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Abstract: We investigate the possibility of satisfying the SU(5) boundary condition

Yd = Ye T at the GUT scale within the renormalizable R-parity conserving Minimal

Supersymmetric Standard Model (MSSM). Working in the super-CKM basis, we consider

non-zero flavour off-diagonal entries in the soft SUSY-breaking mass matrices and the A-

terms. At the same time, the diagonal A-terms are assumed to be suppressed by the

respective Yukawa couplings. We show that a non-trivial flavour structure of the soft

SUSY-breaking sector can contribute to achieving precise Yukawa coupling unification for

all three families, and that the relevant flavour-violating parameters are (m2
d̃
)23, (m2

d̃
)12,

(m2
d̃
)13 and Ad12/21. We indicate the parameter space regions where the Yukawa unifica-

tion condition can be satisfied, and we demonstrate that it is consistent with a wide set

of experimental constraints, including flavour and electroweak observables, Higgs physics

and the LHC bounds. However, as a consequence of the down-electron Yukawa unification

requirement, the MSSM vacuum in our scenario is metastable, though long-lived. We also

point out that the lightest neutralino needs to be almost purely bino-like and relatively

light, with the mass in the ballpark of 250 GeV. Since the proper value of the dark mat-

ter relic density is in this case obtained through co-annihilation with a sneutrino, at least

one generation of sleptons must be light. Such a clear experimental prediction makes the

flavour-violating SU(5) Yukawa unification scenario fully testable at the LHC
√
s = 14 TeV

with the 3-lepton searches for electroweakino production.

Keywords: Supersymmetry Phenomenology

ArXiv ePrint: 1412.8651

Open Access, c© The Authors.

Article funded by SCOAP3.
doi:10.1007/JHEP04(2015)120

mailto:mateusz.iskrzynski@fuw.edu.pl
mailto:kamila.kowalska@fuw.edu.pl
http://arxiv.org/abs/1412.8651
http://dx.doi.org/10.1007/JHEP04(2015)120


J
H
E
P
0
4
(
2
0
1
5
)
1
2
0

Contents

1 Introduction 1

2 Anatomy of the minimal SU(5) Yukawa unification 3

2.1 Flavour-violating threshold corrections to the Yukawa matrices at the de-

coupling scale 4

3 Impact of the GFV threshold corrections on Yukawa unification 7

3.1 Numerical tools and scanning methodology 7

3.2 Input SUSY parameters 8

3.3 Yukawa unification through flavour-violating terms 10

4 Phenomenology of the unification scenario 13

4.1 Experimental constraints 13

4.1.1 Dark matter 14

4.1.2 Higgs, flavour and electroweak observables 17

4.1.3 LHC direct SUSY searches 19

4.2 EW vacuum stability 21

4.3 Examples of points with successful SU(5) Yukawa matrix unification 22

5 Conclusions 22

1 Introduction

One of the virtues of supersymmetry (SUSY) is that it allows unification of the gauge cou-

plings. Such a feature suggests that above the unification scale the Minimal Supersymmet-

ric Standard Model (MSSM) should be replaced with a more general theory. The simplest

realization of a Grand Unified Theory (GUT) is based on the SU(5) gauge symmetry [1],

and its straightforward consequence is the equality of the Yukawa couplings of down-type

quarks and charged leptons at the GUT scale. Given the experimentally measured values

of the fermion masses, such a condition is easy to satisfy for the third family of fermions.

On the other hand, obtaining Ys(MGUT) = Yµ(MGUT) and Yd(MGUT) = Ye(MGUT) turns

out to be quite a non-trivial task in the MSSM. Several solutions to this problem have

been proposed in the literature, which either considered an extended Higgs sector above

the GUT scale [2], or employed higher-dimensional operators [3–5].

Another approach to Yukawa coupling unification is based on the observation that

SUSY threshold corrections at the superpartner decoupling scale can considerably alter or

even generate the masses of light fermions [6]. Such a possibility was first investigated in

the context of SUSY grand unification in ref. [7], where the presence of general flavour-

violating interactions in the soft SUSY-breaking Lagrangian was assumed. More recently,
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several studies have been devoted to the possibility of using the threshold corrections to

facilitate unification of the first and second family Yukawa couplings in the framework of

supersymmetric SU(5). In ref. [8] trilinear soft terms proportional to the corresponding

Yukawa matrices were considered. In such a case, it turned out impossible to obtain si-

multaneous unification for more than two families when the scalar masses were universal.

On the other hand, when large off-diagonal trilinear terms were allowed, a strong ten-

sion between the unification requirement and the experimental limits on Flavour Changing

Neutral Current (FCNC) processes appeared. To avoid these problems, the proportional-

ity assumption was abandoned in ref. [9] where general diagonal A-terms were considered.

Consequently, the threshold corrections were driven by large values of the corresponding

trilinear couplings, leading to successful Yukawa unification for all three families. A similar

scenario was considered in ref. [10] which updated the previous analysis in view of the Higgs

boson discovery and strengthened experimental limits on the superpartner masses. With

the SUSY particles getting heavier, tensions with flavour physics become weaker. It was

confirmed that the SU(5) Yukawa coupling unification of all three families is phenomeno-

logically viable and attainable for a wide range of tan β. However, it comes at the price of

a long-lived but metastable MSSM vacuum.

In the present paper, we explore an alternative scenario. We assume that the diagonal

entries of the trilinear terms have the same hierarchy as the Yukawa couplings. However, we

allow for non-zero off-diagonal entries both in the trilinear terms and in the sfermion mass

matrices. We employ the chirally enhanced MSSM threshold corrections to fermion masses

as collected in ref. [11] and previously calculated in refs. [12–14]. The most important

feature of this type of corrections is that they allow to “transmit” a large Yb-driven threshold

correction to the bottom quark mass to the strange quark mass as well, provided off-

diagonal flavour-violating entries in the soft mass matrices are present. We show that in

order to achieve a satisfactory Yukawa coupling unification for all three families, all of the

off-diagonal elements in the down-squark mass matrix are required to be non-zero, as well as

the (1, 2) and (2, 1) entries in the down-sector trilinear term. This way we provide evidence

that a more general treatment of the flavour structure of the renormalizable R-parity

conserving MSSM can contribute to fulfilling the SU(5) GUT-scale boundary conditions.

The phenomenology of models with SU(5) symmetry at the GUT scale and General

Flavour Violation (GFV) in the squark mass matrices has been studied in various contexts.

Ref. [15–17] analysed possible signatures of their spectra at the LHC. Ref. [18] investigated

properties of the dark matter (DM) candidate, while the consequences for the Higgs mass,

B-physics and electroweak (EW) observables were discussed in refs. [19–23].

In the present study, we perform a full phenomenological analysis of the GFV SU(5)

model in which the Yukawa matrix unification constraint is satisfied, taking into account

such experimental measurements as the mass and the rates of the lightest Higgs boson,

EW precision tests, flavour observables, relic density of the neutralino dark matter, spin-

independent proton-neutralino scattering cross-section, as well as the 8 TeV LHC exclusion

bounds from the direct SUSY searches. We find that the SU(5) Yukawa unification con-

dition is consistent at 3σ with all the considered experimental constraints. On the other

hand, a tension arises with the stability condition of the EW vacuum that turns out to be
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metastable, though long-lived. However, it should be emphasised that the tension is much

weaker than in the case of large diagonal A-terms [10].

The phenomenological features of the scenario discussed in our study make it an at-

tractive alternative to models assuming Minimal Flavour Violation. First of all, the FCNC

processes triggered by the chirality-preserving mixing between the second and the third

generation of down-type squarks, which plays a crucial role in the successful Yukawa cou-

pling unification, are less constrained than those driven by other off-diagonal entries. Ad-

ditionally, in the considered scenario, SUSY contributions to flavour observables remain

relatively small thanks to low values of tan β and heaviness of the squarks. We also show

that the lightest neutralino must be almost purely bino-like, and have mass in the range

of 150 − 300 GeV. In the framework of the minimal SU(5) with gaugino unification, the

lightest chargino will thus be around 350 − 550 GeV. Since the proper value of the DM

relic density is in this case obtained through co-annihilation with the electron sneutrino,

at least one generation of sleptons must be light. Interestingly, SUSY spectra of this kind

have started to be probed by the LHC at
√
s = 8 TeV in searches for events involving three

leptons in the final state, and they will be completely tested at
√
s = 14 TeV.

The article is organised as follows. In section 2, we discuss SUSY threshold corrections

to the Yukawa couplings in the presence of flavour-violating soft squark mass matrices.

In section 3, the impact of off-diagonal soft entries on the Yukawa unification is analysed

numerically, and the parameter space favoured by successful unification is determined.

In section 4, we study thoroughly the phenomenology of our Yukawa unification scenario

in light of the available experimental data. We summarize our findings in section 5.

2 Anatomy of the minimal SU(5) Yukawa unification

Our analysis is performed in a setting that can shortly be summarized in terms of renormal-

ization scales. The low-energy Yukawa couplings are fixed in the Standard Model, below

a scale where it is matched with the MSSM (henceforth named µsp), and at which the

supersymmetric threshold corrections are calculated. Validity of the MSSM extends up to

MGUT, where the minimal SU(5) boundary conditions are imposed on its parameters.

The simplest realization of the grand unification idea is based on SU(5), as this is

the smallest symmetry to encompass the SM gauge group. In its supersymmetric ver-

sion, the MSSM superfields Q, U , D, L, E are embedded into the 5- and 10-dimensional

representations of SU(5) as

(
3̄,1,

1

3

)
︸ ︷︷ ︸

D

⊕
(

1,2,−1

2

)
︸ ︷︷ ︸

L

= 5̄︸︷︷︸
Ψ5̄

(2.1)

(
3,2,

1

6

)
︸ ︷︷ ︸

Q

⊕
(

3̄,1,−2

3

)
︸ ︷︷ ︸

U

⊕ (1,1, 1)︸ ︷︷ ︸
E

= 10︸︷︷︸
Ψ10

, (2.2)
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where we use the conventional SM normalization for the hypercharges. The Yukawa terms

for SU(5) GUT read [1]

W 3 Ψ10Y
deΨ5̄H5̄ + Ψ10Y

uΨ10H5, (2.3)

where H5̄ and H5 denote two Higgs multiplets that are coupled to matter. From eq. (2.3)

it follows that all parameters that allow to determine the masses of the SM fermions are

encoded in two independent 3 × 3 matrices Yde and Yu. Below the GUT scale MGUT '
2×1016 GeV, the SU(5) model is replaced with the MSSM, and the effective superpotential

is given by

WMSSM = QYuUHu +QYdDHd + LYeEHd + µHdHu. (2.4)

A straightforward consequence of the GUT symmetry is the equality of the matrices Yd

and Ye T at MGUT. This condition is true up to a basis redefinition and possible one-loop

threshold corrections at this scale. In the present study, we are mainly interested in low-

energy properties of successful unification scenarios rather than in the exact realization

of their high-energy UV completion. For this reason, in the subsequent analysis, we are

going to allow for moderate threshold corrections at the GUT scale (see eq. (3.1)) without

investigating their origin.

The unification conditions for the Yukawa couplings of down-type quarks and charged

leptons take the simplest form in a basis where the superpotential flavour mixing is entirely

included in Yu, while Yd and Ye are real and diagonal. In such a case, it is enough to

require the equality of the diagonal entries at the GUT scale,

Y d
ii = Y e

ii , i = 1, 2, 3. (2.5)

2.1 Flavour-violating threshold corrections to the Yukawa matrices at the

decoupling scale

Diagonal entries of the Yukawa couplings are constrained by measurements of the quark

and lepton masses that are performed at or below the electroweak scale. Consequently,

these entries are most easily fixed within the SM. One needs, however, to determine their

renormalized values within the MSSM, which is assumed to be an underlying effective the-

ory that connects the electroweak scale with MGUT. This is done by calculating threshold

corrections Σf
ii at the matching scale µsp. Such corrections depend on values of the soft

SUSY-breaking terms,

vfY
f MSSM
ii = vfY

f SM
ii − Σf

ii((m
2
f̃
)ij , A

f
ij ,mHi ,Mi). (2.6)

The Yukawa coupling values at MGUT are then determined by solving their MSSM renor-

malization group equations (RGEs) which do not depend on the soft parameters. Once this

is done, the quality of the Yukawa unification for a given set of parameters can be tested.

The experimentally measured values of fermion masses can give a qualitative feeling

about the problems encountered in achieving the full Yukawa matrix unification. As is well

known, the constraint Yb(MGUT) = Yτ (MGUT) can be satisfied without large threshold

– 4 –



J
H
E
P
0
4
(
2
0
1
5
)
1
2
0

corrections at µsp, at least for moderate tan β. On the other hand, achieving strict uni-

fication of the Yukawa couplings for the remaining families (Ys(MGUT) = Yµ(MGUT) and

Yd(MGUT) = Ye(MGUT)) requires the threshold corrections to be of the same order as the

leading terms. To satisfy the minimal SU(5) boundary conditions on Yukawas, the MSSM

strange quark mass has to be raised w.r.t. the SM one, whereas the down-quark has to be

made lighter by the threshold corrections. That does not contradict perturbativity of the

model, as the corresponding leading terms are small enough, Y
(0)
s,d � 1.

The dominant supersymmetric threshold corrections to the Yukawa couplings beyond

the small tan β limit have been calculated in ref. [11]. It was shown that in the SUSY-

decoupling limit, the chirality-flipping parts of the renormalized quark (lepton) self energies

Σ are linear functions of the Yukawa couplings, with a proportionality factor ε and an

additive term Σ /Y ,

m
d(`) SM
i − vdY

d(`)MSSM
ii = Σ

d(`) LR
ii = Σ

d(`) LR

ii�Y
+ ε

d(`)
i vu Y

d(`)(0)
ii + O

(
v2

MSUSY

)
, (2.7)

where MSUSY is defined as MSUSY =
√
mt̃1

mt̃2
. In this approximation, the relation can

easily be inverted, and the corrected MSSM Yukawa couplings in the super-CKM basis read

Y
d(`)MSSM
ii =

m
d(`) SM
i − Σ

d(`) LR

ii�Y

vd(1 + tan β · εd(`)
i )

. (2.8)

Various contributions to Σ
d(`) LR
ii from sfermion-gluino, sfermion-neutralino and sfermion-

chargino diagrams, as well as the threshold corrections to the CKM matrix can be found

in ref. [11]. Their non-trivial dependence on the GFV parameters is encoded in the term

Σ /Y . The off-diagonal soft mass elements enter eq. (2.7) through rotation matrices that

diagonalise the sfermion mass matrices. On the other hand, the off-diagonal trilinears

appear explicitly but give no contribution when the rotation matrices are diagonal.

To get some intuition about the functional dependence of eq. (2.7) on various entries

in the sfermion mass matrices, let us consider, for example, the threshold corrections to the

self-energy of down-type quarks. The most significant contribution comes from a gluino

loop, as it is enhanced by the large value of the strong gauge coupling. If all the flavour-

violating mass matrix entries were zero (the relevant diagram in the strange quark case is

depicted in the left panel of figure 1), threshold corrections to the Yukawa couplings from

a gluino loop would be given by the corresponding diagonal entries of the trilinear terms

(see ref. [11]),

(Σd
ii)
g̃ =

2αS
3π

mg̃(vdA
d
ii − vdY d

iiµ tanβ)C0(mg̃
2,m2

q̃Li
,m2

d̃Ri
), (2.9)

where the loop function C0(mg̃
2,m2

q̃Li
,m2

d̃Ri
) of dimension mass−2 can be found, e.g., in the

appendix of ref. [11]. Interestingly, for the third family the expression given by eq. (2.9)

tends to cancel with a contribution mediated by the higgsino exchange, which makes the

ratio Yb/Yτ quite stable with respect to the SUSY threshold corrections. On the contrary,

for the first and second generation the gluino contribution is dominant and can be used
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(a) (b)

Figure 1. Examples of diagrams that describe threshold corrections to the strange Yukawa coupling

at µsp. (a) the flavour-diagonal leading gluino diagram; (b) possibly an even bigger contribution

arising in the case of flavour mixing in the soft-mass matrix.

to fix the ratios of the corresponding Yukawa couplings at µsp. Such a possibility was

considered in refs. [8–10].

Since C0 is always negative, it results immediately from eq. (2.9) that Ad22 should

be positive and µ negative to maximize the necessary positive correction to mSM
s in the

numerator on the r.h.s. of eq. (2.8). In the first family case, a contribution from the µ term

is negligible due to smallness of the corresponding Yukawa coupling. Therefore, a negative

Ad11 is sufficient to generate a correction to Yd of the right sign.

The situation changes when non-zero off-diagonal soft mass entries are allowed (see

the right panel of figure 1). In such a case, the dominant GFV contribution to the strange

quark self-energy associated with a gluino loop can be written as [11]:

(Σd
22)g̃ =

2αS
3π

mg̃vd(A
d
33 − Ybµ tanβ)

∑
m,n=2,3

C0(mg̃
2,m2

q̃Lm
,m2

d̃Rn
)× (2.10)

(m2
q̃)23√[

(m2
q̃)22 − (m2

q̃)33

]2
+ 4((m2

q̃)23)2

(m2
d̃
)23√[

(m2
d̃
)22 − (m2

d̃
)33

]2
+ 4((m2

d̃
)23)2

,

where we have assumed that (m2
q̃)23 and (m2

d̃
)23 are the only non-zero off-diagonal elements

of the down-squark mass matrix, and that they are real. It follows from eq. (2.10) that

chirality-conserving GFV interactions (m2
q̃)23 b̃

∗
Ls̃L and (m2

d̃
)23 b̃

∗
Rs̃R generate a threshold

correction to Ys of the order of ∆Ys ∼ αSAd33/MSUSY, which in general can be large enough

to facilitate the Yukawa coupling unification for the second family, even when the coupling

Ad22 is small.

The above description, however, should be treated only as a simplified qualitative

illustration. In a general case, also other off-diagonal elements of the squark mass matrix

can significantly differ from zero, which renders mixing among all the three generations

important. To make sure that all such effects are properly taken into account, in the

following we turn to a full numerical analysis.
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mpole
t mMS

b (mb) αMS
s (MZ) α−1

em(MZ)

173.34± 0.76 GeV 4.18± 0.03 GeV 0.1184± 0.0007 127.944± 0.015

mMS
u mMS

d mMS
s mMS

c (mc) mpole
e mpole

µ mpole
τ Mpole

Z

2.3 MeV 4.8 MeV 95 MeV 1.275 GeV 511 keV 106 MeV 1.777 GeV 91.19 GeV

ρ̄ η̄ A λ

0.159± 0.045 0.363± 0.049 0.802± 0.020 0.22535± 0.00065

Table 1. Standard Model parameters [27, 28] used in our numerical calculations. The light (u, d, s)

quark masses are MS-renormalized at 2 GeV.

3 Impact of the GFV threshold corrections on Yukawa unification

Let us start this section with briefly describing the numerical tools and procedures employed

to identify the GFV SU(5) GUT parameter space regions where the Yukawa coupling

unification for all the three families becomes possible. Next, we shall perform a numerical

scan and use its results to determine those SUSY parameters which non-zero values are

indispensable from the point of view of the considered unification.

3.1 Numerical tools and scanning methodology

Points satisfying the Yukawa coupling unification conditions at the GUT scale are found

by scanning the parameter space of the model defined in section 3.2. To this end, we use

the numerical package BayesFITSv3.2 that was first developed in ref. [24] and modified

to incorporate the full GFV structure of the soft SUSY-breaking sector in ref. [23]. The

package uses for sampling MultiNest v2.7 [25] which allows for fast and efficient scanning

according to a predefined likelihood function. The likelihood corresponding to the SU(5)

boundary condition (2.5) is modeled with a Gaussian distribution as follows,

LY uk =
∑

i=1,2,3

exp
[
−(1− Y e

ii(MGUT)/Y d
ii (MGUT))2/2σ2

Y uk

]
, (3.1)

and the allowed deviation from the exact unification condition, σY uk, is set to 5%.

Mass spectra are calculated with SPheno v3.3.3 [26]. The choice is dictated by the

fact that at the moment SPheno is the only SUSY spectrum generator where the full

flavour structure of threshold corrections to the Yukawa couplings, as given in ref. [11], is

implemented. As is the case of other tools of this kind, the renormalization group equations

of the MSSM are solved by an iterative algorithm that interpolates between different scales

at which the parameters are defined. The boundary with the SM (i.e. the scale µsp) is

set at MZ .

Four SM parameters (mpole
t , mMS

b (mb), α
−1
em(MZ) and αMS

s (MZ)) are treated as nui-

sance parameters and randomly drawn from a Gaussian distribution centred around their

experimentally measured values [27]. The elements of the CKM matrix in the Wolfenstein

parametrisation (ρ̄, η̄, A, λ) are scanned as well, with central values and errors given by the

– 7 –
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UTfit Collaboration for the scenario allowing new physics effects in loop observables [28].

The other SM parameters which are passed as an input to SPheno (mMS
s , mMS

c (mc), m
MS
d ,

mMS
u , mpole

τ , mpole
µ , mpole

e , Mpole
Z ) are fixed at their experimentally measured values. Our

SM input is collected in table 1.

3.2 Input SUSY parameters

We start our analysis by defining a general set of SUSY parameters at the GUT scale. Since

a priori we do not know which GFV parameters in the down-squark sector are indispensable

to achieve the Yukawa coupling unification and which can be skipped, initially we allow

all of them to assume non-zero values. The aim of the numerical scan is to identify those

parameters that are essential.

We assume for simplicity that all the soft SUSY-breaking parameters are real, therefore

neglecting the possibility of new SUSY sources of CP violation. The GUT-scale SU(5)

boundary conditions for the soft-masses read1

(m2
l̃
)ij = (m2

d̃
)ij ≡ (m2

dl)ij , (m2
q̃)ij = (m2

ũ)ij = (m2
ẽ)ij ≡ (m2

ue)ij . (3.2)

We do not impose any additional conditions on the relative magnitudes of the diagonal

entries. In particular, both normal and inverted hierarchies for the elements (m2
dl)ii and

(m2
ue)ii are allowed. The off-diagonal elements of the down-squark matrix are normalized

to the entry (m2
dl)33, and are required to satisfy the upper limit (m2

dl)ij/(m
2
dl)33 ≤ 1.

We further assume that

(m2
ue)ij = 0, i 6= j. (3.3)

Such an assumption is not expected to cause any significant loss of generality because

relatively large off-diagonal elements of (m2
q̃)ij are generated radiatively at MSUSY due

to the RGE running in the super-CKM basis. Note also that (m2
q)23(MSUSY) > 0 and

(m2
q)13(MSUSY) < 0 are desired for the Yukawa unification. When such inequalities are

satisfied, the correction in eq. (2.10) turns out to be negative for the strange quark and

positive for the down quark, as long as the trilinear term Adl33 is greater than zero. For the

same reason we also restrict our study to the case (m2
dl)ij > 0. At this point we are allowed

to introduce a short-hand notation

mdl
ij ≡

√
(m2

dl)ij , mue
ij ≡

√
(m2

ue)ij . (3.4)

The GUT-scale SU(5) boundary conditions for the trilinear terms are given by

Adij = Aeij ≡ Adeij . (3.5)

We constrain the relative magnitude of the diagonal entries by the corresponding Yukawa

couplings

|Afii|
|Af33|

<
Y f
ii

Y f
33

. (3.6)

1These relations have an important impact one the flavour phenomenology, see “Note added in proof”.
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Parameter Scanning Range

M1/2 [100, 4000] GeV

mHu [100, 8000] GeV

mHd
[100, 8000] GeV

tanβ [3, 45]

sgnµ −1

Ade33 [0, 5000] GeV

Au33 [−9000, 9000] GeV

Ade11/A
de
33 [−0.00028, 0.00028]

Ade22/A
de
33 [−0.065, 0.065]

Au22/A
u
33 [−0.005, 0.005]

Adeij /A
de
33, i 6= j [−0.5, 0.5]

mdl
ii , i = 1, 2, 3 [100, 7000] GeV

mdl
23/m

dl
33 [0, 1]

mdl
13/m

dl
33 [0, 1]

mdl
12/m

dl
33 [0, 1]

mue
ii , i = 1, 2, 3 [100, 7000] GeV

Table 2. Ranges of the input SUSY parameters used in our initial scan. Several omitted soft

SUSY-breaking parameters at the GUT scale (namely Au11 as well as Auij and mue
ij for i 6= j) have

been set to zero.

We do so because we aim at relaxing the strong tension between the EW vacuum stability

condition and Yukawa unification that has been observed [10] in the case of large diagonal

A-terms. We also impose that

Auij = 0, i 6= j. (3.7)

On the other hand, the off-diagonal entries in the down-sector trilinear matrix are not

constrained to scale proportionally to the corresponding Yukawa matrix entries. They are

only required to satisfy |(Adij)/(Ad33)| ≤ 0.5.

Finally, we assume that the gaugino mass parameters are universal at MGUT,

M1 = M2 = M3 ≡M1/2, (3.8)

which is the simplest among relations that naturally arise in the framework of SUSY SU(5)

GUTs. The sign of the parameter µ is chosen to be negative to facilitate the second family

unification, as explained in section 2.

In table 2, we collect the scanning ranges for our initial set of input SUSY parameters.

We allow quite wide ranges for the diagonal soft scalar masses, the universal gaugino mass

parameter M1/2 and the trilinear coupling Au33, as those are the parameters particularly

important for satisfying the DM relic density and the Higgs boson mass constraints. We

restrict the scanned values of tan β to remain below 45, to avoid regions of the parameter
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Figure 2. Scatter plot of the GFV SU(5) points in the planes (mdl
13/m

dl
33, mdl

12/m
dl
33) (a), and

(mdl
23/m

dl
33, mdl

13/m
dl
33) (b). Gray stars: all the points satisfying the Yukawa unification condition for

the third generation at 2σ; green diamonds: points additionally requiring 2σ unification of the first

family; black dots: points for which all the three generations are unified at 2σ.

space where no proper Yukawa coupling unification has occured in our preliminary scans.

As far as the other input SUSY parameters are concerned, their scanning ranges have

already been described above.

In the next subsection, we shall identify those SUSY parameters that are particularly

relevant from the point of view of the Yukawa coupling unification.

3.3 Yukawa unification through flavour-violating terms

We collected about 1.5×105 points through our scanning procedure of the parameter space

defined in table 2.

In figure 2, we present distributions of points in the planes (mdl
13/m

dl
33, mdl

12/m
dl
33) (a)

and (mdl
23/m

dl
33, mdl

13/m
dl
33) (b). All the points that satisfy the Yukawa unification condition

for the third generation at 2σ (0.9 < Yb/Yτ < 1.1) are depicted as gray stars (they account

for 49% of all the points), while those that additionally fulfil 2σ unification of the first

family as green diamonds (29% of all the points). Finally, black dots correspond to those

points for which all three generations are unified at 2σ (1.7% of all the points collected by

the scan). In figure 3, similar distributions are shown for the flavour-violating entries of

the trilinear down-sector matrix, in the planes corresponding to (Ade12/A
de
33, Ade21/A

de
33) (a),

(Ade13/A
de
33, Ade31/A

de
33) (b), and (Ade23/A

de
33, Ade32/A

de
33) (c).

Several observations can now be made. First of all, it is known that a satisfactory

unification of the third family Yukawa couplings is quite easy to achieve in the Minimal

Flavour Violating SU(5) for moderate values of tan β. This is confirmed by both figure 2

and figure 3 where gray points can easily be found for vanishing flavour-violation in the

GUT-scale soft parameters.

Secondly, the functional form of the threshold correction in eq. (2.10) might suggest

that non-zero soft-mass elements mdl
23 and mdl

13 are sufficient to allow the Yukawa unification

in both the second and first family cases. Such a simplistic picture, however, is not true,
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0Figure 3. Scatter plot of the GFV SU(5) points in the planes (Ade12/A

de
33, Ade21/A

de
33) (a), (Ade13/A

de
33,

Ade31/A
de
33) (b), and (Ade23/A

de
33, Ade32/A

de
33) (c). The colour code is the same as in figure 2.

as can be seen from the panel (a) of figure 2 where large mdl
12 is clearly favoured. To

understand what happens, let us note that the GFV corrections (Σd
22)g̃ and (Σd

11)g̃ (obtained

from eq. (2.10) by replacing indices “2” with “1”) are determined by overlapping sets of

parameters, in particular M1/2 and Ade33. On the other hand, sizes of those corrections as

required by the Yukawa coupling unification differ by two orders of magnitude. Let us now

assume that (Σd
11)g̃ is fixed by the unification condition for the first family. Thus M1/2 and

Ade33, already constrained by unification of the third family, are even more limited. With

such a choice of parameters, however, the correction (Σd
22)g̃ is still too small to allow the

unification of the second family, and needs to be further enhanced by another contribution.

Such a contribution comes from a diagram like the one shown in figure 1(b), but with the

trilinear term Ade21 in the vertex and mdl
12 mixing in the right-handed sector. However, a

similar diagram also exists for the first family, and the corresponding contribution should

be added to the one driven by mdl
13. That explains why all the five parameters mdl

12, mdl
13,

mdl
23, Ade12 and Ade21 must be adjusted simultaneously. Note also that Ade12/21 can be kept

relatively low, as this contribution is always enhanced by a large value of mdl
12.
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Figure 4. Scatter plot of the GFV SU(5) points in the planes (M1/2, Ad33) (a), (mHd
/mHu

, tanβ)

(b), and (mdl
11/m

dl
22, mdl

11/m
dl
33) (c). The colour code is the same as in figure 2.

Flavour-violating parameters are not the only ones constrained by the Yukawa unifi-

cation condition. In figure 4, we present distributions of points in the planes (M1/2, Ade33)

(a), (mHd
/mHu , tanβ) (b), and (mdl

11/m
dl
22, mdl

11/m
dl
33) (c). The colour code is the same as

in figure 2. One can observe that values of both M1/2 and Ad33 need to be very limited in

order to facilitate unification in the first and second family cases, as they directly enter

eq. (2.10). The ratio mHd
/mHu in the range [0 − 2] allows the unification of the second

family for larger values of tan β, tanβ ∈ [15−25]. Finally, large mass splittings between the

diagonal entries of the down-squark mass matrix are disfavoured because they would lead

to a strong suppression of SUSY threshold corrections, as can be deduced from eq. (2.10).

We conclude this section by summarising the ranges of non-zero GFV parameters that

closely embed the region with full Yukawa coupling unification in the SU(5) GUT:

0.5 < mdl
23/m

dl
33 < 1, 0 < mdl

13/m
dl
33 < 0.5, 0.3 < mdl

12/m
dl
33 < 0.7,

0 < Ad12/A
d
33 < 0.2, 0 < Ad21/A

d
33 < 0.2. (3.9)

We have thus proved that it is possible to obtain SU(5) unification of the Yukawa matrices

in the renormalizable R-parity conserving MSSM. The fact that one of the down-squark

– 12 –



J
H
E
P
0
4
(
2
0
1
5
)
1
2
0

trilinear terms has to be non-zero is going to have significant consequences for EW vacuum

stability, as discussed further in section 4.2.

4 Phenomenology of the unification scenario

So far, we have discussed the possibility of satisfying the SU(5) boundary conditions for

the Yukawa couplings of all three generations by allowing a non-trivial flavour structure

of the soft terms at the GUT scale. In this section, we will discuss the compatibility

of the results obtained in section 3 with various phenomenological constraints. First, we

are going to consider a set of experimental measurements from the dark matter searches,

Higgs physics, flavour physics and EW precision measurements. Next, theoretical limits

provided by the EW vacuum stability requirement will be taken into account. We will

conclude this section with a list of phenomenologically realistic benchmark points that

allow a satisfactory Yukawa coupling unification.

In this exposition, we do not aim at finding the best possible fit of the MSSM to the

experimental data. Rather, we show that the Yukawa unification requirement does not

contradict consistency of the MSSM with observations.

4.1 Experimental constraints

In order to find points satisfying both the Yukawa coupling unification conditions at the

GUT scale and the experimental constraints, we use the tools described in section 3.1,

and scan the parameter space of the unification scenario given in table 3. The scanning

ranges are chosen to cover the region consistent with a full SU(5) unification of the Yukawa

matrices, as discussed in section 3.3. Thus, we restrict ourselves to M1/2 lower than 1 TeV,

tanβ < 25 and Ade33 in the range [400, 1100] GeV. The off-diagonal terms Ade12/A
de
33, Ade21/A

de
33,

mdl
23/m

dl
33, mdl

13/m
dl
33, mdl

12/m
dl
33 are restricted according to eq. (3.9). For the remaining

parameters, we adopt the initial scanning ranges (cf. table 2), as they do not affect the

Yukawa unification. The experimental constraints applied in the analysis are listed in

table 4.

All the flavour observables have been evaluated with the code SUSY FLAVOR v2.10 [29].

It calculates the renormalized Yukawa matrices in the MSSM and derives the correct CKM

matrix as described in ref. [11]. Apart from the B-meson mass differences ∆MBd
and

∆MBs , we also consider their ratio ∆MBd
/∆MBs for which more precise lattice inputs are

available [30, 31]. Theory uncertainties in the cases of BR
(
B→ Xsγ

)
, BR(Bs(d) → µ+µ−)

and |εK | have been estimated following refs. [32, 33], and [34], respectively. In the latter

case, they arise mainly from poor convergence of the QCD perturbation series for double

charm contributions. Errors stemming from the Wolfenstein parameters ρ and η are not

taken into account in the third column of table 4. Each point of our scan corresponds to

a particular value of (ρ, η), and it is tested against SUSY-sensitive loop observables that

matter for determining allowed regions in the (ρ, η) plane. At the same time (as we have

already mentioned in section 3.1), our initial ranges for ρ and η are adopted from the

so-called ‘new physics fit’ by the UTFit collaboration [28].
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Parameter Scanning Range

M1/2 [200, 1100] GeV

mHu , mHd
[100, 8000] GeV

tanβ [3, 25]

sgnµ −1

Ade33 [400, 1100] GeV

Au33 [−9000, 9000] GeV

Ade11/A
de
33 [−0.00028, 0.00028]

Ade22/A
de
33 [−0.065, 0.065]

Au22/A
u
33 [−0.005, 0.005]

Ade12/A
de
33, Ade21/A

de
33 [−0.2, 0.2]

mdl
ii , i = 1, 2, 3 [100, 7000] GeV

mdl
23/m

dl
33 [0.5, 1.0]

mdl
13/m

dl
33 [0.0, 0.5]

mdl
12/m

dl
33 [0.3, 0.7]

mue
ii , i = 1, 2, 3 [100, 7000] GeV

Table 3. Ranges of the input SUSY parameters in the GFV SU(5) scenario with Yukawa coupling

unification. Several parameters that are not explicitly listed in the table (namely Au11, Auij and mue
ij

for i 6= j, Ade23/32, Ade13/31) have been set to zero.

The relic density and the spin-independent neutralino-proton cross section σSI
p have

been calculated with the help of DarkSUSY v5.0.6 [35]. For the EW precision constraints

FeynHiggs v2.10.0 [36–39] has been used. To include the exclusion limits from Higgs

boson searches at LEP, Tevatron, and LHC, as well as the χ2 contributions from the

Higgs boson signal rates from Tevatron and LHC, we applied HIGGSBOUNDS v4.0.0 [40–42]

interfaced with HIGGSSIGNALS v1.0.0 [43].

In all the cases, the likelihood for positive experimental measurements was modeled

with Gaussian distribution, while for upper bounds — with half-Gaussian one. The like-

lihood relative to the LUX results [44] was calculated by closely following the procedure

first developed in ref. [45] and described in section 3 of ref. [46]. The likelihood for the

LHC direct SUSY searches was not included in the global likelihood used by MultiNest.

Our treatment of this constraint will be described in section 4.1.3. We collected in total

about 2.1× 105 points.

4.1.1 Dark matter

The relic abundance of the dark matter in GUT-constrained SUSY scenarios is usually the

most stringent constraint on their parameter space. It is well known that the properties of

the DM candidate strongly depend on its composition. When the lightest supersymmetric

particle (LSP) is almost purely bino, the relic density is generally too large. Therefore,
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Measurement Mean or range Error [ exp., th.] Reference

Ωχh
2 0.1199 [0.0027, 10%] [47]

LUX (2013) See section 3 of [46] See section 3 of [46] [44]

mh (by CMS) 125.7 GeV [0.4, 3.0] GeV [48]

sin2 θeff 0.23155 [0.00012, 0.00015] [27]

MW 80.385 GeV [0.015, 0.015] GeV [27]

BR
(
B→ Xsγ

)
×104 3.43 [0.22, 0.23] [31]

BR (Bs → µ+µ−)× 109 2.8 [0.7, 0.23] [49]

BR (Bd → µ+µ−)× 1010 3.9 [1.6, 0.2] [49]

∆MBs × 1011 1.1691 GeV [0.0014, 0.1580] GeV [27]

∆MBd
× 1013 3.357 GeV [0.033, 0.340] GeV [27]

∆MBd
/∆MBs × 102 2.87 [0.02, 0.14] [31]

sin(2β)exp 0.682 [0.019, 0.003] [27]

BR (Bu → τν)×104 1.14 [0.27, 0.07] [27]

BR(K+ → π+νν̄)× 1010 1.73 [1.15, 0.04] [27]

|dn| × 1026 < 2.9 e cm [0, 30%] [50]

εK × 103 2.228 [0.011, 0.17] [27]

LHC
√
s = 8 TeV section 4.1.3 section 4.1.3 [51–53]

Table 4. The experimental constraints applied in the analysis.

the annihilation cross-section needs to be enhanced by some mechanism, usually by co-

annihilation with the lightest sfermion, or resonance annihilation through one of the Higgs

bosons. On the other hand, a significant higgsino component of the lightest neutralino

opens the possibility of efficient annihilation into gauge bosons through a t-channel ex-

change of higgsino-like χ̃±
1 and χ̃0

2. In fact, the annihilation cross-section in such a case is

usually too large, which leads to DM underabundance.

In figure 5, we present distributions of points found by our scanning procedure in the

planes (mA, µ) (a), (mχ̃0
1
, σSI

p ) (b) and (tan β, M1/2) (c). All the points collected by the scan

are depicted as gray stars, while those that satisfy at 3σ the experimental constraint on the

DM relic density appear as brown dots. Blue diamonds correspond to those scenarios for

which additionally the Yukawa coupling unification holds. The green dashed line indicates

the 90% C.L. exclusion bound on the σSI
p based on the 85-day measurement by the LUX

collaboration [44], while the purple dashed line is a projection of XENON1T sensitivity [54].

By comparing panels (a) and (b) of figure 5 one can see that in the region where Yukawa

unification is achieved, the neutralino LSP is bino-like, which corresponds to a relatively

low spin-independent proton-neutralino cross-section. In other words, the condition of

Yukawa coupling unification strongly disfavours purely or partly higgsino-like neutralino.

This is due to the fact that the µ parameter value associated with this region is relatively
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Figure 5. Scatter plot of the GFV SU(5) points in the planes (mA, µ) (a), (mχ̃0
1
, σSI

p ) (b) and

(tanβ, M1/2) (c). Gray stars: all points collected by the scan; brown dots: points satisfying the DM

relic density constraint at 3σ; blue diamonds: points for which additionally the Yukawa unification

holds. The meaning of dashed lines is described in the text.

low (µ . 1 TeV) and the µ-dependent contribution in eq. (2.10) is too small to allow the

unification of the second family. Thus, it is an important phenomenological signature of

the GFV SU(5) Yukawa unification scenario with the universal gaugino masses that only

bino-like neutralino is allowed.

A unique mechanism that makes the effective increase of the DM annihilation cross-

section possible in this case is the neutralino co-annihilation with the lightest sneutrino.

The pseudoscalar is too heavy to allow a resonant χ̃0
1 annihilation (as can be read from the

panel (a) of figure 5), while the masses of the coloured sfermions in the GUT-constrained

unification scenarios are always larger than those of the sleptons. It is due to a renormal-

ization effect, as their RGE running is strongly driven by the gluino. Such a property of

the spectrum, however, has important consequences for experimental testability. In fig-

ure 5(b) the dashed lines indicate the present reach and the expected sensitivity for LUX

and XENON1T. The region favoured by the relic density constraint in the Yukawa unifi-

cation scenario remains far beyond the reach for any of them. On the other hand, spectra

characterized by the presence of a light bino-like χ̃0
1 and a sneutrino close in mass are
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Figure 6. Scatter plot of the GFV SU(5) points in the planes (mh, MSUSY) (a), (BR
(
B→ Xsγ

)
,

BR (Bs → µ+µ−)) (b), and (εK , ∆MBd
/∆MBs) (c). Gray stars: all the points that allow the

Yukawa coupling unification; blue dots: points satisfying additionally the DM relic density con-

straint at 3σ; red diamonds: points with good Yukawa coupling unification and all the constraints

listed in table 4 satisfied at 3σ (except the LHC). Dashed lines correspond to 3σ experimental limits

on the corresponding observables.

already being tested by the LHC
√
s = 8 TeV, as will be discussed in section 4.1.3. It is an

interesting aspect of the SU(5) Yukawa unification scenario that the requirement of satis-

fying the DM relic density constraint makes it fully testable by the LHC
√
s = 14 TeV run.

The value of tan β favoured by the DM measurement is also strongly limited, tan β ∈
[4, 15]. This is a characteristic feature of the co-annihilation mechanism, as the value of

tanβ influences the sneutrino mass. It becomes heavier for larger tan β, and the efficiency

of neutralino-sneutrino co-annihilation drops. What is interesting, however, is that such a

limited value of tan β has important consequences for flavour physics observables, as will

be discussed in section 4.1.2.

4.1.2 Higgs, flavour and electroweak observables

In figure 6, we present distributions of points for several relevant observables: (mh, MSUSY)

(a), (BR
(
B→ Xsγ

)
, BR (Bs → µ+µ−)) (b) and (εK , ∆MBd

/∆MBs) (c). Gray stars indi-
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Figure 7. Examples of spectra characteristic of the GFV SU(5) Yukawa unification scenario.

cate all the points for which it is possible to achieve the Yukawa coupling unification for all

the three generations. Points that satisfy the relic density constraint at 3σ are shown as

blue dots, while red diamonds correspond to those cases where additionally all the other

constraints listed in table 4 are met at 3σ (except the LHC bounds from direct SUSY

searches that will be discussed in section 4.1.3).

The Higgs boson mass dependence on the GFV parameters has been discussed in

ref. [20–23]. It was shown that while mh can be enhanced by non-zero (2, 3) entries of

the trilinear down-squark matrix, its dependence on the off-diagonal soft-mass elements

is negligible. Therefore, in the scenario considered in this study, the only parameters

relevant for the Higgs physics remain Au33 and MSUSY. That is confirmed by the panel (a)

of figure 6 where no tension between the correct value of the Higgs boson mass and the

Yukawa unification constraint (driven by large GFV parameters mdl
23 and mdl

12) is observed.

The EW observables are not affected either because the dominant GFV contribution to

MW and sin2 θeff would be driven by the element mue
23 [19].

On the other hand, the presence of sizeable off-diagonal entries in the squark mass

matrices might lead to disastrously high SUSY contributions to FCNC processes. It turns

out, however, that in the considered scenario most of the flavour constraints are quite easily

satisfied for the points that have survived imposing the DM experimental limit. This is

mainly due to the fact that the coloured sfermions are relatively heavy in our setup, while

tanβ needs to be low. Its limited size facilitates the Yukawa coupling unification in the

first and second family cases, and allows an efficient neutralino-sneutrino co-annihilation,

as discussed in section 4.1.1. In consequence, SUSY contributions to the FCNC processes

are suppressed. The only exception is the K̄0 − K0 meson mixing parameter εK which

provides some constraints on the allowed parameter space (see panel (c) of figure 6). Note

also that even if the theoretical uncertainties in the determination of ∆MBd
/∆MBs and

εK were further reduced no tension would arise, as the accepted points in figure 6(c) are

distributed quite uniformly over the 3σ region.
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4.1.3 LHC direct SUSY searches

All the points from our scan that demonstrate the full Yukawa matrix unification and

satisfy the experimental constraints listed in table 4 share the same characteristic pattern

of the light part of the spectrum. Three examples are shown in figure 7. The Next-

to-Lightest SUSY particle (NLSP) is the lightest sneutrino, while one charged slepton,

neutralino χ̃0
2 and chargino χ̃±

1 are slightly heavier. The presence of light sleptons in the

spectrum is very important as it leads to a characteristic 3-lepton signature at the LHC.

The next particle on the mass ladder is the lightest down-type squark which is followed

by the gluino. All the other coloured particles, the remaining sleptons and heavy Higgses

are much heavier and effectively decoupled. A comparison of the production cross-sections

reveals that the dominant production channels at the LHC would be direct d̃1d̃1, χ̃±
1 χ̃

0
2 and

χ̃±
1 χ̃

±
1 production. The cross-section for gluino pair production is one order of magnitude

lower, and practically all of the produced gluinos decay via g̃ → d̃1q. Therefore, the Yukawa

unification scenario is characterized by two distinct LHC signatures: 3 leptons plus missing

energy (MET) signature for the electroweakino production, and 0 leptons, jets plus MET

signature for the coloured particles production.

The strongest limit on the gluino mass comes from the ATLAS 0 lepton, 2-6 jets

plus MET inclusive search [52] that provides a stringent 95% C.L. exclusion bound mg̃ &
1400 GeV for neutralino LSP lighter than 300 GeV. The strongest bound on the lightest

sbottom mass comes from the CMS 0 leptons, 2 jets and MET search [51], while in the

electroweakino sector the most stringent experimental exclusion limits are obtained using

the 3-lepton plus MET CMS search [53].

However, one needs to keep in mind that the bounds provided by the experimental

collaborations are interpreted in the Simplified Model Scenarios (SMS) that make strong

assumptions about the hierarchy of the spectrum and the decay branching ratios. Usually

it is assumed that there is only one light SUSY particle apart from the neutralino LSP, and

only one decay channel of the NLSP with the branching ratio set to 100% is considered.

In a more general case, however, the presence of other light particles in the spectrum may

alter the decay chain, and the assumption concerning the branching ratio may not hold

either. In such a case, the exclusion limits for the SMS should be treated with care, and

the actual limits are expected to be weaker.

In our analysis, we have used the experimental exclusion bound for the gluino mass [52]

at face value because this search is inclusive and therefore tests any gluino-driven multijet

signature, irrespectively of a particular decay chain. We have also decided to use a direct

95% C.L. limit from the CMS sbottom production search [51]. For the SMS T2bb, it

reads mb̃1
& 700 GeV for mχ̃0

1
' 150 GeV, and mb̃1

& 640 GeV for mχ̃0
1
' 250 GeV.

In our scenario, the sbottom decay corresponds exactly to the SMS T2bb, i.e. BR(b̃ →
bχ̃0

1) = 100%. We neglect here the possibility that the actual limit can be weakened due

to significant mixing between the sbottoms and other down-type squarks, and we leave a

detailed analysis of the GFV effects in such a case for future studies. We will see, however,

that this simplifying assumption is justified by the fact that the limits derived from ref. [51]

are not the dominant ones.
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Figure 8. Scatter plot of the GFV SU(5) points in the planes (md̃1
, mχ̃0

1
) (a), and (md̃1

, mg̃) (b).

Gray stars: all the points that allow the Yukawa coupling unification; dark green dots: points with

good Yukawa coupling unification and all the constraints listed in table 4 (except the LHC) satisfied

at 3σ; red diamonds: points additionally surviving the CMS 3-lepton search at 3σ. Dashed lines

correspond to 95% C.L. limits provided by other LHC SUSY searches discussed in the text.

On the other hand, the interpretation of the CMS 3-lepton search strongly depends on

the hierarchy in the considered spectrum, as well as on actual branching ratios for neutralino

and chargino decays. Therefore, in order to correctly quantify the effect of this search in the

SU(5) GFV scenario, we perform a full reinterpretation of the experimental analysis using

the tools developed first in ref. [24], and modified to recast the limits from SMS in ref. [55].

For the purpose of the present study, we have updated the previously implemented [56] CMS

3-lepton search to include the full set of data with integrated luminosity of 19.5/fb [53].

In figure 8, we present the distribution of the model points in the (md̃1
, mχ̃0

1
) plane

(a), and in the (md̃1
, mg̃) plane (b). All the points for which Yukawa coupling unification

is possible are shown as gray stars, and those that additionally satisfy the experimental

constraints listed in table 4 (except the LHC) at 3σ are shown as dark green dots. Finally,

red diamonds depict the points that survive (at 3σ) the CMS 3-lepton plus MET search.

Dashed lines correspond to the 95% C.L. exclusion bounds from the CMS and ATLAS

multijet searches described above, and should be interpreted as lower bounds on sbottom

and gluino masses. One can see that already at the LHC
√
s = 8 TeV, the 3-lepton search

provides a very strong constraint on the Yukawa unification scenario, much stronger than

the limits from refs. [51] and [52]. It is due to the presence of one generation of light

sleptons in the spectrum, although the efficiency of the search is weakened with respect

to the corresponding SMS, for which the interpretations are provided in the experimental

analysis [53].

More importantly, with twice as large a centre-of-mass energy and a luminosity higher

by more than an order of magnitude, the 3-lepton search at
√
s = 14 TeV should easily test

spectra with neutralino mass in the ballpark of 250 GeV, one slightly heavier generation of

sleptons, and the lightest chargino around 500 GeV. Therefore, the scenario investigated

here is likely to be fully testable in the first months of the LHC 14 TeV run.
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Figure 9. EW vacuum CCB (a) and UFB (b) stability bounds on the elements Ad12/21 and Ae12/21.

Dashed line indicates the upper limit on the allowed size of the off-diagonal trilinear terms.

4.2 EW vacuum stability

As discussed in section 3, non-zero elements Ade12/21 are required to achieve the Yukawa

coupling unification of both the first and second family. However, off-diagonal entries

of the trilinear couplings (as well as the diagonal ones) are strongly constrained by the

requirement of EW vacuum stability. When the flavour-violating entries are too large, a

charge/colour breaking (CCB) minimum may appear in the MSSM scalar potential, and it

may become deeper than the standard EW one. The potential may also become unbounded

from below (UFB) [57–62]. An important feature of all such constraints is that, unlike the

FCNC ones, they do not become weaker when the scale MSUSY is increased.

In the down-squark sector, tree-level formulae for the CCB bounds are given by [62]

(vd/
√

2)Adij ≤ md
k[(m

2
q̃)ii + (m2

d̃
)jj +m2

Hd
+ µ2]1/2, k = Max(i, j). (4.1)

The limits on Aeij have an analogous form, up to replacing the matrix m2
d̃

by m2
ẽ. Similarly,

the UFB bounds read [62]

(vd/
√

2)Adij ≤ md
k[(m

2
q̃)ii + (m2

d̃
)jj + (m2

l̃
)ii + (m2

ẽ)jj ]
1/2,

(vd/
√

2)Aeij ≤
√

3ml
k, k = Max(i, j). (4.2)

In figure 9, we show to what extent the CCB and UFB limits are satisfied for the points

that allow Yukawa coupling unification and satisfy at 3σ all the experimental constraints

listed in table 4. Dashed line indicates the upper limit on the allowed size of the off-diagonal

trilinear terms. One can see that the CCB stability bounds are violated by around an order

of magnitude. The situation is even worse in the case of the UFB bounds where the size

of the elements Aeij are around four orders of magnitude larger than it is allowed by the

stability constraint. It results from the fact that the UFB limit on Aeij is of the order of

the muon mass. Therefore, we conclude that the EW MSSM vacuum is not stable in the

Yukawa unification scenario considered in our study
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On the other hand, the appearance of a CCB minimum does not necessarily exclude

the considered model, as long as the standard EW vacuum lives longer than the age of

the universe. Moreover, in such a case, the UFB bound becomes irrelevant because the

probability of a tunnelling process along the CCB direction is much higher [63]. To derive

metastability bounds, the bounce action for a given scalar potential should be calculated

numerically, which is beyond the scope of our paper. To evaluate the impact of metastabil-

ity on the validity of the unification scenario, we will use instead the results of the analysis

performed in ref. [63]. The derived metastability bounds do not depend on the Yukawa

couplings, and therefore are in general much less stringent than the CCB ones. The effect

is the strongest for the A12/21 elements, in which case the CCB limit can be weakened by

three to four orders of magnitude, depending on a particular choice of the model param-

eters. We can therefore conclude that the scenario considered in our study leads to an

unstable, but a long-lived vacuum.

It should be stressed, though, that the tension between the Yukawa unification condi-

tion and the EW vacuum stability is less severe in our present scenario than in the case of

Yukawa unification through large diagonal A-terms where the CCB bounds were violated

by two orders of magnitude [10]. On the other hand, theoretical calculations of the stabil-

ity conditions are still marred by many uncertainties. This leaves a possibility that future

improvements might further reduce (or even eliminate) the tension between the vacuum

stability and the Yukawa unification.

4.3 Examples of points with successful SU(5) Yukawa matrix unification

We conclude this section with three examples of benchmark points that satisfy both the

requirement of Yukawa coupling unification at the GUT scale, as well as the experimental

constraints listed in table 4. The corresponding input parameters, mass spectra and values

of the relevant observables are listed in table 5.

5 Conclusions

In this study, we provided evidence that the SU(5) boundary conditions for the Yukawa

matrices at the GUT-scale can be satisfied within the renormalizable R-parity-conserving

MSSM if a more general flavour structure of the soft SUSY-breaking sector is allowed. In

particular, we found that in our scenario a non-zero (2, 3) element of the down-type squark

mass matrix is crucial to achieve an approximate Yukawa unification for the second family,

as the SUSY threshold correction driven by this entry is proportional to the large trilinear

coupling Ade33. Moreover, simultaneous unification of the Yukawa couplings for the second

and first family additionally requires the elements mdl
12, mdl

13 and Ade12/21 to assume non-zero

values. The latter, however, can be kept relatively small, which helps to ease the tension

between the EW vacuum stability and the Yukawa unification with respect to the scenario

relying on large diagonal A-terms.

The FCNC processes are often raised as an argument against the GFV MSSM. We can

observe that, to the contrary, the Yukawa unification scenario considered in this study is

consistent with a wide set of experimental measurements, including the FCNC processes.
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P1 P2 P3

M1/2 643 653 666

mHu , mHd
1745, 1551 1856, 1781 2770, 1550

tanβ 9.5 8.3 8.4

Ade33, Au33 913, 1561 741, -4870 841, 425

Ade11/A
de
33 -0.00013 -0.00003 0.00012

Ade22/A
de
33 0.058 0.042 0.055

Ade12/A
de
33, Ade21/A

de
33 0.017, 0.143 0.007, 0.167 0.074, 0.073

Au22/A
u
33 -0.003 0.004 -0.0005

mdl
11, mdl

22, mdl
33 1485, 1315, 1755 1734, 1156, 1896 1578, 1219, 1925

mdl
23/m

dl
33 0.81 0.72 0.77

mdl
13/m

dl
33 0.23 0.23 0.29

mdl
12/m

dl
33 0.43 0.43 0.44

mue
11, mue

22, mue
33 3511, 3540, 4592 5264, 5309, 6240 4004, 4038, 5179

Yd, Ye at MGUT 0.000019, 0.000018 0.000018, 0.000016 0.000013, 0.000015

Ys, Yµ at MGUT 0.0036, 0.0037 0.0030, 0.0033 0.0028, 0.0032

Yb, Yτ at MGUT 0.067, 0.062 0.058, 0.055 0.054, 0.054

µ -3862 -6142 -3856

mA, mH± 3603, 3570 6242, 6161 3847, 3809

mh 123.3 126.0 124.5

mg̃ 1665 1744 1762

mχ̃0
1
, mχ̃0

2
247, 516 267, 560 249, 534

mχ0
3
, mχ0

4
3684, 3684 6110, 6111 3862, 3862

mχ̃±
1

, mχ±
2

516, 3685 560, 6111 534, 3863

md̃1
, md̃2

, md̃3
853, 1838, 2245 894, 1935, 2238 891, 1889, 2364

md̃4
, md̃5

, md̃6
3720, 3750, 4057 5162, 5399, 5449 4200, 4231, 4525

mũ1 , mũ2 , mũ3 3457, 3711, 3719 3757, 5165, 5390 3776, 4200, 4216

mũ4 , mũ5 , mũ6 3740, 3749, 4059 5399, 5435, 5449 4231, 4249, 4527

mẽ1 , mẽ2 , mẽ3 282, 1490, 2097 298, 1691, 2116 283, 1598, 2253

mẽ4 , mẽ5 , mẽ6 3512, 3538, 4464 5267, 5310, 6176 3973, 4007, 5052

mν̃1 , mν̃2 , mν̃3 252, 1488, 2098 270, 1690, 2117 252, 1596, 2254

χ2
LHC 5.1 9.2 11.2

Ωχh
2 0.141 0.112 0.088

σSI
p 5.0× 10−13 2.7× 10−13 6.0× 10−13

BR
(
B→ Xsγ

)
3.47× 10−4 3.42× 10−4 3.44× 10−4

BR (Bs → µ+µ−) 3.92× 10−9 3.82× 10−9 3.84× 10−9

BR (Bd → µ+µ−) 1.18× 10−10 1.20× 10−10 1.17× 10−10

∆MBs 1.12× 10−11 1.08× 10−11 1.09× 10−11

∆MBd
3.29× 10−13 2.92× 10−13 3.29× 10−13

∆MBd
/∆MBd

0.029 0.030 0.031

sin(2β) 0.732 0.689 0.649

BR (Bu → τν) 7.52× 10−5 7.53× 10−5 7.53× 10−5

εK 0.0025 0.0018 0.0021

BR(K+ → π+νν̄) 8.37× 10−11 8.39× 10−11 8.42× 10−11

|dn| 1.4× 10−29 5.3× 10−28 2.1× 10−28

sin2 θeff 0.2314 0.2314 0.2314

MW 80.377 80.374 80.380

Table 5. Benchmark points for the Yukawa unification GFV SU(5) scenario.
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The consistency would remain true even when theoretical uncertainties in determination

of the flavour observables were reduced. We showed that a non-trivial flavour structure of

the down-squark sector does not pose a threat for the flavour observables for two reasons.

First, the value of tan β required by both the Yukawa unification condition and the DM

relic density measurement must stay in the range of tan β ∈ [5, 15], so no large tan β-

enhancements occurs in supersymmetric loop corrections to rare B-meson decays. Secondly,

squarks remain relatively heavy. This may suggest that the principle of Minimal Flavour

Violation as a unique way to remain in agreement with the flavour observables is not always

well motivated.

Another interesting feature of the GFV SU(5) unification scenario are the properties of

the dark matter. It turns out that the condition for Yukawa matrix unification strictly re-

quires an almost purely bino-like neutralino LSP with the mass in the ballpark of 250 GeV.

This, in turn, enforces a particular hierarchy of masses in the corresponding SUSY spec-

trum, with sneutrino NLSP and one light charged slepton. Spectra of this kind, that lead

to a characteristic 3-lepton collider signature, have started to be tested in the direct SUSY

searches at the LHC
√
s = 8 TeV. In the upcoming LHC Run II, they are going to be

tested in a complete manner.

Let us conclude with one more remark. The aim of our study was to check whether

large GUT-scale threshold corrections to the Yukawa couplings or modifications of the

Yukawa boundary conditions can be avoided in the R-parity conserving MSSM. We did

not try, however, to construct a full and self-consistent model valid above the GUT-scale.

For this reason some issues related to the minimal SU(5) GUT, like the proton lifetime,

remained unaddressed. On the other hand, ways of saving the proton from decaying too

fast in the framework of minimal SU(5) have been proposed in the literature, for example

by employing higher-dimensional operators [3]. It seems, therefore, feasible to combine

two complementary approaches to the Yukawa coupling unification, the one using flavour-

violating low-scale threshold corrections, and the one introducing higher-dimensional op-

erators. A quantitatively correct SU(5) UV-completion of the MSSM could be constructed

this way.

Note added in proof: after the review process of this article had been completed, we

realized that the limits from Lepton Flavour Violating (LFV) processes, in particular from

BR(µ+ → e+γ) as measured by the MEG Collaboration [64], provide a complementary

way to experimentally test our scenario.

To enhance threshold corrections to the down-quark Yukawa couplings, we have used

significant off-diagonal entries in the down-squark soft mass matrices. The SU(5) GUT

relations connect them with the slepton soft mass matrices. In this way, a sizeable mixing

between sleptons of the first and second family is generated. We checked that, unfor-

tunately, all the model points that satisfy the phenomenological constraints discussed in

section 4 produce a branching ratio above the 90% C.L. upper bound reported in ref. [64].

On the other hand, experimental limits on BR(τ+ → µ+γ) are not violated.

There are several ways to render our scenario consistent with the MEG bound. One of

them is abandoning the GUT relations between the squark and slepton soft terms, while
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still insisting on the full Yukawa matrix unification. The other is to invoke alternative

mechanisms of Yukawa matrix unification in the first generation case, in which the necessary

effects are small, and could easily be attributed, e.g., to higher-dimensional operators at the

GUT scale. In such an approach, the (12) and (13) entries of the down-squark mass matrix

could be set to zero, while the non-zero (23) entry could remain large enough for the (more

difficult) second-generation Yukawa unification, without violating the BR(µ+ → e+γ) and

BR(τ+ → µ+γ) bounds.
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