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ABSTRACT: We propose to generate non-universal gaugino masses in SU(5) Grand Unified
Theory (GUT) with the generalized Planck-scale mediation SUSY breaking mechanism,
in which the non-universality arises from proper wavefunction normalization with lowest
component VEVs of various high dimensional representations of the Higgs fields of SU(5)
and an unique F-term VEV by the singlet. Different predictions on gaugino mass ratios
with respect to widely studied scenarios are given. The gluino-SUGR A-like scenario, where
gluinos are much heavier than winos, bino and universal scalar masses, can be easily realized
with appropriate combinations of such high-representation Higgs fields. With six GUT-
scale free parameters in our scenario, we can solve elegantly the tension between mSUGRA
and the present experimental results, including the muon g-2, the dark matter (DM) relic
density and the direct sparticle search bounds from the LHC. Taking into account the
current constraints in our numerical scan, we have the following observations: (i) The large-
tan 5 (2 35) samples with a moderate M3 (~ 5TeV), a small |Ayg/Ms| (< 0.4) and a small
ma (S 4TeV) are favoured to generate a 125 GeV SM-like Higgs and predict a large muon
g-2, while the stop mass and p parameter, mainly determined by |Msz| (> Mo, | M|, | M),
can be about 6 TeV; (ii) The moderate-tan 3 (35 ~ 40) samples with a negative M3 can have
a light smuon (250 ~ 450 GeV) but a heavy stau (2 1 TeV), which predict a large muon g-2
but a small Br(Bs — putu™); (iii) To obtain the right DM relic density, the annihilation
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mechanisms should be stau exchange, stau coannihilation, chargino coannihilation, slepton
annihilation and the combination of two or three of them; (iv) To obtain the right DM relic
density, the spin-independent DM-nucleon cross section is typically much smaller than the
present limits of XENONIT 2018 and also an order of magnitude lower than the future
detection sensitivity of LZ and XENONnT experiments.

KEYWORDS: Supersymmetry Phenomenology

ARrRX1v EPRINT: 1808.10851


https://arxiv.org/abs/1808.10851

Contents

1 Introduction 1
2 Generating non-universal gaugino masses in SU(5) 2
3 The scan and constraints 6
4 Numerical results and discussions 8
5 Summary and conclusions 15

A Correlations between the parameters at SUSY scale and GUT scale 16

B The detail information of the 7 benchmark points 20

1 Introduction

Low energy supersymmetry (SUSY), which is well motivated to solve the hierarchy problem,
is one of the most appealing new physics candidates beyond the Standard Model (SM).
The gauge coupling unification, which cannot be realized in the SM, can be successfully
realized in the framework of weak scale SUSY. Besides, assuming R-parity conservation,
the lightest SUSY particle (LSP) can be a promising dark matter (DM) candidate with
the right DM relic density.

However, there are over 100 physical free parameters in the minimal SUSY model
(MSSM), including the soft masses, phases and mixing angles that cannot be rotated
away by redefining the phases and flavor basis for the quark and lepton supermultiplets.
In practice, some universalities of certain soft SUSY breaking parameters as high scale
inputs are usually adopted. In the constrained MSSM (CMSSM), the gaugino masses, the
sfermion masses and the trilinear couplings are all assumed to be universal at the GUT
scale, respectively. Thus, CMSSM only has five free parameters, i.e., tan 3, Mo, Ao, M /o
and the sign of u. All the low energy soft SUSY breaking parameters can be determined
by these five inputs through the renormalization group equations (RGEs) running from the
GUT scale to the EW scale.

So far the null search results of the gluino and the first two generations of squarks
together with the 125 GeV Higgs discovery [1, 2] at the LHC have severely constrained
the parameter space of CMSSM. For example, to provide a 125 GeV SM-like Higgs, the
stop masses should be around 10TeV or the trilinear stop mixing parameter A; should
be quite large. Besides, in order for the gluino to escape the LHC bounds, the universal
gaugino mass at the GUT scale |M 5| should be larger than about 1TeV (mj =~ 2|M |
), and thus the bino-like neutralino is bounded to be higher than about 400 GeV. All



the electroweakinos (higgsinos, sleptons, sneutrinos) are all bounded to be heavier than
several hundreds of GeV in CMSSM, and hence the SUSY contributions to the muon
g-2 cannot be large enough to account for the discrepancy reported by the Brookhaven
AGS [3-6]. In fact, CMSSM was found to be excluded at 90% confidence level [7] if it is
required to account for both the muon g-2 anomaly and the recent LHC constraints on
SUSY particles. The neutralino dark matter in CMSSM, which is heavier than several
hundreds of GeV, can mainly have four annihilation mechanisms: stau coannihilation, stop
coannihilation, A /H funnel, hybrid (note that the h/Z funnel cannot happen and the focus
point or X{E coannihilation is severely constrained by the recent dark matter direct detection
limits) [6, 8]. We should mention that even if only the DM relic density upper bound is
considered in addition to the muon g-2, a global fit by the GAMBIT [9] collaboration still
disfavors the CMSSM.

Motivated by the tension between CMSSM and the experiment results, several exten-
sions of CMSSM have been proposed, such as introducing right-handed neutrinos [10-12],
singlet scalars [13-18] or vector-like supermultiplets [19, 20]. Other proposals were also
considered, such as relaxing universal conditions at the GUT scale [12, 21-28] or reducing
the universal conditions to certain sub-GUT scale [29-31] (such as the ‘mirage’ unification
scale [32]) or including the reheating temperature in the early universe as an extra parame-
ter [33]. Among these approaches, the non-universal gaugino mass (NUGM) [34-37] scenar-
ios are well motivated both theoretically and phenomenologically, which can be realized by
some special structure of gauge kinetic function in string models [38-41] or the GUT [42].

In this work, we propose a NUGM extension of mSUGRA, where the non-universality
arises from proper wavefunction normalization with lowest component VEVs of various
high dimensional representations of the Higgs fields of SU(5) and an unique F-term VEV
by the singlet. By properly choosing the parameters, we can generate the gaugino hierarchy
Ms > M;, My and obtain a low energy spectrum which can escape the LHC mass bounds
for colored sparticles and at the same time give the 125 GeV Higgs mass. The muon g-2
anomaly can also be solved with My at a few hundreds of GeV. Besides, the flavour bounds,
the LHC direct search bounds as well as the updated dark matter constraints can all be
satisfied. Note that this setting can be fitted into the gSSUGRA scenario proposed in [43].

This paper is organized as follows. We propose our approach to generate non-universal
gaugino masses in SU(5) GUT with the generalized Planck-scale mediation of SUSY break-
ing in section 2. In section 3, we discuss the constraints on the model. In section 4, we
present our numerical results and give some discussions. Finally, we draw our conclusions

in section 5.

2 Generating non-universal gaugino masses in SU(5)

As a low energy phenomenological model, the MSSM is not very predictive because it has
more than one hundred free parameters. The gaugino mass hierarchy, which is also not
specified in MSSM, is very important in understanding the nature of dark matter. For
example, possible signals for neutralino dark matter direct detection experiments depend
on the ratio of each component of the dark matter particle. So it is desirable to seek for



some UV-completed models that can predict the low energy soft SUSY breaking parameters
with few input parameters.

Some UV-completed models of MSSM, e.g., the gravity mediated SUSY breaking sce-
narios with the simplest Kahler potential, predict universal gaugino masses at the GUT
scale. After RGE running to EW scale, the approximate ratio for gaugino masses' is
My : My : Mg =~1:2:6. We know that the latest LHC results have pushed the gluino
mass to about 2 TeV, and thus the neutral electroweakinos are also heavy and cannot solve
the muon g — 2 anomaly. Actually, the gaugino masses at the GUT scale are not nec-
essarily universal. In realistic SUSY GUT models, certain high dimensional GUT group
representations of Higgs fields may play an essential role in solving the doublet-triplet
splitting problem or generating realistic fermion ratios if Yukawa unification is further as-
sumed. With such high dimensional Higgs fields, the universal soft SUSY breaking masses
can receive additional non-universal parts. For example, the scenarios with non-universal
gaugino masses have been studied in [27, 44-62] and references therein. General results of
soft SUSY breaking parameters in the generalized SUGRA [63-65] for SU(5), SO(10) and
E6 GUT models involving various high dimensional Higgs fields with different symmetry
breaking chains have been discussed in [63, 64, 66]. Some applications have been also
studied [67-70].

The gaugino masses can always be given by the following non-renomalizable superpo-
tential terms
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with A being a typical UV energy scale (say the Planck scale Mp;) upon the GUT scale.
The chiral superfield T is a GUT group singlet and @, is a chiral superfield lying in any
of the irreducible representations within the symmetric group production decomposition of
adjoint representations. For example, in the framework of SU(5) GUT, ®,, can belong to

(24 @ 24)qymm = 1 ® 24 © 75 @ 200. (2.2)

After @4 or T acquiring an F-term VEVs, soft SUSY breaking gaugino masses will be
predicted. For example, the term proportional to a; will generate universal gaugino masses
with non-vanishing (Fr), while the term proportional to b; will generate non-universal
gaugino parts with non-vanishing (Fg_,). In most of the previous studies, non-vanishing F-
term VEVs of the GUT non-singlet Higgs field ®,; are necessarily present to generate non-
universal gaugino masses. In principle, the soft sfermion masses or trilinear couplings may
also receive additional non-universal contributions from such high dimensional operators.

Although it is indeed possible to realize SUSY breaking with a F-term VEV for a
gauge non-singlet superfield through model buildings, for example in typical dynamical
SUSY breaking models or ISS-type models, it is more natural to realize SUSY breaking
with a gauge singlet F-term VEV. We propose a new approach in which the leading non-
universality of gaugino masses comes from the wavefunction normalization with a F-term

1Such a ratio at the EW scale is also predicted by the minimal gauge mediated SUSY breaking
mechanism.



VEV for a gauge singlet only.? Although simple, this possibility, which leads to different
predictions on gaugino hierarchy, has not been emphasized and discussed in previous non-
universal gaugino masses literatures.

We can consider the most general combination involving the 24,75 and 200 represen-
tations of Higgs fields of SU(5) GUT group and the gauge singlet T

a a 1
L = /d29 <'};W Wb> K [C()T(S,zb +C (H24)ab + CQ(H75)ab + Cg(Hzoo)ab . (2.3)

In previous studies on non-universal gaugino masses, as noted previously, non-vanishing
Fp, are necessarily present to generate non-universal gaugino masses with (almost) trivial
kinetic terms for gauginos. It is however possible that only the GUT group singlet T
acquires both F-term VEV (Fr) and lowest component VEV (T') while all other high
dimensional representation Higgs fields acquire only the lowest component VEVs that still
preserve the SU(3)¢ x SU(2), x U(1)y gauge group

(T) =Ty +60*Fp, (HY) =vyM, (2.4)

with M, being the group factor for the representation r and vy the GUT breaking scale
which is assumed to be independent of the SU(5) representation and universal for all H],.
The VEVs of the Higgs field ®24 in the adjoint representation can be expressed as a

5 X 5 matrix
3 1 1 111
Boy) = v/ odiag (-2, —=,—=, = = 2.
< 24> UU\/;dlag< 3> 37 37272>7 ( 5)

while the VEVs of the Higgs field ®r5 can be expressed as a 10 x 10 matrix

vu .
diag | 1,---, 1,—-1,---,-1,3] . 2.6
2\/§ & \_\;_J\T ( )

(®75) =
Similarly, the VEVs of the Higgs field ®2090 can be expressed as a 15 x 15 matrix

W diag | 1, 1,-2,---,-2,2,---, 2| (2.7)
2\/3 6 6 3

(P200) =

As Ty is a GUT group singlet, the VEV Ty can be of order A without spoiling GUT. The
kinetic term after substituting the lowest component VEV will take the form

fa (1 + a1i> Sab + zrjcff< )| - (2.8)

7WaWb
4
As vy < A and Ty ~ A, the term proportional to d,, will be the leading normalization

w2

factor. If this term nearly vanishes by choosing a proper a1, the second term, which is non-
universal for three gauge couplings, will generate a different wavefunction normalization

2We should note that it is possible to generate subleading non-universal gaugino masses from the ¢
term of eq. (2.1) with a suppression factor A~2 in comparsion with the leading universal gaugino mass part
which is suppressed by A~!.



factor. On the other hand, substituting the F-term VEV Fr will generate universal gaugino
masses for non-canonical gauge fields. After normalizing the gauge kinetic term to canonical
form, non-universal gaugino masses will be generated. The prediction in this scenario is
different from previous studies. In table 1, we list our prediction for gaugino mass ratios
in different SU(5) representations, in comparison with previous studies (e.g., ref. [62]). For
example, if only the 24 representation Higgs is present other than 7', the gaugino ratio is
given by

MleQ:Mgzl:%:—%,
at the GUT scale which will predict the gaugino ratio 3 : 2 : —9 at the EW scale. So
the wino is the lightest gaugino and possibly be the DM candidate in contrary to the

(2.9)

widely studied scenarios with bino as the lightest gaugino for (Fa4) # 0. Another example,
although we adopt the most general form of combinations, gluino SUGRA can in fact be
realized with only one 200 or 75 representation, in which the gluino can be much (almost
5~10 times) heavier than wino and bino at EW scale. For the most general combinations
involving all 24,75 and 200 Higgs fields, we can obtain the gaugino ratio My : Ms : M3 as

C1 562 563 :|_1 . [ 361 362 C3 :|_1 . [ C1 (6] C3 -1

NPV REN: NN AEN: ovis  4v3  av3]
(2.10)

at the GUT scale. So we can see that one can get an arbitrary gaugino ratio at GUT scale
with different choices of ¢;. This result is different from the widely studied scenarios in
which both the high-representation Higgs fields H,, and T acquire universal F-term VEVs
Fy with trivial kinetic terms, which gives the gaugino mass ratio M : My : M3 at the
GUT scale as

C1 502 5C3j| . [ 301 302 C3 :| . |: C1 (&) C3

Co — + + co — - + co + - + .
T 4vs 43 2v3) 1Y avis 4v3 2V 1Y T ovis 4v3 | 43
(2.11)

So, an arbitrary gaugino ratio of My : My : M3 at the GUT scale can be obtained with
properly chosen coefficients c1, co, c3 or cg, ¢1, co, c3. Besides, the new and old approaches
will in general lead to different predictions on the nature of lightest gaugino.

An interesting region will appear if M3 > M, M. In this region, the colored sfermions
are heavy even for a very small My (which is the universal sfermion mass parameter)
because of the loop corrections involving a heavy Mjs. The non-colored sfermions will,
however, still be light if the GUT scale mass M2 < M3. This region, which is called the
gluino-SUGRA region [43], is well motivated to solve the muon g — 2 anomaly [71] and at
the same time be consistent with the LHC predictions. In our new approach, the gluino-
SUGRA region is easily realized if the denominators of the third term within eq. (2.10)
nearly vanishes

C1 2 C3

— + ~0, 2.12
2V15  4v3 43 (2.12)




representations gaugino ratios in our work gaugino ratios in previous studies
1 GUT1:1:1, EW1:2:6 GUT1:1:1, EW1:2:6
24 GUT1:3:—%, EW3:2:-9 GUT1:3: -2, EW1:6:—12
75 GUT —%:4:1, EW —3:10:90 GUT -5:3:1, EW —5:6:6
200 GUT &:1:1, EW1:10:60 GUT10:2:1, EW5:2:3

Table 1. Comparison of our predictions with previous studies (e.g., ref. [62]) on gaugino mass
ratios in different SU(5) representations, where ‘GUT’ is for results at GUT scale and ‘EW’ is for
results at EW scale.

while the denominators of the first two terms are non-vanishing. In the widely studied
approach which is given by eq. (2.11), to realize the gluino-SUGRA region, the first two
terms within the second line of eq. (2.11) need to vanish approximately while the third
term should be non-vanishing. Solving for ¢1, cs in terms of ¢y and c3 gives

2015 164/5 14 43
= 63

C, €2 =

9+9 97 9

1

co, (2.13)

where c3 # —%co.

3 The scan and constraints

In order to illustrate the salient features of our scenarios, we scan the six dimensional
parameter space considering all current experimental constraints. The package NMSSM-
Tools [72, 73] is used in our numerical scan to obtain the low energy SUSY spectrum. We
know that in case A ~ k — 0 and A} is small, the singlet superfield within the NMSSM will
decouple from other superfields and the NMSSM will reduce to the MSSM plus a decoupled
heavy singlet scalar and singlino. So the MSSM spectrum can be calculated with NMSSM-
Tools. In our scan, we use the program NMSPEC_MCMC [74] in NMSSMTools_5.2.0 [72, 73].
The ranges of parameters in our scan are

1TeV < |[Ms| < 10TeV,
M, |]\41|7 |M2’ < 1TeV,

|Ap| < 20 TeV,
1 < tanf < 60, (3.1)

where we choose a large |M3| to escape the LHC bounds on colored sparticles and a large

| Ap| to generate the 125 GeV Higgs mass. Small My, |M;|, |Ms] and a large tan § are chosen

to give large SUSY contributions to the muon g-2 and a low mass for dark matter particle.
In our scan, we consider the following constraints:

(1) The theoretical constraints of vacuum stability,
Mgur [72-74].

and no Landau pole below

(2) The lightest CP-even Higgs boson h as the SM-like Higgs boson with a mass
of 123-127GeV. The SM-like Higgs mass is calculated including corrections of
top/bottom sector at full 1 loop and leading logs 2 loop level, and other sfermions,



charginos/neutralinos, and gauge bosons at leading logs 1 loop level.? Its production
rates should fit the LHC data globally [123, 124] with the method in refs. [125, 126].

(3) The searches for low mass and high mass resonances at the LEP, Tevatron, and LHC,
which constrained the production rates of heavy Higgs bosons. We implement these
constraints by the package HiggsBounds-5.1.1beta [127].

(4) The constraints for squarks and gluino from the LHC:
mg Z 2 TeV, my Z 0.7 TeV, Mg, o Z 2 TeV, (3.2)
and the lower mass bounds of charginos, sleptons from the LEP:

mz 2 93.2GeV, m,+ 2 103.5GeV. (3.3)

(5) The searches for chargino X%E and next-to-lightest neutralino x9 at the LHC:

P = XTXT, XEX (3.4)

For these searches, we only employ the channels with tau leptons in final states [128]
because we checked that the dominated decay channels of X% and xJ are

X{E N X5 — FELF ( for m x> msz),
1

i — el X5 = 77T (for m,+ <mz). (3:5)

(6) Constraints from B physics, such as B — Xgy, Bs — u"p~, By — ptp~ and
Bt — 77v;, and the mass differences AM,;, AM, [129-132]

1.7x107% < Br(Bs — ptpu™) <4.5x 1077,
1.1x107 < Br(By — ptp~) < 7.1 x 1071,
299 x107Y < Br(b—sy) <3.87x107% (3.6)

(7) The constraints of muon anomalous magnetic moment (muon g-2) at 20 level. For the
experimental data and SM calculation without the Higgs contribution (because there
is a SM-like Higgs boson in SUSY models contributing to Aa,), we use [3, 133-136]

as* = (11659208.0 + 6.3) x 10717, (3.7)
Aay = af — apM = (27.4£9.3) x 10717

3With fixed-order method, full one-loop corrections have been calculated diagrammatically in refs. [75—
78], dominant two-loop corrections in refs. [79-102] and partial three-loop corrections in refs. [103-105].
Also, effective field theory (EFT) methods were applied in refs. [106-111], and fourth logarithmic order
corrections was calculated in ref. [112]. Besides, hybrid methods have also been developed [113-119], and
been implemented in the publicly available code FeynHiggs [120-122]. We checked our Higgs masses with
FeynHiggs-2.14.3, and found they coincide at 2 GeV level for most samples.
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Figure 1. Surviving samples in the Ag versus Mz planes, with colors indicating the lighter Higgs
mass my, (left), lighter stop mass m;, (middle) and higgsino mass parameter y (right), respectively.
In these 2-dimension planes, larger-Aa,, samples are projected on top of smaller ones.

We calculate the SUSY contribution Aa, including the SM-like Higgs boson, and
require Aay, to lie at the 20 level. We also include the theoretical uncertainty in SUSY
Aa,, calculations, which is about §*! &~ 3 x 10710 [137].4

Constraints from dark matter relic density by WMAP /Planck [132, 142, 143], and
the 2018 result of direct searches for dark matter at XENONI1T [144]. We require the
lightest neutralino x? to be the dark matter candidate and calculate its relic density
and cross sections by micrOMEGAs [145] inside NMSSMTools. For DM relic density,
we only apply the upper bound, e.g., 0 < €2 < 0.131, as other dark matter species may
also contribute to the DM relic density [33, 72, 73, 148]. For DM-nucleon scattering
cross section, we rescale the original values by /Qg with Qgh? = 0.1187 to impose
the XENONI1T constraint.

We take a multi-path Markov Chain Monte Carlo (MCMC) scan in the parameter
space. In total, we get nearly 107 surviving samples.

4 Numerical results and discussions

In figure 1, we project the surviving samples on Ag versus M3 planes, with colors indicating
the SM-like Higgs mass my, (left), the lighter stop mass m;, (middle) and the higgsino mass
parameter p (right), respectively. In figure 2, we project the surviving samples in the Ay
versus M3 (left and middle), tan 8 versus the CP-odd Higgs mass m 4 (right) planes, with
colors indicating ma (left), tan 8 (middle), and Br(Bs — p*p~) (right), respectively. In
all these 2-dimension planes in figure 1 and figure 2, larger-Aa,, samples are shown on top
of smaller ones. From the left plane of figure 1, left and middle planes of figure 2, we can

“The Aa,, includes chargino [137], neutralino [138], and Higgs [139] contributions, all at 2-loop level. The
theoretical uncertainty is calculated as 6™ = 2.8 x 1071 40.02 |Aa"| + 0.3 [az" — a/"| [137], a little larger
than that in refs. [140, 141]. And the theoretical uncertainty is added linearly to Aa,, totally required to
satisfy a;* — afLM at 20 level.
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Figure 2. Surviving samples in the Ay versus M3 (left and middle), tan 8 versus the CP-odd Higgs
mass m 4 (right) planes. The colors indicate m 4 (left), tan 8 (middle), and Br(Bs; — ptu™) (right),
respectively. In these 2-dimension planes, larger-Aa, samples are projected on top of smaller ones.

see that the larger-Aa, (or topside) samples on the M3 — Ay planes can be sorted into four
classes roughly:

Class A : 40 <tanf <60, |Ag/Ms| < 0.35, Mg >0, my < 7TeV;

Class B: 35 <tanf <40, |Ag/Ms| $0.35, M3 <0, ma S 3TeV;

Class C: tanf 2 15, |Ap/M3| 2 0.35, ma S 4TeV;

Class D: tanf <15, |Ag/Ms| 2 0.35, ma 2 4 TeV. (4.1)
From the middle and right planes of figure 1, we can see that the lighter stop mass m;,
and parameter p are mainly determined by M3 and Ay. Since Ao, M3 > My, M1, M and

tan 8 > 1, according to correlations between the parameters at SUSY scale and GUT scale

are listed in appendix A, we can have following approximations for most surviving samples:
MQS ~ Mf]s ~ 15’M3‘,

Ay &~ —1.0M; — 0.4A,,

MIQ—Id - MI2{u tan? ﬂ B m_2Z
tan? 3 — 1 2

= ~ My, | ~ \/0.91MF — 0.1840M; +0.0943.  (4.2)

Then we have

mg , X V(1.5M3)2 F v| Xy (4.3)

where v = 174 GeV is the Higgs VEV in the SM, and X; = A; — p/ tan 8. The SM-like
Higgs mass with one-loop correction of stops is given by

3 md M2 2x?2 X2
2 _ 2 2 o my M { B t
mjy = mcos” 20 + 12 o2 llog m? + _Mgz 1 12M£2 ,

3 mé M- 1
2 t i 2 4
=~ —_— 2log — 2 — = 4.4
my + 2 X ( og ) + 2z 6:6 ) ( )



where x = | X¢/M;| and M; = | /m; my,. For the large-tan 3 samples in Class A and B, with
tan 8 > 1, |Ag/Ms| < 0.4, and farther approximating in eq. (4.4), we can get the Higgs
mass can be mainly determined by Ms, and when |Mj| ~ 5TeV the SM-like Higgs can
get to 125 GeV with 1-loop stop corrections. For moderate/large-tan § samples in Class
C, Higgs mass are mainly determined by both M3 and Ay. While for small-tan 5 samples
(Class D), tan 8 can also play a part in determining the SM-like Higgs mass. These are
some of our new findings for larger-Aa,, samples in this work.

Just like the parameter point shown in egs. (A.14), (A.15) in appendix A, for the
samples in Class C and D (|Ag/M3| 2 0.35 and tan 8 2 5), at Mgysy scale we have
]M?{d| < |M%Iu| and thus the CP-odd Higgs mass can be approximately given as

tan? 3 + 1 5 ) 5
ma = \/mw_l (MHd - MHu> —md ~|Mpg,| ~pu (4.5)

While like the point shown in eqs. (A.30), (A.31) in appendix A, for the samples in Class A
and B (|Ag/M3| < 0.35 and tan 8 2 35), at Msysy scale M?{d can be comparable with M%Iu
and thus the CP-odd Higgs mass can be much smaller than the parameter u, especially
for Class B where M%d can be quite close to M}‘;,u We can see these characteristics jointly
from the right plane of figure 1, the left and middle planes of figure 2. In SUSY models,
we have the following equation for By — p+ ™ branch ratio

miu?A? tanb

mAmE

However, combing the three planes in figure 2 we notice that the large-tan 5 (2 30) samples
with positive M3 and small-my (2-3TeV) predict large Bs — ptpu~ ratios, while the
moderate-tan 5 (35 ~ 40) samples with a negative M3 and a small m4 (2-3 TeV) predict
small ratios. These positive- and negative- M3 samples have different behaviors on By —
p ™, which is another new finding in our work.

In figure 3, we project surviving samples in the Ay versus M, (left), and tan S versus
the lighter smuon mass myj, (middle and right) planes, with colors indicating my, (left),
SUSY contributions to muon g-2 Aa, (middle), and the lighter stau mass mz (right),
respectively. In these three 2-dimension planes, larger-Aa, samples are also shown on
top of smaller ones. From the middle plane in figure 3, we can see that the muon g-2
anomaly can be solved in our scenario. In fact, light smuon and large tan 8 can give a
sizable contribution to Aa, with positive ¢ in MSSM. Combined with figure 2, we can
see that the moderate-tan 8 (35 ~ 40) samples with negative-Ms3 and predicting small
Br(Bs — ptp~) can contribute sizably to Aa, for light f; (250 ~ 450 GeV), but with
heavy 71 (2 1TeV) because of the exotic tuning among GUT parameters. This is also a
new finding in this work. From the right plane we can know the light-ji; and moderate-
tan 8 (10 ~ 45) regions with positive M3 are missed mainly because of the lower bounds
of stau mass mz . The confusing missed part was shown in a figure in refs. [27, 55] but
without an explanation, while we give a clear interpretation here in this work.

~10 -



my, [GeV] Aa, ms [GeV]

300 400 500 600 700 800 900 1000 1.0 1.5 20 25 30 35 40 45 200 400 600 800 1000 1200 1400

x107"

15000

10000
s0004 -

04

Ay [GeV]

—50009

—100004

15000,
2

0 0
0 A0 500 000 200 100 200 0 200 100 800 1000

0 a0 600 600
My TGCV} mg, fGeV} M, fGeV]

Figure 3. Surviving samples in the Ag versus M, (left), and tan 8 versus the lighter smuon mass
my, (middle and right) planes, with colors indicating mj, (left), SUSY contributions to muon g-2
Aa, (middle), and the lighter stau mass ms (right), respectively. In these 2-dimension planes,
larger-Aa,, samples are projected on top of smaller ones.

When |Mjz| > | M|, |Ma| (M3 are defined at GUT scale, and MlsggY hereafter are
defined at Mgysy scale), the RGE running of M3 can have a visible influence on M; and
Ms. We checked in our samples that

when Mz >0, —200 < M5USY —0.85M < 0GeV,
—80 < MPYSY — 0.45M, < 0GeV;
when Ms < 0, 0 < MSUSY —0.85M, < 200 GeV,
0 < MPUSY —0.45M; < 80GeV, (4.7)

SUSY SUSY
]Lfi ]»15

which can also be interpreted with the equations in appendix A. Since and
are both in the diagonal position of the neutralino mass matrix, and p>>|MpPYSY|, |M5YSY|,
the lightest neutralino (LSP) are either bino or wino, with nearly no mixing between them.
The above discussions can be shown on the top planes in figure 4. In all these 2-dimension
planes in figure 4, larger relic density samples are also shown on top of smaller ones. From
the bottom left plane, we can see that only bino-like LSP can generate enough relic density.
While the wino neutralino always coannihilates with the wino charginos, the relic density
is always too small to account for full abundance. We checked that for bino LSP, all the
decay modes of wino neutralino xy and chargino Xic contain a 7 or 71 final state. Thus,
from the bottom right plane, we can see the searches for EW gauginos at the LHC set
important constraints to the model. From the approximate equations and figure 4, we
found a correlation between M ESSY and M3, and its influence on dark matter composition,

especially the deviation of boundaries from |M;/Ms| = 2 at the GUT scale.
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Figure 4. Surviving samples in the M; versus My (upper 3 and lower left, where M 5 are both
defined at GUT scale), LSP dark matter mass m,o versus the lighter stau mass ms, (lower middle),
and .o versus the lighter chargino mass m, + (lower right) planes. Colors indicate m,o (upper left),
bino component in LSP (upper middle), wino component (upper right), and LSP relic density (Qh?),
respectively. In all these six 2-dimension planes, larger-Qh? samples are projected on top of smaller
ones. In the lower right planes, the black solid curve indicate the constraint of searching for y*x9
associate production in final states with tau leptons by Atlas collaboration at the 13 TeV LHC [128].

From the bottom middle and right planes, we can also glimpse the annihilation mecha-
nisms of bino-like LSP in our model. We checked that for samples predicting the right relic
density (0.107 < Qh? < 0.131), there are mainly five single mechanisms® and several com-
bined ones: stau exchange (x9x9 — 7+77), stau coannihilation ()75 — 75h/Z, WHu, ),
chargino coannihilation (x{xi — ¢*uy) , stau annihilation (7,77 — hh ), other slepton
annihilation (¢/0pf/Dy — XY') . Thus we sort our surviving samples into six classes by

5Notice that unlike that in CMSSM, we do not have surviving samples with stop as the next-to-lightest
SUSY particle (NLSP), and stop coannihilation mechanism in our NUGM extension, which is because in our
scenario we can have lighter bino-like neutralino and wino-like charginos for NUGM, and lighter sleptons

to solve the muon g-2.
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P1, 7| coann.
X971 — Th, 93.6%
I — 77, 3.2%
7 — Wy, 1.6%
71— 271, 1.2%

P4, 7, exch.
XY — 77, 99.1%

P5, 71 hybrid3

P2, XT coann.

71 — 7h, 89.9%
I — 77, 8.1%

P6, 71 hybrid3

X071 — Th, 89.7%
Iy — 77, 3.3%
71— Wy, 3.1%
37— Z71, 2.8%

X x9 — ud, 11.9%
XTx9 — 3, 11.9%
XTx9 — tb, 11.4%
XTxiy = WWH, 8.7%
WS — WHW -, 8.7%
XTX(Q) — ZWT, 8.0%
Xixi = 27,52%
XFxy = WHw—, 5.0%
XFxi =2, 3.0%

X xg — 88, 3.0%

X1 x1 — dd, 3.0%

X7 X7 — bb, 3.0%
XTxT — ut, 3.0%
XTXI — ce, 3.0%

T xy =t 2.7%
XFxg = W, 2.0%

P3, hybrid2

P, { ann.

7171 — hh, 18.4%

X(1)7~'1 —7h, 9.7%

XTxS — ud, 5.7%
XTX9 — ¢35, 5.7%

X7 XS — tb, 5.4%

XIS — WHW—, 4.1%
Xxi = Wwt, 41%
XTxS — ZWH, 3.8%
T — Z7Z,2.5%
Xixi = 27, 2.5%
XTxy = WHw—, 2.4%
X7 = veh, 21%
XXy = vt 21%
XY — veet, 1.9%
XTX? — Vuu+7 1.9%
T = WTW—, 1.8%
37— Z7, 1.7%

fve — ev,, 11.3%

&0 — vept, 11.3%

e — vept, 4.7%

évy, — evy, 4.7%

Vel — WTW ™, 4.6%
Dy — WHW~=, 4.6%
Db — 22, 4.0%
Dty — 27, 4.0%

Ve — YW, 2.4%
i, — YW, 2.4%
Vely — Vely, 2.3%
Uele — Vele, 2.3%
Dby = Vv, 2.3%
By — ZW™, 2.0%
v, — ZW—, 2.0%
e — WTW—, 2.0%
o — WYWw=, 2.0%

Table 2. The main annihilation channels and their relative contributions to (ov) for the 7 bench-

mark points.

judging if it is a single or a combined mechanism:

71 exchange :  mz < 200 GeV,
. T ms Myt
71 coannihilation : <12, X >12
m. o m. o
X1 X1
A mz Myt
X7 coannihilation : > 192, X <19,
m., o m., 0
X1 X1
' me m.+
hybrid?2 : <12, X< 1.9,
m.o m.,o
X1 X1
- : ms %
71 hybrid3 : T s12 —X>12
m. o m, o
X1 X1
~ m= m._+
¢ annihilation : —%* > 1.2, —L > 1.2,
Mo Mo

mz > 400 GeV.

200 < mz < 400 GeV,

(4.8)

For the hybrid2 samples, the dominated mechanism is a combined one by 7; coannihilation
and Xic coannihilation; while for stau hybrid3, it is combined by 71 exchange, 71 coannihi-
lation and 7; annihilation, and the heavier 71, the more annihilation and the less exchange;
but when 7 are heavier than 400 GeV, the dominated mechanism becomes other sleptons
coannihilation, which is very complex in income and outcome particles. In table 2, we give
the detail annihilation information for 7 benchmark points. For each point, we list its main

~13 -



—— XENONIT(2018) -
- — XENONnT(20t.y)

Figure 5. Surviving samples with sufficient dark matter relic density (0.107 < QA2 < 0.131) in the
spin-independent DM-nucleon cross section ogy (original values without being rescaled by /)
versus LSP DM mass m,o. The limits of XENONIT in 2018, the future detection sensitivity of
XENONT and LUX-ZEPLIN (LZ-7 2T) are shown by real, dashed and dotted curves respectively.
Different annihilation scenarios of samples are also shown by different symbols with different colors:

71 exchange by green star ‘<’, 7y hybrid3 by blue cross ‘+’, 7y coannihilation by red bullet ‘e’,

x* coannihilation by purple triangle ‘A’, hybrid2 by gray square ‘@’, and ¢ annihilation by black

lozenge ‘4.

annihilation channels and the relative contributions (> 1.5%) to (ov). For completeness,
we list the other information for the benchmark points in table 3 in appendix B. In this
work, we show in detail the various annihilation mechanisms of DM, which is not done
in refs. [27, 55]. And our findings is some different from these in refs. [8, 149] for NUGM
version of pMSSM. We do not have annihilation mechanisms of A /H funnel, focus point,
and stop coannihilation, since our H/A, u1,t; are much heavier, but we have stau exchange
which may be omitted in refs. [8, 149].

In figure 5, we show the six classes of samples with sufficient relic density (0.107 <
Qh? < 0.131) on the plane of ST DM-nucleon cross section og (original values without being
rescaled by ©/€) versus LSP mass m,
small ogr, which are over one order of magnitude lower than the future detection accuracy
of LZ and XENONnT experiments. The ogr are smaller than these in refs. [27, 55], because

we required sufficient relic density for these samples, and we checked that ogr can be larger

0. We can see that, most of the samples predict

for samples with insufficient relic density. However, a few samples corresponding to 7y
coannihilation, X{E coannihilation and hybrid2 can be covered by the two detectors, with
the LSP mass at about 200-400 GeV. It is because these samples have large percentages of
coannihilation channels contributing to the DM relic density, which is also a new finding
in this work.
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5 Summary and conclusions

We propose to generate non-universal gaugino masses in SU(5) GUT with the generalized
Planck-scale mediation SUSY breaking mechanism, in which the non-universality arises
from proper wavefunction normalization with lowest component VEVs of various high di-
mensional representations of the Higgs fields of SU(5) and an unique F-term VEV by the
singlet. Different predictions on gaugino mass ratios with respect to widely studied sce-
narios are given. The gluino-SUGRA-like scenarios, where gluinos are much heavier than
winos, bino and universal scalar masses, can be easily realized with appropriate combina-
tions of such high-representation Higgs fields. With six GUT-scale free parameters in our
scenario, we can solve elegantly the tension in mSUGRA between the muon g-2 and other
constraints including the dark matter relic density and the direct sparticle search bounds
from the LHC.

Taking into account the current constraints, we performed a scan and obtained the
following observations:

e The large-tan 8 (2 35) samples with a moderate M3 (~ 5TeV), a small |Ay/Ms3|
(£0.4) and a small my (< 4TeV) are favoured to generate a 125 GeV SM-like Higgs

and predict a large muon g-2, while the stops mass and p parameter, which are mainly
determined by |M3| (3> My, | M|, |Ma]), can be about 6 TeV.

e The moderate-tan § (35 ~ 40) samples with a negative M3 can have a light smuon
(250 ~ 450 GeV) but a heavy stau (2 1TeV), which predict a large muon g-2 but
small Br(Bs — putu™).

e The lightest neutralino can be as light as 100 GeV, which can predict a right relic
abundance if it is bino-like and a much smaller relic density if it is wino-like.

e To obtain the right DM relic density, the annihilation mechanisms should be stau
exchange, stau coannihilation, chargino coannihilation, slepton annihilation and the
combination of two or three of them;

e To obtain the right DM relic density, the spin-independent DM-nucleon cross section
is typically much smaller than the present bounds of XENONI1T 2018, and an or-
der of magnitude lower than the future detection sensitivity of LZ and XENONnT

experiments.
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A Correlations between the parameters at SUSY scale and GUT scale

We show the correlations between the parameters at soft SUSY scale and GUT scale. For
the benchmark point P4, the GUT scale is calculated to be Mgyt = 1.27 x 10'® GeV. Then
we use two-loop RGEs to run the parameters from GUT scale to the SUSY scale, which
we choose as Mgysy = 4 TeV. We repeat this process over 15 times by slightly changing
the following one or two parameters excluding tan 8 at GUT scale each time

pf]ET :A07M07M17M27M3' (Al)
For the linear-correlation parameters
piSUSY _ Ata AT,AN, MlsUSY, ]\4'QSUSY7 M38USY (A2)

we calculate the coefficients by

Ap-SUSY
Cij = < aoT (A-3)
Apj
For the quadratic-correlation parameters
SUSY
p; = :U’2vMI%Iu’MI2{d7MC2237M[2]37MI2,37M%3’M1%27M%2 (A.4)
we calculate the coefficients by
ApSUSY
D (n=2for k=j n=1fork>j), (A.5)

Cijk(k=j) = ApGUT ApGUT
J

which can be written in a 5x5 triangular-matrix for each parameter. In the following equa-
tions, we list the coefficients for the benchmark point P4 in Class C and D in eq. (4.1), and
P7in Class A and B in eq. (4.1). We checked that these coefficients coincide approximately
with our parameter-running results in NMSSMTools-5.2.0. Most of these equations (except
M%Id and m%, for example) can be generalized roughly to other surviving samples in their
represented classes, because all of them satisfy tan 8 > 1. However, most coefficients will
change a lot if one change the SUSY scale too much, e.g., to Msysy = 400 GeV as in
ref. [28]. These equations are given as follows.
For Benchmark Point P4 (with tan § = 20.8 fixed and on behalf of Class C and D),

Ay = 0.40A0 — 1.16 M3 — 0.04My — 0.04M; — 0.18 M, (A.6)
A; = 0.934g — 0.40Ms — 0.14M7 + 0.028M3 (A7)
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A, =0.96A0 — 0.41M> — 0.14M7 + 0.028 M3

MPYUSY = 0.46 M, — 0.007Ms3
MSYSY = 0.83M5 — 0.018 M3

M3SYSY = 1.92M5 — 0.08M; + 0.04Mj

M2

2 = (AO My M, M, M3>

M = (AO Mo M, M, M3>

M, = (Ao My My My My )

ME, = (AO My M,y M, M3>

12

tan? 3 — 1 2
~ (AO My M, M, M3>
tan? 5 + 1
2 2 2
_ AT a2 g
ma tanQﬁ— 1 ( Hy H'u.)

~ (AO MO My Mo Mg)

—0.067 —0.29 —0.01 0.04 0.09
0 —-1.01 -0.300.43 0.26

0 0 0.11 0.01 0.01
0 0 0 1.05-0.51
0 0 0 0 215

—0.096 —0.24 —0.00 0.05 0.15
0 —-0.99 —-0.250.35 0.22

0 0 0.13 0.01 0.00
0 0 0 0.51 -0.44
0 0 0 0 192

—0.102 0.20 0.02 0.03 0.22

0 1.18 0.19 —-0.28 —-0.16
0 0 —-0.06 —0.01 —0.03
0 0 0 -0.23 0.18
0 0 0 0 -091

—0.027 0.03 0.00 0.01 0.04
0 0.990.02 -0.03 —0.02

0 0 0.02 -0.00 —0.00
0 0 0 031 0.00
0 0 0O 0 —-0.09

2 2 2

0.102 —0.20 —0.02 —0.03 —0.22

0 -1.18 -0.19 0.28 0.16

0 0 0.06 0.01 0.03

0 0 0 024 —-0.18

0 0 0 0 091
_ m2Z

0.075 —0.18 —0.02 —0.02 —-0.19
0 -0.19 -0.17 0.25 0.15

0 0 0.09 0.01 0.02
0 0 0 054 -0.18
0 0 0 0 0.82
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Ag
My
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M3
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(A.14)
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M2 = (AO My M, M, M3>

M2 = (AO My M, M, M3>

M2 = (AO My M,y M, Mg)

M2 = (AO My M,y M, Mg)

—0.011 0.00 0.00 0.00 —0.00
0 0.96 0.00 0.00 —-0.00
0 0 0.03 -0.00 —0.00
0 0 0 037 -0.00
0 0 0 0 —-0.004

0.000 0.00 —0.00 —0.00 0.00
0 099 0.00 0.00 -0.00
0 0 0.03 —-0.00 —0.00

0 0 0 038 -0.00
0 0 0 0 —-0.004
—0.022 0.00 0.00 0.01 —-0.00

0 0.93 0.00 —0.00 0.00

0 0 0.13 -0.00 —0.00
0 0 0 -0.01 0.00
0 0 O 0 —0.000

0.000 0.00 —0.00 0.00 —0.00
0 1.00 0.00 —0.00 —0.00

0 0 0.13 -0.00 —0.00
0 0 0 —-0.00 0.00
0 0 0 0 —-0.001

For benchmark point P7 in Class A and B (with tan 8 = 39.7), we have

A = 0.3140 — 1.09Ms — 0.03M; — 0.11M,
A; =0.50A0 — 0.45M5 — 0.12M7 + 0.242M 5
A, =0.65A4¢ — 0.50M3 — 0.13M1 + 0.257M3

MPUSY = 0.46 M, — 0.007Ms
MSYSY = 0.830M5 — 0.017M;
MSYSY = 1.93M5 — 0.17M>

M2 = (Ao My M, M, Mg)

M2 = (Ao My M, M, Mg)

-0.07 0.02 0.01 —-0.01 0.13
0 3.09 -0.21 —-3.86 0.59
0 0 0.03 —-0.16 —0.02
0 0 0 4.06 —-1.21
0 0 0 0 1.96

—0.06 0.03 0.01 —-0.00 0.11
0 3.12 -0.21 —4.00 0.62
0 0 0.08 —0.16 —0.02
0 0 0 381 —-1.30
0 0 0 0 1.96
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(A.19)

(A.20)

(A.21)

(A.29)



-0.09 —-0.01 0.01 0.07 0.18 Ag
0 -—1.57 0.17 248 —-0.37 My
0 0 -0.02 0.10 -0.01 M,
0 0 0 -230 0.71 Moy
0 0 0 0 —-0.899 Ms

ME = <A0 My M, M, Mg)

—0.15 —0.02 0.01 0.08 0.24 Ag
0 -—146 0.19 250 -0.38 My
M%Id = (AO My My My M3> 0 0 -0.01 0.10 0.00 M,
0 0 0 -—-245 0.96 Mo
0 0 0 0 -0.810 Ms
2 _ Mi,d —M?{utaHZB B ”ﬁz
. tan? 3 — 1 2

0.09 0.01 —-0.01 —0.07 —0.18 Ao
0 1.59 —0.17 —2.50 0.37 My
0 0 0.02 —-0.10 0.01 My
0 O 0 230 —-0.70 Mo
0 O 0 0 0.899 M3

~ (Ao MO Ml MQ Mg)

2
= o (M, - M) -
~0.07 —0.01 0.00 0.01 0.06 Ay
0 011 0.02 0.01 —0.00 | | M
~ <A0 My M, M, Mg) 0 0 001-000 001 M,
0O 0 0 —015 025 || My
o 0 0 0 0089/ \ My

0 0.83 —0.01 —0.01 —0.00 My
My
Mo
Ms

0 0 0.03 —0.00 0.00
0 0 0 039 -0.02
0 0 0 0 0.009

M2 = (A My My My My)

—0.02 —0.00 0.01 0.02 —0.01 (AO

0 096 —0.00 0.04 -0.01 My
My
Mo
M3

M2, = (Ag Mo My My Mz) | 0 0 003 000 —0.00
0 0 0 035 000
0

0.00 —0.00 —0.00 —0.00 —0.00 Ao
0 0 0 —-0.005

0 0.74 —-0.01 —0.10 0.01 My
My
My
M3

0 0 0.12 —0.01 0.00
0 0 0 0.06 —-0.04
0 0 0 0 0.026

MZ, = (Ao Mo My My Ms)

—0.05 —0.00 0.01 0.04 —0.02 [AO
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(A.30)

(A.31)

(A.32)

(A.33)

(A.34)

(A.35)

(A.36)



—0.00 —0.00 —0.00 —0.00 —0.00 Ao
0 099 —-0.00 0.01 -0.00 My
0 0 013 0.00 -0.00 M, (A.37)
0 0 0 —0.00 0.00 My
0 0 0 0 —-0.001 Ms

ME = <A0 My M, M, M3>

B The detail information of the 7 benchmark points

As a supplement to table 2, we list in table 3 the model parameters, relevant sparticle
masses and phenomenological observables for the 7 benchmark points.

P1 P2 P3 P4 P5 P6 P7

tan 3 54.1 28.5 29.1 20.8 58.3 48.5 39.7

Ap [GeV] 2607 2410 -72 -2250 1516 -1227 363
My [GeV] 979 808 736 564 718 624 577
M [GeV] 772 850 813 291 548 773 712
M, [GeV] -819 376 -685 971 -988 967 713
M3 [GeV] 9881 -6080 -8350 6335 6032 6734 9137

1 [GeV] 9075 6338 8081 6619 5788 6308 8786

my, [GeV] 126.2 124.9 125.2 125.1 125.2 125.8 125.7
ma [GeV] 6861 5011 6570 6407 4276 5145 2596
mg, [GeV] 13819 8634 11742 8870 8720 9491 12744
msz [GeV] 336 543 477 120 250 350 1015
mp, [GeV] 912 754 627 540 707 641 388
ms, [GeV] 926 751 625 672 874 718 390
mgs [GeV] 920 451 460 738 986 734 485
Br(Bs — ptp~)[1079] 3.67 3.53 3.55 3.58 3.89 3.75 3.20
Br(Bg — ptpo)[10719 | 1.05 1.00 1.00 1.01 1.14 1.06 0.87
Br(b — s7)[1071] 3.35 3.38 3.37 3.36 3.36 3.36 3.44
AaiUSY[1071] 7.81 6.51 10.3 6.36 7.95 18.0 46.0
mgo [GeV] 284.8 423.8 426.9 86.9 205.2 303.8 386.0
msg [GeV] 920 451 460 738 986 734 485
as1 [10750 em™1] 0.91 6.63 3.04 3.58 3.16 2.68 2.23
0P [10747 cm™!] 1.29 5.31 1.99 4.17 7.82 3.95 1.44
oP (10747 cm™1] 0.97 3.47 1.40 2.62 5.81 2.65 1.01
Qh? 0.109 0.112 0.120 0.111 0.130 0.126 0.118

Table 3. The detail information of the 7 benchmark points.
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