aaz+non-)” Bo(mpo, my+) + A r-p - Ao(mh+)>

h+ hO

M
+ 95 4W Bo(Mw,ma)

t3 %; g+ - hopo Ao (1mp0)
+ Z fij+ G(m;(;, mgg) - QijmxgginJrBo(mﬁ, mgg) . (B.A7)

j?i
The

couplings Ag+pg-n—s Ag+m-hth—, and Ag+pg-popo are defined in egs. (D.63)—(D.65) and
eq. (D.67) of [59]. The couplings to sfermions in the case of inter-generational mixing are

given by

2 My sin(28) 15— (y2+y2) cos “mﬂ —TT — 434 COS
f w sin(28) 13 (yu yd) 5 sin 5 —uya B W, (B.18)
—T, cos B — wryy sin g —yuyd%
Ay =Ws (92 My sin(28) 15 — 32 cosﬁ“sm’B —T1sin B — pye cosﬂ) =, (B.19)

-39 —



’ ! 0 972 cos(2f3) tan? Oy Q. 13 !
wi (yd sin®3 0 ) W, Foa
2 cos? 3
. 0 -
+ W(;(uosﬂ 2>sz f=d (B.20)
ydsm B
f=¢
(0 y? sin? 6) !
00s(20w)

N+ p-p = —W1 % cos(2p) I3+ tan® 0w Q. | 13 —yZsin’® B ) W (B.21)
v 2 cos? Oy

16721144 (p2) = cos? 3 Z Ncy]zcu (pQBo(mfu smy,) — 2A0(mfu))
fu

+ Sil’lzﬁZNcyj%d (pQBo(mfd,mfd) — 2A0(mfd))
fa

+Z§i:NC (( AAf> Ao(m +Z</\Af) Bo(mg,,m f))

g3 52 c?
af af
2F My F Mz) + F M
4( (s, )+ cos? Oy, (s, M) cos? Oy (. Z)>

1
t3 Z (Z Aanono Bo(mpo , mpo ) + Aaano no Ao(mhg))

h% \ A%

M3 1
+ 93 (;VBO(MWame) +2A0(Mw ) + COSQQWAO(MZ)>

+ Z Aaan+n+Ao(mp+)
h+
Z D aG(my 0 mxo) 2g;; amgomgo Bo(mgo, mgo)
+Z'fUA my +7m +) 2ngAm +Mg +Bo(m *amxj) . (B22)

The couplings f9, g%, f1, and g} are given in eq. (D.70) and egs. (D.34-D.38) of [59]. The
couplings A45010, Aganono, and Agap+p+ are defined in egs. (D.63-D.65) and eq. (D.67)
of [59]. The couplings to sfermions in the case of inter-generational mixing are given by

0 — L (T cos B + puy, sin B
Maa=Wi| _ 5 (7 psin ) Wi | (B.23)
7 (Tu cos B + p*y, sin B)
st

o 0 (T sinptaca cos8)
Aas w! . . W, 5, (B.24)

Aé(d) e(d) | 1 (T : 6+ * ﬂ é(d)

75 \Le(a) SIS+ 1"Ye(a) coS

Aap =0, (B.25)
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N —7 608(25) (COSQQ I — tan? Oy Q. ) 0 W
Ads ! 0 ——cos(2ﬁ)tan Ow Qe 13 !
wi y2 cos? 3 0 W- F=i
“ 0 y2 cos? B
2 2 0 o
+{w (P p L | we o f=d (B.26)
0 y?%sin® 8
wi y2sin® 3 0 W, Fec
© 0 y?sin? 8 ‘
AAap = —é cos(20) 1 —— I3 —tan® O Q. (B.27)
v 2 cos? Oy
167ty = —2 Y NeyF, Ao(my,)
fa
g2
+ZNCZ2MW0085 (A ~) Ao(m )
cos(2 2
_ %ﬁ (Ao(mA) + 2Ao(mH+)) + %Ao(me)
2
ﬁ (3sin® o — cos® o + sin(2a) tan 8) Ag(my,)
w
2
800% (3cos® a — sin® @ — sin(2a) tan B) Ag(mp)
w
2 Z mRe (NZS(NzQ — N’L,l tan Gw)) Ao(mi?)
fg%Z Mo osﬁ Re (VirUiz) Ao(myg+)
3 2 AO(MZ)
+ 192 (QAO(MW) t o2 .
cos(203
gﬁ (240(Mw ) + Ao(Mz)) . (B.28)
The couplings to sfermion in the case of inter-generational mixing are given by
M.
Ay = WJL 92 cosgw Gur, cos 3 13 _yu% W (B 29)
u * ) *
_yu% gQCé\fingguR cos 3 13
M !
N 9205 b 9fr, €OS B 13 Ty 75
df = " f Mol
/ Ty s 92 5e =97 €08 B 13
t Yd2v cos 3 0 W- Fod
d 0 ngv cos 3 d
+ , (B.30)
wi Y.2v cos B 0 W Foc
‘ 0 Y2v cos 3
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My

Adp = gzmg% cos 8 13 (B.31)
167°t, = =2 Neyf, Ao(my,)
fu
2
92 : i
f 7
, os(25) 2
28 cos? Oy (Ag(ma) +240(mpg+)) + 5AO(me)
2
92 2 ) .
8 cos? Ory (3 cos” a — sin” o + sin(2a) cot ﬁ) Ao(my,)
2
8 cozé Ow (3 sin o — cos” o — sin(2a) cot B) Ao(mp)
M~
95D s e (Via(Nie = Noy tan ) Ao(msg)
2 Myt
— V243 Z mRe (VioUi) Ao(mﬁ)
3 2 Ao(Mz)
+ % <2AO(MW) - w2l
5 cos(2p)
T B Z oo 0oy ZA0Mw) + Ao(Mz)) - B.32
28(:0526?1/[/( o(Mw) + Ao(Mz)) (B.32)

The couplings to sfermion in the case of inter-generational mixing are given by

—go-Mz_ sin 8 154y2vsin TiL

>\u71 _ Wg g2 cos Oy Guy, ) f 3T Yy 6 y “\/5 L W{L : (B33)
Tuﬁ —ggﬁguR sin f 13+y;vsin 8

_ My ; Y

Auf:WfT gQCOS"ngL*Smﬂ 1s u yfﬁ_ f=¢.d,
—yits 925056 9fn SN B 13

Mz .

>\ul_/ = 7927@05 HW 9uy, smﬂ ].3 . (B34)

C SusyTC documentation

Here we present a documentation of the REAP extension SusyTC. To get started, please
follow first the steps described in section 4.

We now describe that additional features of SusyTC: in addition to the features of REAP
package RGEMSSMsoftbroken.m (described in the REAP documentation), SusyTC adds the
following options to the command RGEAdd:

e STCsigny is the general factor ¢/ in front of 4 in (3.36). (default: +1)

e STCcMSSM is a switch to change between the CP-violating (complex) MSSM and CP-
conserving (real) MSSM. (default: True)
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STCSusyScale sets the SUSY scale @ (in GeV), where the MSSM is matched to the
SM. If set to "Automatic", SusyTC determines () automatically from the sparticle
spectrum. (default: "Automatic")

STCSusyScaleFromStops is a switch to choose whether SusyTC calculates the SUSY
scale () as geometric mean of the stop masses @ = NI where the stop masses
are defined by the up-type squark mass eigenstates %; with the largest mixing to ¢; and
to, or as geometric mean of the lightest and heaviest up-type squarks Q = VM Mg -
Without effect if STCSusyScale is not set to "Automatic". (default: True)

STCSearchSMTransition is a switch to enable or disable the matching to the SM
and the calculation of supersymmetric threshold corrections and sparticle spectrum.
(default: True)

STCCCBConstraints is a switch to enable or disable a warning message for potentially
dangerous charge and colour breaking vacua, if large trilinear couplings violate the
constraints of [79] at the SUSY scale @

(i +v3) i#j
(T2 < (i, +mi,, +md, + ul?) SN (eRY
By; 1=

where mp,, mp and mpy, denote the soft-breaking mass parameters of the scalar fields
associated with the trilinear coupling T in the basis of diagonal Yukawa matrices.
(default: True)

e STCUFBConstraints is a switch to enable or disable a warning message for possibly
dangerous “unbounded from below” directions in the scalar potential, if the con-
straints of [69] are violated at the SUSY scale @

4
m
m%{u+|ﬂ|2—|—m%i— 5 +‘| 3|‘2_ 57 >0 UFB-2, (C.2)
my, Ju! mii
my, +m; >0  UFB-3, (C.3)

evaluated in the basis of (3.11). Note that the UFB-I constraint is automatically
satisfied, since SusyTC calculates m3 from m%{u, m%[d, My, and tan 8 by requiring
the existence of electroweak symmetry breaking. (default: True)

e STCTachyonConstraints is a switch to enable or disable the rejection of a parameter
point with tachyonic running masses of sfermions at any renormalization scale above
the SUSY scale Q. Regardless of this switch, tachyonic sfermion masses at () are
always rejected. (default: False)

Thus, a typical call of RGEAdd [] might look like

RGEAdd["MSSMsoftbroken" ,RGEtanf->20,STCcMSSM->False,STCsignu->-1];
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In addition to the parameters known from the MSSM REAP model, the following soft-
breaking parameters are available as input for RGESetInitial:

e RGETu, RGETd, RGETe, and RGETv are the soft-breaking trilinear coupling matrices.
If given, the Constrained MSSM parameter RGEAO for the corresponding trilinear
coupling is overwritten. (default: Constrained MSSM)

e RGEM1, RGEM2, and RGEM3 are the soft-breaking gaugino mass parameters. If given, the
Constrained MSSM parameter RGEM12 for the corresponding gaugino is overwritten.
(default: Constrained MSSM)

e RGEm2Q, RGEm2L, RGEm2u, RGEm2d, RGEm2e, RGEm2v are the soft-breaking squared mass
matrices mfg for the sfermions. If given, the Constrained MSSM parameter RGEmO for

the corresponding scalar masses is overwritten. (default: Constrained MSSM)

e RGEm2Hd and RGEm2Hu are the soft-breaking squared masses for Hy and H,,, respec-
tively. If given, the Constrained MSSM parameter RGEmO for the corresponding scalar
mass is overwritten. (default: Constrained MSSM)

e RGEM12 is the Constrained MSSM parameter for gaugino mass parameters in GeV.
(default: 750)

e RGEmO is the Constrained MSSM parameter for all soft-breaking masses of scalars in
GeV. (default: 1500)

e RGEAO is the Constrained MSSM parameter Ag for trilinear couplings, e.g. Ty = AgY7.
(default: -500)

An example for an input at the GUT scale would be

RGESetInitial[2- 10716, RGEM1->863, RGEM2->131,
RGEM3->-392, RGESuggestion->"GUT"];

The solution at a lower energy scale such as My can now be obtained by the REAP
command RGESolve:

RGESolve[91.19,2:10"16];

Some parameter points might lead to tachyonic sparticle masses. In such instances the
evaluation of SusyTC is stopped and an error message is returned using the Mathematica
command Throw. In order to properly catch such error messages, we therefore recommend
to use instead

Catch[RGESolve[91.19,2:10716],TachyonicMass];

In addition to the parameters known from the MSSM REAP model, the following soft-
breaking parameters are available for RGEGetSolution at all energy scales higher than the
SUSY scale Q:
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e RGETu, RGETd, RGETe, and RGETv are used to get the soft-breaking trilinear coupling
matrices.

e RawTv is used to get the raw (internal representation) of the soft-breaking trilinear
matrix for sneutrinos.

e RGEM1, RGEM2, and RGEM3 are used to get the soft-breaking gaugino mass parameters.

e RGEm2Q, RGEm2L, RGEm2u, RGEm2d, RGEm2e, RGEm2r are used to get the soft-breaking
squared mass matrices m2 for the sfermions.

f

e RGEm2Hd and RGEm2Hu are used to get the soft-breaking squared masses for H; and
H,, respectively.

To obtain the running DR gluino mass at a scale of two TeV for example, one uses
RGEGetSolution[2000,RGEM3];

With SusyTC the DR sparticle spectrum is automatically calculated. The following
functions are included in SusyTC:

e STCGetSUSYScale[] returns the SUSY scale Q).

e STCGetSUSYSpectrum[] returns a list of replacement rules for the SUSY scale @Q,
the DR tree-level values of p and mg, and the DR sparticle masses and (tree-level)
mixing matrices at the SUSY scale. In detail it contains

— "Q" the SUSY scale Q.

— "u","mg" the values of y and ms.

— "M1i","M2","M3" are the gaugino mass parameters.

— "Mh","MH","MA","MHp" the (tree-level) masses of the MSSM Higgs bosons.!!
— "myO0" a list of the four neutralino masses.

— "myp" a list of the two chargino masses.

— "msude" a 3x6 array of the six up-type quarks, down-type squarks and charged
slepton masses, respectively.

— "msv" a list of the three light sneutrino masses.

— "QW" the weak mixing angle.

— "tana" the mixing angle of the CP-even Higgs bosons.
— "N" the mixing matrix of neutralinos.

— "U","V" the mixing matrices for charginos.

— "Wude" a list of the three sparticle mixing matrices for up-type squarks, down-
type squarks and charged sleptons.

"Note that there is no CP-violation in the MSSM Higgs sector on tree-level.
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— "Wyr" the mixing matrix of the three light sneutrinos.

To obtain for example the SUSY scale and the tree-level masses of the charginos call

"Q"/.STCGetSUSYSpectrum||;
"myp"/.STCGetSUSYSpectrum||;

The squark masses and charged slepton masses are contained in a joint list as
{ma,mj,me}, and analogously for the sfermion mixing matrices. To obtain for
example the up-type squark masses, the charged slepton mixing matrix, and the
sneutrino masses type

("msude"/.STCGetSUSYSpectrum][]) [[1]1];
("Wude"/.STCGetSUSY Spectrum|]) [[3]];
"msv"/.STCGetSUSY Spectrum|];

e STCGetOneLoopValues[] returns a list of replacement rules containing
— "u","mg" the one-loop corrected DR p-parameter and mg as in (3.36) and (3.37)
at the SUSY scale Q.
— "vev" the one-loop DR vev 9 as in (3.41) at the SUSY scale Q.
— "MHp" ("MA") the pole-mass mpg+ (m4) of the charged (CP-odd) Higgs boson
for STCcMSSM = True (False).

The value of y can for example be obtained from
"u"/.STCGetOneLoopValues|[|;

e STCGetSCKMValues [] returns a list of replacement rules with the soft-breaking mass
squared and trilinear coupling matrices in the SCKM basis, where sparticles are
rotated analogously with their corresponding superpartners.'? Since they are used for
the self-energies calculation as described in the previous appendix, they are returned
in SLHA2 convention [55]! In detail, there are

— "VCKM" the CKM mixing matrix.

— "VPMNS" the PMNS mixing matrix.
— SCKMBasis["m2Q"], SCKMBasis["m2u"], SCKMBasis["m2d"] the squark soft-

breaking mass squared matrices in the super CKM basis with SLHA2 convetions.
— SCKMBasis["m2L"], SCKMBasis["m2e"] the slepton soft-breaking mass
squared matrices in the super PMNS basis with SLHA2 conventions.
— SCKMBasis["T"] a list of the three trilinear coupling matrices for up-type

squarks, down-type squarks and charged sleptons in the SCKM basis with
SLHAZ2 conventions.

12We use the term “SCKM” for the super CKM and super PMNS basis.
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— SCKMBasis["Y"] a 3x3 array of the Yukawa coupling singular values for up-type
squarks, down-type squarks and charged sleptons.

To obtain the down-type trilinear coupling matrix and the mass squared matrix of
the left-handed up-type squarks in the SLHA basis for example, type

(SCKMBasis["T"]/.STCGetSCKMValues|]) [[2]1];
SCKMBasis["mQ2u"]/.STCGetSCKM Values|];

e STCGetInternalValues[] returns everything that is internally used for the cal-
culation of the threshold corrections and sparticle spectrum, i.e. the results from
STCGetSCKMValues[] and STCGetSUSYSpectrum[] with the one-loop corrected pa-
rameters from STCGetOneLoopValues[] replacing tree-level ones if available. We
recommend to the user to use those separate functions instead.

As additional feature, SusyTC optionally supports input and output as SLHA “Les
Houches” files. These files follow SLHA conventions [55, 58]:

e STCSLHA2Input[ “Path”] loads an “Les Houches” input file stored in “Path” and
executes REAP and SusyTC. If no path is given, the default path is assumed as
“SusyTC.in” in the Mathematica Notebook Directory. An important difference to
other spectrum calculators is the pure “top-down” approach by SusyTC, i.e. there
is no attempt of fitting SM inputs at a low scale or calculating a GUT-scale from
gauge couplings unification. Instead, all input is given at a user-defined high energy
scale, which is then evolved to lower scales. The input should be given in the flavour
basis in SLHA 2 convention [55], with analogous convention for Y, and convention
for M,, as in (3.1). The relation between the SusyTC conventions and the SLHA 2
conventions is given in section 3. In the following, we list all SLHA 2 input blocks,
which are available in SusyTC:

— Block MODSEL: the only available switch is:
5 : (Default = 2) CP violation (STCcMSSM)

— Block SusyTCInput: Switches (1=True, 0=False) are defined for RGEAdd []:
1 : (Default = 1) STCSusyScaleFromStops
(Default = 1) STCSearchSMTransition
: (Default = 1) STCCCBConstraints
: (Default = 1) STCUFBConstraints
: (Default = 1) Print a Warning in case of Tachyonic masses
6 : (Default = 1) One or Two Loop RGEs

— Block MINPAR: Constrained MSSM parameters as defined in [55, 58]. Note
however, that the input value of tan 8 is interpreted to be given at the SUSY

QL = W N

scale.

— Block IMMINPAR: reads the sin ¢, in case of the complex MSSM:
4 : sing,
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— Block EXTPAR:
0 : (Default = 2-101%): Mi,put Input scale
Note that with SusyTC an automatic calculation of the GUT scale is not possible.
The remainder of the block works as usual, e.g. optionally one can overwrite
common Constrained MSSM gaugino or Higgs soft-breaking parameters:

1 : M;(Minput) bino mass (real part)
2 My(Mipput) wino mass (real part)
3 ¢ M3(Mipput) gluino mass (real part)

21 : mi; (Minpus)
22 = mi; (Minput)
Imaginary components for the gaugino masses can be given in Block IMEXTPAR.

— Block IMEXTPAR: as defined in [55].

— Block QEXTPAR: low energy input:
0 : (Default = 91.1876): the low energy scale to which REAP evolves the SM
RGEs.
23 : “SUSY scale” @, where the MSSM is matched to the SM. If this entry is
set, it overwrites the automatically calculated SUSY scale.

— Block GAUGE: the DR gauge couplings at the input scale
1 : g1(Minput) U(1) gauge coupling
2 go(Minput) SU(2) gauge coupling
3 g3(Minput) SU(3) gauge coupling

— Block YU, Block YD, Block YE, Block YN: the real parts of the Yukawa ma-
trices Yy, Yy, Ye, and Y, in the flavour basis [55]. They should be given in
the FORTRAN format (1x,I2,1x,I2,3x,1P,E16.8,0P,3x, ‘#’,1x,A), where the
first two integers correspond to the indices and the double precision number to
Re(}/”)

— Block IMYU, Block IMYD, Block IMYE, Block IMYN: the imaginary parts of
the Yukawa matrices Yy, Yy, Ye, and Y, in the flavour basis [55]. They are given
in the same format as the real parts.

— Block MN: the real part of the symmetric Majorana mass matrix M, of the right-
handed neutrinos in the flavour basis (3.1). Only the “upper-triangle” entries
should be given, the input format is as for the Yukawa matrices.

— Block IMMN: the imaginary part of the symmetric Majorana mass matrix M, of
the right-handed neutrinos in the flavour basis (3.1). Only the “upper-triangle”
entries should be given, the input format is as for the Yukawa matrices.

The remaining blocks can be given optionally to overwrite Constrained MSSM input
boundary conditions:

— Block TU, Block TD, Block TE, Block TN: the real parts of the trilinear
soft-breaking matrices Ty, Ty, Te, and T, in the flavour basis [55]. They should
be given in the same format as the Yukawa matrices.
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— Block IMTU, Block IMTD, Block IMTE, Block IMTN: the imaginary parts of
the trilinear soft-breaking matrices Ty, Ty, Te, and T, in the flavour basis [55].
They should be given in the same format as the Yukawa matrices.

— Block MSQ2, Block MSU2, Block MSD2, Block MSL2, Block MSE2,

Block MSN2: the real parts of the soft-breaking mass squared matrices m2 m%,

)
m?i, m%, m%, and m?, in the flavour basis [55]. Only the “upper-triangle” gntries
should be given, the input format is as for the Yukawa matrices.

— Block IMMSQ2, Block IMMSU2, Block IMMSD2,Block IMMSL2,

Block IMMSE2, Block IMMSN2: the imaginary parts of the soft-breaking mass
squared matrices mé, m2, m%, m%, mZ, and m2 in the flavour basis [55]. Only
the “upper-triangle” entries should be given, the input format is as for the

Yukawa matrices.

e STCWriteSLHA20utput[ “Path”] writes an “Les Houches” [55, 58] output file to
“Path”. If no path is given, the output is saved in the Mathematica Notebook di-
rectory as “SusyTC.out”. The output follows SLHA conventions, with the following

exceptions:

— Block MASS: the mass spectrum is given as DR masses at the SUSY scale. The
only exception is the pole mass My+ (M4) for CP violation turned on (off).

— Block ALPHA: the tree-level Higgs mixing angle ovyee-

— Block HMIX: instead of M4 we give
101 : mg

The other blocks follow the SLHA2 output conventions, e.g. DR values at the
SUSY scale in the Super-CKM/Super-PMNS basis. To avoid confusion, the
blocks Block DSQMIX, Block USQMIX, Block SELMIX, Block SNUMIX and the cor-
responding blocks for the imaginary entries, return the sfermion mixing matrices R 7
in SLHA 2 convention.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
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