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We consider the interplay of the muon g —?2 anomaly and the proton decay in the supersymmetry
(SUSY) SU(5) grand unified theories (GUTs) with generation-independent scalar soft masses. In these
scenarios, we introduce a number of 5 + 5 messenger fields with doublet-triplet splitting in general gauge
mediation to transmit SUSY breaking to the visible sector by gauge loops. As a result, squarks and sleptons
receive generation-independent soft SUSY breaking masses, which are split already at the messenger scale.
Taking into account the perturbative unification of gauge couplings as well as the bounds from electroweak
precision and vacuum stability bounds, we showed the parameter space in general gauge mediation to
explain the muon g —2 anomaly with smuon and sneutrino loops while evading the strong bounds
on squarks and gluinos from the Large Hadron Collider. We also obtained the dominant Higgsino
contributions to the proton decay mode, p — KD, with general generation-independent sparticle masses
for squarks and sleptons. Even for split scalar soft masses in our model, however, we found that the bounds
from the proton decay are satisfied only if the effective Yukawa couplings of the colored Higgsinos are
suppressed further by a factor of order 107#~1073. We illustrated how such a suppression factor is realized
in orbifold GUTs in the extra dimension where the colored Higgsinos in the bulk are not coupled to the

matter fields localized at the orbifold fixed points at the leading order.
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I. INTRODUCTION

Supersymmetry (SUSY) [1] provides an elegant sol-
ution to the gauge hierarchy problem in the Standard
Model (SM) due to the cancellation of huge radiative
corrections to the Higgs mass with supersymmetric
particles (sparticles) at the weak scale or TeV scale
[2,3]. Moreover, three gauge couplings in the SM become
unified at high energy due to the renormalization group
(RG) running with common sparticle masses at low
energy [3], whereas the lightest neutral superpartner is
a stable dark matter candidate for weakly interacting
massive particles (WIMP) in the presence of R parity.
However, since the Large Hadron Collider (LHC) turned
on, there has been no evidence for sparticles and the
limits on the colored sparticle masses such as squarks
and gluinos have reached about 2 TeV or beyond [4-6].
Weak-scale electroweak  superpartners such as
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neutralinos/charginos and sleptons have been also con-
strained significantly [6—8], but not ruled out completely.

Recently, the new measurement of the muon g —2 at
Fermilab [9,10] has confirmed the old measurement at
Brookhaven [11] and strengthened the tension between the
SM prediction and the experiments, so models for new
physics explaining the muon g — 2 anomaly have drawn
new attention, although we need to understand better the
hadronic contributions to the muon g — 2 within the SM. In
particular, in the context of SUSY, it is timely to look for
the signatures of electroweak superpartners at the LHC in
connection to the muon g—2 anomaly and build up a
consistent picture for split masses for squarks/gluinos
the rest of the superparticles in concrete SUSY mediation
scenarios.

As the idea of gauge coupling unification is reinforced in
SUSY models, it is natural to embed the minimal super-
symmetric Standard Model (MSSM) into grand unified
theories (GUTs). In this regard, the discovery of proton
decay will play a decisive role of unraveling the hints of
unified theories by connecting between the unification
scale and the low-energy rare processes. In the minimal
SU(5) GUT, the dimension-six operators that originated
from the X and Y GUT gauge bosons are responsible
for proton decays such as p — z%*, which can be
consistent with the current bounds on the proton lifetime,
7(p = n%*) > 2.4 x 10’ yr [12]. However, the colored
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Higgsinos within 5 and 5 Higgs multiplets lead to
baryon number violating dimension-five operators with
SM quarks/leptons and scalar superpartners, so MSSM
gaugino [13] or Higgsino loops [14] would induce danger-
ous proton decays through p — K0 if superparticle
masses are heavy enough [15]. However, it is remarkable
that scalar superpartners and Higgsino masses of order
10% TeV [16,17] increase proton lifetime to the level of the
current experimental bounds, 7(p — K'7)>6.6x 10° yr
[18]. Thus, it is important to check proton decay processes
for the consistency of SUSY GUTs with general split
sparticle masses. From the effective theory point of view
below the Planck scale, the problem with dimension-five
operators is severe, because the dimensionless coefficients
of such dimension-five operators must be suppressed
sufficiently, unless there is a symmetry protection mecha-
nism for them, such as discrete R symmetries [19].

In this article, we revisit the effects of sleptons and
electroweak superpartners on the muon ¢g—2 in the
MSSM and the proton lifetime via p — K*0 in the
SUSY SU(5) GUTs with general messenger fields. To this
purpose, we introduce the general formula for the muon
g — 2 with new spin-0 or spin—% charged or neutral particles in
loops. We also consider general gauge mediation [20,21] for
SUSY breaking mass parameters for superpartners and show
that squarks and gluinos can be much heavier than sleptons
and electroweak superpartners and scalar soft masses are
generation independent. Anomaly-gravity mixed mediation
can be an option to realize the split spectrum for sparticles,
with a fine-tuning of soft mass parameters of different origin.

Assuming doublet-triplet splitting masses in the mes-
senger chiral multiplets in the representation of 5 + 5 under
SU(5) [22-24], we parametrize the scalar soft masses for
squarks and sleptons in terms of the effective numbers of
colored and noncolored messengers N3 and N,, respec-
tively, and the messenger scale As. As a result, taking into
account electroweak precision and vacuum  stability
bounds, we identify the parameter space for explaining
the muon g — 2 anomaly and show whether the muon g — 2
constraint favors the lighter slepton to be heavier or lighter
than the lightest neutralino in the MSSM. In gauge
mediation scenarios, the gravitino, the superpartner of
graviton, can be the lightest superparticle (LSP), which
is lighter than the MSSM LSP, so the experimental bounds
from the standard SUSY searches with missing transverse
momentum are not directly applicable. We also check the
unification condition with split messenger fields and split
MSSM fields in general gauge mediation.

Taking the benchmark models with split sparticle
masses for explaining the muon ¢g—2 anomaly and
realizing squark and gluino masses satisfying the current
LHC bounds, we obtain the proton lifetime from p — Ko
as a function of the squark mass parameter. Having in mind
the embedding of SUSY GUTs into orbifold GUTs in the
extra dimension, we introduce the suppression factor x for

the Yukawa couplings for the colored Higgsinos. In this
case, we show how the parameter space for the messenger
scale A versus the suppression factor x is constrained by
the current bounds on the proton decay.

The paper is organized as follows. We first begin with the
setup for the slepton interactions with gauginos and
Higgsinos in MSSM and the mass matrices for neutralinos,
charginos, and sleptons. Then, we discuss the possibility of
generation-independent but nonuniversal sparticle masses
in general gauge mediation and mention another example
with anomaly-gravity mixed mediation. We also check
the consistency conditions for gauge coupling unification,
electroweak precision, and vacuum stability bounds. Next,
we provide the general formulas for the muon g —2 and
apply them to the supersymmetric case with sleptons and
look for the parameter space for explaining the muon g — 2
anomaly in general gauge mediation. We continue to discuss
the general effective Lagrangian relevant for the proton
decay mode, p — K1, and obtain the general formula for
the proton lifetime for generation-independent but nonuni-
versal soft mass parameters. Then, conclusions are drawn.
Appendix A summarizes the neutralino and chargino mix-
ings in the perturbative approximation. Appendix B lists the
effective interactions for the sleptons in the basis of mass
eigenstates for sleptons and electroweak superpartners.

II. THE SETUP

We introduce the slepton interactions and the mass matrices
for neutralinos, charginos, and sleptons in the MSSM.

A. Slepton interactions
In the flavor basis for leptons and scalar superpartners,
we introduce l;; = (vy,ey)” and T, = (D.2,)" as
SU(2), doublets and e, and &} as SU(2), singlets.
Then, we consider the interactions of the sleptons to
electroweak gauginos (B, W3, W%*) and Higgsinos
[H, = (HY, H7)], as follows:

Lteptons = —fyl:lgém@f-;e + f;jH;ﬂiLejC‘R - f;jl:lgeiLé;R
+ f{ Hjuy & + He.
~V2g (ijLY,LBziL + 8ipY e Bety + H.c.)
- \/Eg(ijLT3V~V3l,»L n H.c.>
- g<é;'kLW_l/iL + o Whey + HC) (1)

where ffj are the Yukawa couplings for the charged
leptons, Y, , Y, are the hypercharges of /; and e, given
by ¥, =—3 and Y,. = +1, and T° = Jo°. When the
slepton masses are flavor universal, we can write the
Higgsino and gaugino interactions in the diagonal form
in the basis of mass eigenstates of leptons after the sleptons
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are simultaneously rotated. However, there is still a mixing B
between the superpartners of left- and right-handed charged | W3
lgptons in each generation, such as &;; and &z, as will be Ly = -3 (B, W3, HY, HO) M,y o | +He. (2)
discussed shortly. H;
;)
B. Neutralinos and charginos
The mass terms for neutralinos {B, W3, HY, H%}, char-
ginos {W‘, I:Id‘}, and their complex conjugates are given, )
respectively, by with
M, 0 —mysinf@y cosf mysin Gy sin
0 M nyz cos Oy cos —my cos Oy sin
My = . 2 z w Ccos fi z w sin 3 ’ (3)
—my sin@y cosff  mycos Oy cos f 0 —Uy
mysinOQy sinff  —my, cos By sin —Uy 0
I
and where the rotation matrix N defines the mass eigenstates for
neutralinos in four-component spinor notations as
— = Wi . 8 - 8 "
Le=—(Wg, Hp)Mc (FI‘L ) (4) 7% =NuB, +NpW; + Ni3H2,L + Ni4H3,L7 (7)
dL
Tir = NjiBr + NoWi + NyHy p + NiyHj g, (8)
with
or
M V2my, cos = .~ ~ .~
M = (ﬂ g B ., ﬂ)' (5) By =Njzy.  Wi=Npiy.
My S1m HH = . ~
HdL _NtSXIL’ HgL :NlM?L’ (9)
Here, M 12 are _the soft SUS\.[ breaking masses for bino Bp— N7, W% = Nipi%e.
and wino gauginos, and py is the supersymmetric mass _ _
parameter for the Higgsinos. We note that sinf = v, /v HSVR = NiSJ??R, H?,,R = Ni4)??R~ (10)
_ : _ 24,2 0y _ 1
and cos ff = vy/v with v = Jv; + vy, for (Hu) = 5 Similarly, the mass matrix for charginos can be also
and (HY) = %vd. diagonalized by

The mass matrix for neutralinos can be diagonalized by : diag
UpMcUp = M™ = diag(my-, my-), (11)

N*MyN' = My*® = diag(my. . mp.myp). (6)
J

1 .
"= [|M2|2 Tl -+ 203y F UM+ P -+ 2m3)2 = Al M — my sin 22 (12)

[

and the mass eigenstates for charginos are m%s¥, (M, + py sin 23)

o~ My — , 14
) m){? 1 ”%1 —M% ( )
) Wi

— _UL,R<~_ > . (13) 2 M in2

<Zz L.R Hap )& My :MZ—mW( 22+'qusm 'B), (15)
? Hp — M3
In the limit of small electroweak symmetry breaking 9 . 5 5

effects, namely, m; < |uy , we can oo+ mz(1 +sin26)(uy — M, ciy — Masyy) . (16)

“ 2(up — M) (i — M>)

approximate the neutralino masses as
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my(1=sin2p) (uy + M, ciy + M,syy)
2(up+My) (g +My)

g =iy + (17)

Here, for uy > 0, the leading mass for 79 is negative, so we
need to rescale 79 to i79 to get a positive mass for #}. On the
other hand, for y; < 0, instead we need to rescale 7 to i7)
to get a positive mass for 79. Then, in the leading order
approximation with a heavy Higgsino, the neutralino mass
eigenstates become 7Y ~ B (binolike), 75 ~ W3 (winolike),
and 79,79 =~ (A9 = HY)/V/2 (Higgsino-like).

Similarly, my < |uy £ M,|, the chargino masses are
approximated to

miy (M + pyg sin 2f3)

m2 + M, sin2,
. + W(MH 2 ﬁ)’ (19)

piy — M3

and chargino mass eigenstates become 77 ~ W~ (winolike)
and 75 zf]; (Higgsino-like). For uy <0, we need to
rescale the Higgsino-like chargino by 7; — iy; to get a
positive mass for y;. We refer to Appendix A for the
neutralino and chargino mixing matrices with corrections
coming from the electroweak symmetry breaking.

C. Charged sleptons

The mass terms for the charged sleptons are given by

e
ce= (e e ) (20)
€Rr
with
2 2
s mpp  MLR
v <<m2 ;o ) (21)
LR RR
where

1
mi, = m%L + m% cos 23 (s%v - 5) +m2,  (22)

Mpp = mg — m7 cos 2sy, + mg, (23)
m3 p = my(A; — py tan B). (24)

Here, m, is the charged lepton mass, and we assumed that
the trilinear soft SUSY breaking term takes the form in
c 1 _A;ngéiLé;R + H.C., Wlth
A} = f}A,;, and we dropped the generation indices for the

charged sleptons in the mass matrix. We note that the
A-terms are typically proportional to the Yukawa couplings

the alignment limit, £ jincar =

in gravity or gauge mediation, so we can ignore them.

However, for a large tan f5, the u-term can give rise to a

large mixing for sleptons, because m? , ~ —mu tan 3.
After diagonalizing the slepton mass matrix in Eq. (21)

with
e cosf; sinf; e
()= ot ) ar) 09
é —sinf; cos0; er

we obtain the slepton mass eigenvalues as

1
mé,el =5 mi, + Mg
4|m2 |2
2 2 LR
+ (my, — mRR)\/l + (2, — i)’ (26)
and the slepton mixing angle as
2 2
tan 20, — —— LR (27)
LL — MRR
Thus, for —% < ;< % we get
2 2
§in20, = — LR (28)
m; —mz,

2
&
m?, < 0, which is consistent with the correct sign of the
slepton contributions to the muon ¢g—2, as will be

discussed later. On the other hand, for mj < mg or

2 2 2 ;
For m3, > m; or mj, > mgp, we get sin20, <0 for

m?; < mxg,, we get sin20; > 0 for m?, < 0, for which
the slepton contributions to the muon g — 2 are positive.
For the maximal mixing angle, 6; = +Z%, namely, for

2 412 2 2 _ 2
mjp = +5(mz —m3 ) and mgp = my;, we get the slep-

ton mass eigenvalues as
m: =m?, + |m?p| =~ m? + m’cos2p| 53 !
& — ML LRI = MG, z w5

+ ml|MH| tanﬂ5 (29)

1
m%l =mi, —|mig|~ m%L + m? cos 23 <S%v - 5)
— my|py | tan g. (30)

On the other hand, for a vanishing mixing angle, |6;| < 1,

2 2 2 2
we obtain mz, ~mj, and m3; =~ mgg.

III. NONUNIVERSAL SPARTICLE MASSES

In this section, we pursue the possibility of generation-
independent but nonuniversal sparticle masses for squarks
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and sleptons at the messenger scale. Thus, we consider two
concrete mediation mechanisms for SUSY breaking, namely,
general gauge mediation and anomaly-gravity mixed media-
tion. We also discuss the RG running of gauge couplings and
soft mass parameters in general gauge mediation.

A. General gauge mediation

The soft SUSY breaking masses for squarks and sleptons
must be flavor diagonal in order to satisfy the bounds on
flavor changing neutral currents (FCNCs), unless the
supersymmetric particles are sufficiently heavy, for in-
stance, by their masses of order 10 TeV. For the sparticle
masses that are invariant under the SM gauge groups,

sparticle masses satisfy m2 = m2 andm2 = m? above
iL iL iL
2

dip
the electroweak scale, but m%_R, m? and m%_k can be
L iR 1
different from the other sparticle masses.
Suppose that soft SUSY breaking masses are generated
by gauge mediation [20] at the GUT scale in the minimal
SU(5). Then, the sparticle masses are generation indepen-

dent and they are further constrained by the SU(S)

unification to m2 :m2 =m? m2 —m10 and m~ =
iL dip
m; =mi =m; at the unification  scale [20 21]

However, if there are mass splittings between the compo-
nents of the messenger multiplets, for instance, due to
doublet-triplet mass splitting in the case of 5 + 5 messenger
multiplets, we can generate nonuniversal soft masses for
scalar superpartners by general gauge mediation [22].

We consider a singlet SUSY breaking chiral multiplet X
and paired messenger chiral multiplets in the 5 + 5 repre-
sentations of SU(S), ¢; + ¢;, with i = 1,2,...,N. Then,
after the SU(5) GUT symmetry is broken, we take the
effective superpotential for the component fields of mes-
senger chiral multiplets below the GUT scale, given by
Weir = (A3.;X + m3;)q,q; + (Ao ;X + my )15, (31)
where ¢; + g; and I; + I; are the component fields of the
messenger multiplets. Then, taking the vacuum expectation
value of the SUSY breaking chiral multiplet as

(X) = X + 0°F. (32)

we can get the mass splittings for messenger chiral
multiplets, which give rise to nonzero sparticle masses
in the MSSM at loops.

First, gaugino masses from general gauge mediation take
the same values at the messenger scale as in the minimal
gauge mediation with SU(5) supersymmetric masses for
messenger fields [22], as follows:

Ma :&AG,

=1,2,3, 33
dr “ (33)

with @, = ¢2/(4x) and

F
A =n—, 34
G ”X (34)

so the running gaugino masses at low energy become

My M, M, Ag

35
o a (35)

an 4 ’
Here, the electroweak gauge couplings g, ¢ are related
by g, = g and g; = \/5/3¢. We quote the values of the
gauge couplings at the top mass scale by g(m,) = 0.64,
g (m;) = 0.35, and g3(m,) = 1.16. Then, we obtain the
ratios of the gaugino masses at the top quark mass scale
by My:M,:M; ~6:2:1.

The soft masses for scalar superpartners in general gauge
mediation are also given [22] by

3 B a, 2
=2y e o)

where C,(f) are the quadratic Casimir invariants for f
under the SM gauge group, nonzero values of which are

C3(f)_ for f_CIL’ C2(f) % for }:Z]L’ZLv and

3
Ci( f) % < for all scalar superpartners. Moreover, we
note that
A2
A2="C a=1,223, (37)
N,

A} = 2A3 + 3 A, with the effective number of doublet and
triplet messenger fields being given by

1 ? |IM, .|
N, = |—|X In 24 =2.3.
“ [2n2| i axax*z<n 22 H -

(38)

Here, M, ; (a =2, 3) are the eigenvalues of the mass
matrices for colored and noncolored components of mes-
senger fields, and

Z (2= R(¢;) = R(:)) (39)

t:l

is the number of messenger fields with R(¢;) + R(¢;) # 2,
satisfying 0 < n < N, with R(¢) being the R charges of
¢ =X, ¢, ¢.. We note that N, is a continuous function
of the couplings taking values between 0 and N inclusive,
and the asymptotic limits of N, at X — 0, co satisfy the
following inequalities [22]:

n2

(2n—N+r,)

Py SNJ(X—0)<N-r,

(40)
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and
n? n?
— <N, (X->00)<———, (41
ry+ (r; — n)2 ol ) r, + —(&‘/:Z)i 4

where ry =rank/, and r,, =rankm,, satisfying r; +r,, >N
for the nondegenerate matrix, X + m.

More explicitly, the general gauge mediation leads to
squark and slepton masses in the MSSM as

8 a 2 3 07 2

2 3 2 2 2
m: === A 22 A
w3 <47T> 32 (471) 2

2

1;—0 (Z—;r) (283 +3A3). (42)

m = g (Z—i) A2 +% (Z—;) QA2 +3A2),  (43)
" = 2 <Z—jt> 2/\% + % (ﬁ) 2(2A§ +3A2),  (44)
m = % (%) N+ % %)2(2/\% £3A2),  (45)
m = % (2{)2(2/\% +3A2). (46)

We also remark that the scalar soft masses receive correc-
tions A, = (T3, — Qysin*Oy ) M7 cos 23, due to electro-
weak symmetry breaking.

As a consequence, in general gauge mediation with
Ny < N, or Ay> A,, we can make the soft mass

N2=7, N3=0.4

1x10%¢
5x 104}

> 1104t
o z
O, 5000}
o L
Q
=
S
g 1000

500}

100

Logqo(Ac[GeV])

FIG. 1.

Soft mass parameters as a function of A in general gauge mediation. We showed m;

parameters for squarks much larger than those for sleptons.
Then, we can explain the deviation of the muon g — 2 from
the SM value with light sleptons, electroweak gauginos,
and Higgsinos [24], while being consistent with the LHC
bounds on the squark masses. Flavor universality in general
gauge mediation restricts the soft masses for sleptons to be
almost generation independent, namely, m; ~ my ~ m;, up
to the RG running effects and the slepton mixings for the
generation-dependent Yukawa couplings for leptons. Then,
as will be discussed later, we can correlate between the
muon g — 2 with smuon in loops and the proton lifetime
from p — Kv with stau in loops.

In Fig. 1, we depict the soft mass parameters for squarks
and sleptons in general gauge mediation as a function of
Ag. We fixed N, = 10, N3 = 2 on the left and N, = 20,
N3 = L.5 on theright. my, , my,, m; are shown in red solid
lines, and mj,, mg,, M, M,, M| are drawn in blue solid,
blue dashed, purple solid, purple dashed, and purple dotted
lines, respectively. Here, we note that the squark masses are
shown to be almost degenerate, so they are not distinguish-
able in the plots. We find that it is possible to introduce split
masses for squarks/gluinos and electroweak superpartners
such as bino, wino, and sleptons in general gauge media-
tion. These two benchmark points will be used for a later
discussion on the muon g — 2 and the W boson mass.

We comment on the A-terms in gauge mediation. The
A-terms for squarks and sleptons vanish at one loop in
gauge mediation, but they can be generated by the RG
evolution proportional to gaugino masses [21]. Thus, the
A-terms for sleptons are suppressed by loops as compared
to slepton masses, so we can ignore the contribution of the
A-terms to the mixing between the smuons in this case.
Moreover, the y- and Bp-terms call for the solution from

N2=20, N3=1 5

1x10%¢
5x10*}

1x10% %
5000

msparticle[GeV]

1000t
500}

100

Logqo(Ac[GeV])

4> Mig» Mg, » Which are almost degenerate,

with red solid lines, and m;, , mz,, M3, M5, M, in blue solid, blue dashed, purple solid, purple dashed, purple dotted lines, respectively.
We chose N, = 10, N3 =2 on the left and N, = 20, N3 = 1.5 on the right.
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singlet extensions of the MSSM and other SUSY mediation
scenarios, such as anomaly mediation [23].

B. Anomaly-gravity mixed mediation

In anomaly mediation [25], the predictive patterns for
sparticle masses are given in terms of the SUSY breaking
scale of the conformal compensator Fgq, and the SM gauge
interactions at low energy, but there is a problem with
tachyonic slepton masses [25]. However, adding the
universal masses for squarks and sleptons at the GUT
scale in gravity mediation, we can cure the tachyonic mass
problem for sleptons [25]. In this case, when the slepton
masses in anomaly mediation are almost canceled by those
from gravity mediation, we can make sleptons much lighter
than squarks.

First, the gaugino masses in anomaly mediation are
given by
ﬁb aF (o]

M:
¢ Az

a=1223, (47)

where b, = (—32,—1,3) are the one-loop f§ functions for
the SM gauge couplings. On the other hand, the general
formula for scalar soft masses in anomaly mediation is

given by

1 [oy; oy,
2 - (X ZL)IF,

where y;, f, are the anomalous dimension for scalar sparticle
i, the § function for the gauge coupling g, and y is the
Yukawa coupling. Thus, adding the universal scalar soft

masses m(z), we obtain the total scalar soft masses [23] as

g (48)

3 11
m; = mg+ [80:% —Ea% —S—Oa%
13 16
+a,2<6a[2—ﬁa1—3a3—ﬁa3)]|Fq,| s (49)
88
%m = m(2) + |:8a% - 5“%
13 16
+ 2(1[2 <6a% — E(Zl 3(13 Eog)] |F¢,| R (50)
22
w, =+ (sa@-2at)lFal. 51
99 3
w == (G +3@)IFP, (52
198
%R :m%—g(lﬂqu 2, (53)

with @, = y?/(4r). The masses for the first and second
generations of up-type squarks are the same as in
Egs. (49) and (50), but with @, = 0. As a result, choosing
m} =~ ca3|Fe|* with ¢ being of order one and positive, we
can make the mass squares for sleptons to be positive and
much lighter than squarks. However, we need a fine-tuning
to get the slepton masses much smaller than the squark
masses in this case, so we do not pursue the detailed
discussion on this possibility.

We also remark that the A-terms are proportional to
the Yukawa couplings, namely, A; =3 (v, +7;, +7z,)y:1Fo
for sleptons. Thus, depending on the hierarchy between
squark and slepton masses, the A-terms for sleptons can be
sizable.

C. Gauge coupling unification
with split sparticle masses

In the presence of split sparticle masses in the MSSM
and messenger sectors, it is important to check the quality
of the unification of gauge couplings at the GUT
scale Mgyr-

Keeping in mind the general gauge mediation and
assuming that the colored scalar superpartners are much
heavier than the rest of the MSSM fields, we consider the
running gauge couplings, as follows [22]:

b M
asMy MGur

a; (Mgyr) = az' (M) + s "
z

b, M boz, M
4 Pay, Mour | Pagy Meur
2 mgysy 2@ mg

—Q—ﬁlnMGUT —Eln

27 m; 2m M,

MGUT (54)

where b, s\ = (—41/10,19/6,7) are the one-loop S func-
tion coefficients in the SM, b, = (=7/5,-8/3,0) for the
second Higgs doublet, electroweak gauginos, Higgsinos,
and sleptons, with common masses mgysy, b, ;= (0,0,-2)
for gluinos, b, ; = (—11/10,-3/2,-2) for squarks with
common masses n;, and M, are the effective mass scales
for doublet and triplet messenger fields, given by

M, = (X"G(m,, 2,))'/N, a=2,3, (55)
with G(m,A) being some function of masses and
couplings [22], and M, = (M,)3/3(M;5)?/3 is the effec-
tive mass scale for hypercharged messenger fields. We note
that b, = b,sm + by + b, 5+ b,z = (=33/5,-1,3) are
the one-loop f function coefficients in the MSSM. In
the absence of a doublet-triplet splitting for the messenger

fields, namely, M, = M3, the unified gauge couplings are
achieved as in the MSSM.
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We now introduce the measure of unification as

As compared to the MSSM where B = b‘ bf =

messenger fields for mgysy ~ My and mg, m; being free, as

5 (b3 —by)In (MML[Z”> + (b3g -

bag)n(32) + (b3g = bag) In(572) + N1n(52)

(56)

for mgysy = my = mz ~ My, we get a modified measure with the

2

(by = by) In(455) + (b -

bi;) 1n<M—-;) + (ba

(57)

~big)In(jt) N (32)

Imposing the derivation from the MSSM to be no more than 5%, we get the bound on the extra differential running as

b3.!~1 - bz’?] _ bZ,f] - bl,f} In ﬂ n
by—b,  b,—b, M,

+N ! 2
by —

+ = ! >ln'/\/l3
5by— b M, ™

Then, for In(Mgyr/My) =~ 33, the quality of unification
requires

1 1
Nln % ——In|—= ] —=In

M, 2 M - 6 M 7
Therefore, we find that there is a destructive interference
between the split colored superpartners in the MSSM and

the messenger fields with Mz > M, in the differential
running of the gauge couplings.

Moreover, for M, ~ M5 = M, the perturbativity con-
dition for the unified coupling gives rise to

<3.67.  (60)

M
N1n =S < 150. (61)
M

Thus, we can choose the number of messenger fields
appropriately for perturbativity, for instance, N =8, 10,
15, 20 for M = 10°,107,10°, 103 GeV.

It was pointed out in Ref. [22] that, even if Wz ~ M it
is possible to realize an arbitrary amount of doublet-triplet
splitting for the messenger fields, because G(m, 1) appear-
ing in the determinant of the mass matrix is generally
independent of some of the couplings. However, in our
case, the unification condition in Eq. (60) can be achieved

even for My > M,, in the presence of split colored
superpartners in the MSSM.

We also remark that, in the case of anomaly-gravity
mixed mediation, there is no messenger sector that is
charged under the SM gauge groups, so we only have to
consider the MSSM fields for gauge coupling unification.
Thus, setting the contribution of the messenger sector on

big=bag brg—big (M (58)
by—by,  by—b M,
MGUT
. In{ —— ).
<0.036 n( v ) (59)

the quality of unification in Eq. (60) to zero, we need the
unification condition on the mass splitting in the MSSM
sector, as follows:

1 m; B
—In[ - —1 —1)<3.67.
(5ie) (i) <25

Then, for my;~2 TeV, we get the upper bound on the
squark masses as m; < 3.14 x 107 GeV. This result is also
true of the case in the general gauge mediation with
M, =~ M.

It is remarkable that the scalar soft masses below the
messenger scale are subject to the renormalization group
running due to gaugino masses. Namely, we need to include
the RG running effects by K3 + K, + 3¢ Kl, K;+3 Kl, and
K3 +1 Kl 2 2

(62)

2
for mg , mj , and ms s

K, + lK 1, Ky for m72 .» respectively. Here, K| =

respectlvely, and

and m~

My l M')
o S At FOIML (1P, Ky =g fims 13 (1)| My (1),
and K; = ﬁnM* dr g3(t |M;( )|2 [26]. Then, for
N=N,= 10—20 and N3 = O(1) in general gauge media-
tion, the loop corrections are approximately given

by K;=~(0.06-0.12)M}(M) ~ (0.08 —0.22)M?, K, =~
(0.14-0.29)M3(M) = (0.15 — 0.34) M3, and K3~
(0.98-1.3)M%(M) ~ (0.28 — 0.64)M3, where M, (M) are
the gaugino masses at the messenger scale, M, ~ M3 = M,
and M, simply denotes the gaugino masses at low energy.
Since the RG running is small and squarks are relatively
heavy, the loop corrections to the scalar soft masses
are relatively small, as compared to the case where the
messenger scale is the GUT scale: K| ~0.15M3(Mgyr),
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K, ~0.5M3(Mgyr), and K| =~ (4.5-6.5)M3(Mgyr), where
M, (Mgyr) are the gaugino masses at the GUT scale [26].
Therefore, in general gauge mediation with split sparticles, it
is sufficient to include the tree-level effects for the scalar soft
masses due to electroweak symmetry breaking but ignore the
loop corrections.

IV. ELECTROWEAK PRECISION AND VACUUM
STABILITY BOUNDS FROM SLEPTONS

In this section, we include the bounds from electroweak
precision measurements such as the W boson mass and the
vacuum stability bounds on the p-term as complementary
probes to test the models in addition to the muon g — 2
constraints.

A. Electroweak precision and W boson mass

For a large u-term, we can have a large slepton mixing so
the contribution of the smuon loops to the muon g — 2 can
be enhanced. However, the larger the u-term, the larger the
mass splitting within the SU(2) doublet slepton, causing a
larger deviation in the electroweak precision data.

The theoretical value of the W boson mass can be derived
from the muon decay amplitude, which relates My, to the
Fermi constant Gﬂ, the fine structure constant «, and the Z
boson mass M , with the following modified formula:

M? o
M? 1——W>: 1+ Ar), 63
W(1-38) = At @

where Ar encodes the loop corrections in the SM and the
contributions from new physics. We note that Ar = 0.0381
in the SM, which leads to the SM prediction for the W
boson mass, as follows [27,28]:

MSM = 80.357 GeV + 6 MeV. (64)

On the other hand, the world average for the measured W
boson mass from PDG [28] is given by

MEPS =80.379 GeV + 12 MeV. (65)

Thus, the SM prediction for the W boson mass is consistent
with the PDG value within 26. However, the Fermilab
CDFII experiment [29] has recently measured the W boson
mass as

MGPH! = 80.4335 GeV 4 9.4 MeV. (66)

So, if confirmed, the result could show a considerable
deviation from the SM prediction at the level of 7.0c,
calling for a new physics explanation.

In the MSSM, soft SUSY masses are SU(2), invariant,
but SU(2), breaking mass terms split between the
masses of the scalar superpartners within the same

SU(2), doublet, so there can be a sizable contribution to
the p parameter [30], as follows:

3G .
Ap = 8\/{;;2 [—sin*0;cos°0; Fo(m7 . m3 )
+ 08?0, Fo(m3, m3 ) + sin*0; Fo(mz, m3 )] (67)
with
2xy . X
Fo(x,y)=x+y-— In-. (68)
X=y y

As the new physics contribution is related to the correction
to the p parameter by

C2
(A =~ pp, (69)
S

new
w

we can turn the correction to the p parameter into the
correction to the W boson mass by

1 c?

2

w w

The global fit in the PDG constrains the slepton masses and
mixing by Ap = (3.8 +2.0) x 107 [28].

As will be shown in the next section, we find that the
CDFII results [29] cannot be explained in the parameter
space explaining the muon ¢g—2, but our results are
consistent with the PDG results within 2¢ [28].

B. Vacuum stability bounds

When the charged sleptons have a sizable mixing due to
a large p-term, we need to consider the bound from vacuum
instability because there can be a deep minimum violating
charge in the scalar potential. There is a recent analysis of
the vacuum stability for the charged sleptons in Ref. [31].

For the vacuum stability in the presence of a large
u-term, we take the scalar potential for the neutral Higgs
scalar Hg and charged sleptons &;, ég,

2

1
V = [+ miglegl? + iy [HOP + 3

> _9abi T

+ (v AHY2 85 — yiup(HY) e ey +Hee.), (71)

where the fourth term corresponds to the D-term potential

with group generators 7“ running over SU(2), x U(1),

and ¢; being the Higgs doublet and the sleptons. Then,

taking the direction of maximizing the negative contribu-

tion of trilinear terms, |HY| =&, | = |g| E%g{), in Eq. (71),

we obtain the effective potential as follows [32]:
vt o 1 ap Ly (72)

2 3v6 36 ’
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with A = y,|A] — py tan |, and
RPN 2 2
m=3 (m7, + mpg + My, ). (73)
A= Ly (74)
V27

2 2 2 ;
Here, my; . = py + my, 1s the effective mass square for

the down-type Higgs doublet. Then, for a vanishing tri-
linear soft mass, i.e., A; = 0, the absolute stability at the
origin ¢ = 0 requires

V2m,

v cOos /)’

|py | tan g < /3. (75)
On the other hand, the metastability of the false vacuum at
the origin needs the decay rate to be smaller than unity,
namely,

(T/V)L* < 1, (76)

where L is the Hubble radius at present, I'/V ~ ii*e~5¢ is
the decay rate per volume with S being the Euclidean
action. Therefore, from the Euclidean action along

the direction of |HY| = [2,| = |2x| = \/-gz’) we obtain the
metastability bound [32] as

Sy > 400 + 41n(iir/1 TeV). (77)

In the thin-wall approximation with A2/m?/A% — 1/37, we
get S = %2 (25)(1 — 372 25) =3 [32]. On the other hand, in
the thick-wall limit with |[A2/?/A%| < 1, the Euclidean
action is numerically approximated to Sp = 12257%/A?
[32]. In this case, for m ~ 1 TeV and A; = 0, the meta-
stability bound becomes

V2m,

vcosﬂ

 |ug| tan B < 1750, (78)

for || < 1.

As a consequence, the u-term is bounded from the above,
due to Eq. (75) for absolute stability or Eq. (78) for
metastability. For instance, for /i1 = 1 TeV, the absolute
stability bound allows for the p parameter up to |py| . =

1.1, 99 TeV for tanp = 30, 10, respectively, and the
|

2
K

metastability bound in Eq. (78) sets the maximum value
of the u parameter to |py | = 3-2, 29 TeV for tan f = 30,
10, respectively. If the /m is larger than 1 TeV, the pu
parameter can be larger, for instance, due to a large soft
mass for the down-type Higgs doublet. However, we take
the vacuum stability bounds for 7z = 1 TeV implicitly in
the later discussion.

For comparison, the u-term is also bounded by the
slepton mixing angle for a given slepton mass splitting.
When the A;-term vanishes, Eq. (28) gives rise to a bound
on the y parameter as 2m|uy|tanff < m- —m~ Then,
we also need to take the slepton m1x1ng angle into
account for choosing the u parameter, together with the

vacuum stability bounds. For instance, for |/mg —m3 =

100(300) GeV, the p parameter is bounded by |ug|ax =
1.6(14),4.7(42) TeV for tanf =30, 10, respectively.
Therefore, for small slepton masses, the bounds from the
slepton mixing angle are comparable to those from the
vacuum stability.

In the later discussion on the muon g — 2, we take into
account the bounds on the y-term coming from the vacuum
stability and the physical slepton masses.

V. MUON g -2 FROM THE SLEPTONS

We present the general formulas for the one-loop
contributions of new charged or neutral particles to the
muon g—2 and apply them to the case with smuons,
sneutrino, electroweak gauginos, and Higgsinos in the
MSSM. We also show how the muon g — 2 anomaly can
be explained with sparticle masses in general gauge
mediation. We discuss the mass ordering of sleptons and
the lightest neutralino, going beyond the scenarios where
the lightest neutralino is the LSP.

A. Muon g -2 from new scalars or fermions

We list the general formulas for the muon g —2 due to
new interactions to the muon. First, suppose that there is an
extra Yukawa-type interaction of the muon to a neutral
scalar ¢ with mass m,, and a charged fermion F’ with charge
—1 and mass my., as follows:

Ly = —p(As + Apy’)F¢ + Hec. (79)
Then, the one-loop contribution to the muon g—2 is
given [33] by

872

m
= i (T (AP + oS Cr) 4

W [ AP (o =2 =2 2) + [ApP(mp — —mp)
(1 —x)mj +

+ (m — m?)x 4+ x*m;,

ME (Agf? - |AP|2>F§<xF>),

o (80)
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with xz = mj/mj and

(2+3x—6x* +x* +6xInx), (81)

T (1—x

3

cm(x) = —m

(3—4x+x*+2Inx). (82)

Similarly, in the presence of an extra Yukawa-type
interaction of the muon to a charged scalar y with charge
—1 and mass m, and a neutral fermion 1 with mass m,,

given by
Ly = —j(Cs + Cpy®)iy + Hee, (83)

we obtain the one-loop contribution to the muon g — 2 [33] as

|Cs? (&% — x* + 22 (xz —x)) +|Cp*(m; — —m,)

_ mﬁ /
- 8x? (1- x)m% + (m2 — mz)x + x*m
my,
— i (T 1CSP +ICHP)FY () = 2 1CoF = IC PP (1) ) (54)
my
|
with X = m/l/m and ﬂleptom = \/_g /“t( PL + B{eaPR))??ﬁu
- yLﬁ(gUR,iIPR = UL oPL)¥7 +He. (87)
FN(x) = 7 (1 —6x+43x* +2x° —6x*Inx), (85)
(1—x with
1
3 Bl =c080,Y «Nj; +—f,sin0;Ni,  (88)
R = o=+ 200, (86) ! AT gt
- X
1
L _ 1 * *
Bi,2 = SIn Gﬁye;N“ + \/_Tg/fﬂ COS gﬁNlG’ (89)
B. Muon g -2 from sleptons
R _ _ 3
Now we are in a position to apply the general formulas B, = —sin 9~(Y i Nit +cotOy T (u )N )
for the muon g—2 to the supersymmetric case with
sleptons [34,35]. Feynman diagrams with sleptons relevant \/’ a7 uc0sOilis, (90)
for the muon g — 2 are shown in Fig. 2.
In the basis of mass eigenstates for neutralinos, chargi- BR, = cos 0,(Y,, Ny + cot OwT> 1y )N
nos, and sleptons, given in Egs. (8), (13), and (28), we ' | -
rewrite the slepton interactions relevant for the muon g — 2 ——= f P sin Qﬁ N. (91)
in Eq. (1), as follows: \/59

HR s / \

lyE* o
vE
“

(e[
mo
3
T

\
[ AN
I

FIG. 2. Feynman diagrams with smuons and sneutrino, con-
tributing to the muon g — 2.

Here, f, is the muon Yukawa coupling, given by

fu= \/Emﬂ /(vcos ). As compared to the general muon
Yukawa interactions in Eqs. (79) and (83), we can match
the slepton interactions by

Esleplons = ﬁ(C( ¥ + C( KA ))??ﬂa
~ui(AY +AYP) g +He.  (92)
with
Cgi,a) %(BR _|_BL ), a=1,2, (93)
Co = (B~ BL). a=12 (99
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and
. 1
Ay =2 (gUk i = FUi)- (95)
5(9 R,1+fu L12) ( )
Then, we get
CFP 4 1Ch P = g2(BE P +1BE).  (97)
S = 1P = o (BE,BL + BIBL). (98)
APP + AP P = 3 (P10 P + BV, (99
. . 1
PP~ AP = =20 (U pUs o+ Uk Ui ). (100)

As a result, using Egs. (80) and (84), we obtain the full
one-loop corrections to the muon g — 2 due to the slepton
loops [34] as

Aa, = a,(p + a,(,z) (101)

2 2
1 m * *
af’ =Z{96ﬂz"mgF? (3 m3) (U P+ F31U7 o)

gf pmymy- y .
Ry F§(my /m3)(Ug nUrp+Ur Uy ) |-
v

(102)

2 4 /2
2 g
=300 |~ P ) (B P+1BE )

~ g, FY (mdy/m2 ) (BE,BL; + BL,BL,) .

(103)

Here, the muon Yukawa coupling is given by f, =

\/imﬂ /(vcos ), so the terms with the muon Yukawa
coupling can be enhanced for a large tan f.

For the contributions from sneutrino and charginos,
we can approximate the one-loop corrections to the muon
g—2 as

. 92”1;24’";?;

ay 5

" 247* (M3 — u3)m
202m
g-mymy:

2472 (M2 — 1i3)m

> (i + My tan B)FS (m3 /m3)
v

) (upg tan f + Mz)cm(m;g(;/m%)-
(104)

Here, we note that xFS(x) is positive and monotonically
increasing for x > 0. Thus, for a large tan 3, we find that the
chargino contribution for the muon g — 2 can be positive.

Similarly, the contributions from smuons and binolike
neutralinos can be enhanced for a large tan f# or a sizable
slepton mixing. In this case, in the limit of neglecting the
effects of electroweak symmetry breaking, we also obtain
the corresponding one-loop corrections to the muon g — 2
approximately as

2
a? zwsm29 iF N(m
! 967 m?,

?{?/m%z)

1
_EFZZV(mf(?/m/%IO (105)

Here, we note that xF%'(x) is positive and monotonically
increasing for x > 0. Thus, for uy > 0, we can get a
positive contribution to the muon ¢g—2 for either
sin26; < 0 (or m3 > mg ) [for which the lighter smuon
is SU(2), singletlike] or sin20; > 0 (or m; < m ) [for
which the lighter smuon is SU(2), doubletlike].

In Fig. 3, we show the parameter space for NV, and N3 in
general gauge mediation, explaining the muon g — 2 within
lo and 20 in yellow and green regions, respectively. We
chose tanf = 30, M, = M,/2 = 400 GeV for both plots,
and py = 3M, on the left and uy = 8M, on the right. We
took M; = 400 GeV to make the gluino mass, Mz ~ 6M |,
sufficiently large for the LHC bounds [4], and the chosen
values of the p parameter are consistent with the bounds
from the vacuum stability in Egs. (75) or (78). In both plots,
we divide the parameter space depending on the mass
ordering of smuons and the lightest neutralino: mj <

My, < M, my, <mgy <mg andmo<m < m;_,inred,

iz fi i fir>
orange, and blue reglons respectlvely For this example, the
lighter smuon mass between 200 and 300 GeV is consistent
with the muon g — 2 within 20, but the lighter slepton is
lighter than the lightest neutralino.

In Fig. 4, we show the parameter space for N, and N;
with the same set of other parameters as in Fig. 3, but we
add the bounds from the W boson mass in both plots and
choose a larger p parameter, 4y = 8M on the right. In the
left (right) plot of Fig. 3, we also indicated the contours of
the lighter charged slepton mass, m; = 200(250),300,
400, 500 GeV, by solid, dashed, dotted, and dot-dashed
lines, respectively. We also showed the parameter space

with m; < m; or mj, < m}g in gray where the lighter

H H
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tanfB=30, uy=3M,
Mi=M,/2=400GeV

3.0
25}
201
Aay: 1o
< 15}
Aay: 20
101
mslepton,1 ) mslepton,2<mneutralino,1
05F Mysiepton, 1 (2) <Mneutralino,1 <Mslepton,2 (1
Mheutralino, 1 <mslepton,1 f mslepton,Z

5 10 15 20
N>

FIG. 3.

tanB=30, yy=8M,

M1=M,/2=400GeV
3.0 T T

257}

20}

= 15pha.lo

mslepton,1 <mslepton,2 <mneutralino,1
1.0F
Aay: 20

0.5F
Mslepton,1 <Mheutralino,1 <Mslepton,2

mneutralino,1 <mslep(on,1 <mslep(on,2
5 10 15 20
N

Parameter space for N, and N3, explaining the muon g — 2. We indicated the mass ordering of smuons and the lightest

neutralino. We took tan § = 30, M, = M,/2 = 400 GeV for both plots, and uy = 3M, on the left and uy = 8M, on the right.

smuon is SU(2), doubletlike. We note that the parameter
space favored by the muon g — 2 is consistent with Ap
bounds in PDG at 20, but the W boson mass measured by
CDFII cannot be explained.

From the right plot with yuy = 8M, in Fig. 4, we also
show that there is a parameter space with the lighter smuon
being heavier than the lightest neutralino, explaining the

tanB=30, yy=3M;
M, =M2/2=400G9V

3.0
Mslepton,1 =200GeV
2.5¢
2.0r
Aay: 1o
= 1),
“g.(Z(.).GeV Aay: 20
1.0 T LT e
..., 400GeV
ol T T e ]
T soogey T T i
5 10 15 20
N>

muon g — 2 anomaly within 26 for N3 < 0.6 and N, < 12.
In most of the parameter space in N, and N5 for the muon
g—2, the lighter smuon is lighter than the lightest
neutralino, which requires going beyond the standard
searches for sleptons.

In Table I, we present three benchmark models that
are consistent with the muon g — 2 anomaly within lo

tanB=30, yy=8M,

M, =M2/2=400G9V
3.0 T T

2.5f

2.0}

Zm 1.5‘;‘ Mslepton,1=250GeV 1
1o TTTee300GeV el
Aay: 20
o5 A0 VAT s
500GeV
5 10 15 20
N,

FIG. 4. The same for the muon g — 2 constraints as in Fig. 3, except that we also showed the contours for the lighter smuon mass,
my, = 200(250), 300,400, 500 GeV in solid, dashed, dotted, and dot-dashed lines, respectively. We also showed the gray region where

m il

4, < Mg Or mj, < mpg so the lighter smuon is SU(2), doubletlike.
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TABLE 1. Soft mass parameters in units of GeV for models
[-IIT in general gauge mediation.

Model I Model II Model IIT
(N,, N3) (7,04) (20, 1.5) (11, 0.5)
mg, 6968 3600 6230
My, 6964 3596 6229
my, 6959 3594 6224
my, 446 256 367
ms, 467 244 414
M, 409 409 409
M, 820 820 820
M; 2694 2694 2694
Uy 3271 1227 3271
tan 30 30 30
TABLE II. Electroweak superpartner masses in units of GeV,
Aa,, and AMy, for models I-I1.

Model I Model II Model IIT

my 441 247 361
my, 474 244 420
my, 443 264 366
my 409 408 409
my 820 813 820
My 3273 1236 3273
My 3270 1225 3270
My 820 813 820
Mg+ 3273 1236 3273
Aa, 1.56 x 10~ 2.00 x 107 2.24 x 107
AMy 1.12 MeV 3.73 MeV 1.73 MeV

(models II and III) or 26 (model I). We listed the input
parameters for the benchmark models in Table I and the
predicted masses for electroweak superpartners Aa, and
AMy, in each model in Table II. In particular, model III is
also consistent with the W boson mass measured by CDFII
within lo. In the following, we discuss briefly the collider
signatures for the benchmark models at the LHC.

In model I, the sleptons are heavier than the lightest
neutralino, so the lightest neutralino could be a dark matter
candidate if there is no extra supersymmetric particle
lighter than the lightest neutralino, such as gravitino. If
the SUSY breaking in gauge mediation is the only source
for the gravitino mass, the gravitino can be the LSP and a
dark matter candidate, because the gravitino mass is given
by ms3,, = F/Mp and the Planck scale M is much greater
than the messenger scale in gauge mediation [21]. In this
case, the lightest neutralino could decay into gravitino and
the SM particle such as Z or Higgs bosons. The lifetime
of the LSP X with mass my in the MSSM is given by

Ty =1.8x 10° sec(ms3,,/100 GeV)*(1 TeV/my)®, which is
constrained to be less than 5 x 10° sec by big bang
nucleosynthesis (BBN) [36]. If the lightest neutralino
decays at the collider scale, the long-lived particle searches
with displaced vertices at the LHC are applicable [8].
Otherwise, we can consider the bounds from the standard
SUSY searches with missing transverse momentum at the
LHC [7].

In models II and III, the sleptons are lighter than the
lightest neutralino and the sneutrinos would become the
LSP in the MSSM. In this case, the heavier charged lepton
(fi) can be produced at the LHC, decaying through a
three-body decay mode, fi, — (70)*u — i jiu, where the
lighter charged lepton (f1;) decays in cascade through a
three-body decay mode, fi; — (79)*u — 00 p. The lighter
charged lepton (ji;) can be produced at the LHC on its
own, undergoing the same three-body decay process. If
the sneutrinos are lighter than the gravitino, the sneutrino
could be a dark matter candidate, but they should not be
dominant components of dark matter, because it would
have been already excluded by the direct detection
bounds. Instead, if the sneutrinos are heavier than the
gravitino, the gravitino can be a dark matter candidate, and
the sneutrinos decay into gravitino and neutrino, being
also constrained by BBN [36]. In this case, the collider
signatures are challenging, because multiple invisible
particles are produced promptly or nonpromptly per each
charged slepton in the final states.

VI. PROTON DECAYS FROM THE SLEPTONS

We discuss the proton decay due to dimension-five
operators induced by colored Higgsinos in the minimal
SU(5) GUT and its extension to orbifold GUT models in
the extra dimensions. We assume that squark and slepton
masses are generation independent but they can be split, as
in general gauge mediation.

A. Dimension-five operators in the minimal SU(5)

In the minimal SUSY SU(5) GUT, the Yukawa couplings
between the MSSM matter fields, embedded in three copies
of 5410 representations, ‘I‘?b and ®;,, with a,b=
1,2,....,5and i, j =1, 2, 3, and the MSSM Higgs fields,
embedded in a pair of 5 and 5 representations, H* and H,,
are given by
Wy = %hifeabcde‘l’?b‘deHe —V2fiWed,, H,.  (106)
Here, the 5 and 5 Higgs multiplets are H = (H%, H,, HY)
and H = (H¢,, H7, —HY) with @ = 1, 2, 3, which contain
not only the MSSM Higgs fields, H! = (H,}, HY) and
HY = (HY, H7)T, but also the colored Higgs fields, HS
and H,.
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Then, after the colored Higgsinos are integrated out,
we get the effective dimension-five operators in the super-
potential, as follows [16]:

W5 fu fd, Vk[e i eaﬁyerfetu QarQﬂS QytLu

2MHC

fu € fa, Vi€ UiyE;UrsDy, . (107)

+ MHC
where the SU(5) Yukawa couplings for up- and down-type
fermions are parametrized by h'/ = f, ¢":5;; and fU =
Vi fdj with V;; being the Cabibbo-Kobayashi-Maskawa
(CKM) matrix. Here, we note that x parametrizes the
suppression of the couplings of the colored Higgsinos as
in orbifold GUT models [37], where the boundary con-
ditions for the colored Higgsinos in the extra dimensions
suppress the couplings between the colored Higgsinos and
the MSSM matter fields at the orbifold fixed points in the
extra dimension.

We elaborate more on a mechanism to suppress the
Yukawa couplings of the colored Higgsinos. In the minimal
5D SU(5) GUT compactified on S'/Z, x Z,, we can
assign parities for the SU(5) gauge fields under the Z,
parities such that the SU(5) GUT group is broken down to

|

SU(3) x SU(2) x U(1) [37,38]. In this case, the Dirichlet
boundary conditions can be imposed on the colored
Higgsinos living in the bulk as the full 5 and 5 representa-
tions, so the tree-level Yukawa couplings for the colored
Higgsinos are forbidden at the orbifold fixed point of the
extra dimension where SU(5) is broken [38]. However, we
can also introduce higher-dimensional operators for the
Yukawa couplings at the orbifold fixed points such as
311 1 €apeac ViP5 (05) " H and g fY D, (95)" H,, with
n being odd and M, being the fundamental scale in 5D. In
this case, the suppression factor x in Eq. (107) is obtained
as k =1/(M,R)" with R being the radius of the extra
dimension, so we can obtain small Yukawa couplings for
the colored Higgsinos as far as MR > 1. For instance, for
M.R = 20 and n = 3, we can achieve a suppression factor
k ~ 107*. Such a suppression factor in the extra dimension
is comparable to the case where the selection rules due to
discrete R symmetries respect the baryon number con-
servation in the leading order terms [19].

The above superpotential in Eq. (107) gives rise to the
effective dimension-five interactions relevant for the proton
decay between a pair of SM fermions and a pair of scalar
superpartners in components,

K ) o N . N
Lim-5 = —mfu,-fd,VLguﬂi [(widip) (g 1) + (ipdi) (upr 8pr) — (wipdip) (di))
- (uiLaiL)(del) - (uiLaiL)(ale) - (ﬁiLdiL)(ale) - (ﬁiLaiL)(dkyl)]

K~k

K
_M—f el ?ifq kl[(queRukR
Hc

dip) + (ﬁ?Ré?Rqud?R)]'

(108)

Thus, one-loop corrections with squarks and/or sleptons give rise to the proton decay mode, p — K7, as shown in Fig. 5.
Therefore, the resultant lifetime of the proton depends on squark and slepton masses as well as chargino masses.

B. Proton decays with split sparticle masses

Taking into account one-loop diagrams in Fig. 5, we get the effective dimension-six operators for proton decay,

p— K+17j, with j = 2, 3, as follows [16]:

L gim —
dim =6 = My, mWs1n2ﬁ

+ Y 2F(M,,

|: Z 2F Mz, d , ﬁi )ﬁzu[ﬁid_/V dVHVud e""” EQ’A)((MLdL)(VLjSL) + (uLsL)<ULjdL))

2 2 (L)) = = i
mﬁ[LaméjL)AR mltmdjvuisvuidje(ﬂl(uLdL)(DLjSL)

ij=2,3
m2m,V;, e 5
7F(/"H’m m )AR (deuths(uRdR)(V sp) + gV Via(ugsg) (v, dL)) (109)
m?, sin 23
where F(x,y,z) is the loop function, given by
F(x, v, 22) a { 2ln< 2) + 2ln<y2> + 2 21n< 2)} (110)
X, y°,27) = z 7°X ,
g ) - D) -2 ) ez »?

075035-15



SEONG-SIK KIM, HYUN MIN LEE, and SUNG-BO SIM

PHYS. REV. D 109, 075035 (2024)

el e
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e
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FIG. 5. Feynman diagrams with dimension-five operators for
proton decay mode, p — K.

A%’j ), Ay are the renormalization factors, and 7, , im,, are

the running quark masses defined in the DR scheme at the

scale of u = 2 GeV [16]. Here, the ﬂavor—diagonal squark
2 2 2

and slepton masses correspond to m~ =my ,m; = mg
and m%R = mﬁk for the first two generation spartlcles, and
the electroweak symmetry leads to mj =mZ and
m% = m3 . However, we do not have to set m; =m3,

for satlsfymg the bounds on FCNC:s.

The slepton loops with charginos in the second line in
Eq. (109) are suppressed by the up-quark mass 7, so they
are negligible even if m%jL < mj is taken in the loop
function. On the other hand, the stop and stau loops with
Higgsinos in Eq. (109) give rise to the dominant contri-
bution to proton decay, so we can find a correlation of the
muon g — 2 with the proton decay only if smuon and stau

tanB=30, yy=1200GeV, m,=250GeV
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FIG. 6. Left: proton lifetime in years as a function of the squark mass, mj,
dashed lines, respectively. We chose tan # = 30 in common, py = 1200, m;,

on the right.

masses are related. As discussed in the previous section, in
the general gauge mediation, we can take the squark masses
to be generation independent and sufficiently large while
keeping the slepton masses flavor universal and light. Then,
for smuon and stau of comparable masses, we can correlate
between the muon g — 2 with smuon loops and the proton
decay with stau loops.

We remark that, for the degenerate scalar superpartner
masses in loops, the loop function in Eq. (110) becomes

1 X2 y2
Floyy) = xL2 - (- x2)2ln (x_z)] ()

recovering the results in Refs. [16,17].

As a result, the first two terms in Eq. (109) are sup-
pressed by either light quark masses or small CKM mixing
angles, as compared to the third term in Eq. (109). Then, for
lun| 2 My and mg, ,mg ,mz, > mg, ,mg, My, |puy|, the
loop function in the first term in Eq. (109) is parametrically
smaller than the one in the third term in Eq. (109), so we
can estimate the proton lifetime from Higgsino loops as

1) 2
7(p » K*D) ~4 x 10% yr x sin‘Qﬁ(i:)
R

RF (g ms  mZ )7\ My Jx \?
X - .
107 Tev 10 GeV

(112)

In comparison, we note that the current experimental limits
are given by 7(p — K*0) > 6.6 x 10°* yr [18].

In Fig. 6, we obtain the proton lifetime as a function of
the squark mass m;  for varying the y-term and stau mass

tanfB=30, yy=3200GeV, my=400GeV
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. in units of GeV. We took x = 1, 1072 in blue solid and
= 250 GeV on the left and py = 3200, m;, = 400 GeV
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FIG. 7. Parameter space for the scale of general gauge mediation A; and the suppression factor for the colored Higgsino Yukawa
couplings k. The gray region is excluded by the bound on the proton lifetime for p — K. We showed the contours of the slepton mass
mg, = 200,500, 1000 GeV in orange dashed, dotted, and dot-dashed lines, respectively. We took tanf = 30 in common, and
uy = 1200 GeV, N, =7, N3 = 0.4 on the left and py = 3200 GeV, N, = 20, N3 = 1.5 on the right.

to puy = 1200, m;, = 250 GeV on the left and uy = 3200,
mg, = 400 GeV on the right. We also varied the suppression
factor to xk = 1,1072 in blue solid and dashed lines,
respectively. The black dotted line corresponds to the current
limit on the proton decay mode, p — K. Here, since we
assume that squark and slepton masses are generation

tanB=30, yy=3M,
M1=M,/2=400GeV
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FIG. 8.

independent up to electroweak corrections, we do not
distinguish flavors for squark and slepton masses.

We now make a direct connection of the proton lifetime
to the parameters in general gauge mediation. In Fig. 7, we
depict the parameter space for the scale of general gauge
mediation A; and the suppression factor x, which is

tanB=30, uy=8M,
M1=M,/2=400GeV

3.0 T T
2.5F
2.0
Tp=Tp Jimit: k=6x10"*
=15 - -
Aay: 1o
1.0F
| Aa,,: 20 Tp=Tplimit: K=1 O_3
0.5¢
Eeliics2010°°

5 10 15 20
N>

Parameter space for N, and N3, explaining the muon g — 2 and satisfying the bound on the proton lifetime for p — K. We

showed the parameter space saturating the bound on the proton lifetime for the suppression factor, x = 6 x 107#,1073,2 x 1073 in
dashed, dotted, and dot-dashed lines, respectively. We took tan f = 30, M| = M, /2 = 400 GeV for both plots, and yuy = 3M, on the
left and uy = 8M on the right. The color codes for yellow and green regions are the same as in Fig. 3 or 4.
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excluded by the current bound on the proton lifetime. We
took tanf =30 for both plots and uyz = 1200 GeV,
N, =7, N3 =04 (model I in Table 1) on the left and
ug = 3200 GeV, N, = 20, N3 = 1.5 (model IT in Table I)
on the right. Orange dashed, dotted, and dot-dashed lines
correspond to the stau masses, ms, = 200,500,1000 GeV,
respectively. In both cases, for squark masses of order
3—7 TeV in the benchmark models, we need a suppression
factor k ~ 1074-1073 to satisfy the bound on the proton
lifetime and the slepton masses of order 100 GeV
required for the muon g—2 anomaly. Therefore, the
low-energy spectrum with split sparticles obtained in
general gauge mediation is consistent with the muon
g — 2 anomaly and the strong bounds from the LHC, but it
hints at a new mechanism beyond the minimal SU(5)
GUTs for suppressing the Yukawa couplings of colored
Higgsinos sufficiently for proton stability.

In Fig. 8, in order to make the correlation between the
muon g — 2 and the proton lifetime more explicit, in the
parameter space for N, and N3, namely, the effective
number of doublet and triplet messenger fields in general
gauge mediation, we show the region where the muon g — 2
is explained as in Figs. 3 and 4 and overlay the contours
for saturating with the bound on the proton lifetime for
p — KT, for the suppression factor x=6x107%,1073,
2% 1073 in dashed, dotted, and dot-dashed lines, respec-
tively. The regions below the dashed, dotted, and dot-
dashed lines are consistent with the bound on the proton
lifetime. On the other hand, the muon g—2 can be
explained in yellow and green regions at the 1o and 20
levels, respectively. We took tanf =30, M, = M,/2 =
400 GeV for both plots, and puy = 3M; on the left and
1y = 8M on the right. We find that, as far as k S 1073, the
muon g—2 can be readily explained within 1o, being
consistent with the bound on the proton lifetime. For a
larger uy as in the right plot of Fig. 8, we can accommodate
larger slepton masses to explain the muon g — 2, namely,
a smaller N3, so the bound on the proton lifetime can be
satisfied for a larger «.

VII. CONCLUSIONS

We considered the interplay of the muon g — 2 anomaly
and the proton decay in the SUSY SU(5) GUTs with
generation-independent scalar soft masses at the messenger
scale. In particular, in the scenarios of general gauge
mediation with 5+ 5 messenger fields, the messenger
sector with doublet-triplet splitting transmits SUSY break-
ing to the visible sector such that squark and slepton masses
are generation independent but split already at the mes-
senger scale. Thus, taking into account the perturbative
unification of gauge couplings as well as the bounds from
electroweak precision and vacuum stability bounds, we
showed the parameter space in general gauge mediation to
explain the muon g — 2 anomaly with smuon and sneutrino

loops while evading the strong bounds on squarks and
gluinos from the LHC.

From the relation between the gluino and bino masses
Mz ~6M,, which is the same as in the constrained
MSSM model, we chose the bino mass M; to about
400 GeV to satisfy the LHC bounds on the gluino masses.
In this case, we found that the lighter smuon is lighter
than the lightest neutralino in the parameter space
explaining the muon g — 2 anomaly within 1o, but the
lightest neutralino can be also the LSP at the 2¢ level for
the muon g—2. It is typical that the gravitino can be
lighter than the LSP in the MSSM in gauge mediation due
to the messenger scale being smaller than the Planck
scale. Thus, the gravitino can be a dark matter candidate
whereas the LSP in MSSM is long-lived, decaying into
the gravitino and an SM particle. Depending on whether
the LSP in the MSSM decays within the detector or not,
the long-lived particle searches of displaced vertices or
the standard SUSY searches with missing transverse
momentum are applicable.

In benchmark models with hierarchical effective num-
bers of colored and noncolored messenger fields, we
showed that the muon g —2 anomaly can be explained
while the direct bounds for superparticles at the LHC are
satisfied. We obtained the dominant Higgsino contributions
to the proton decay, p — K*o, with general generation-
independent sparticle masses for squarks and sleptons
appearing in loops. However, we showed that the scalar
soft masses obtained in our model are not split enough,
so we need an extra suppression factor for the Yukawa
couplings of the colored Higgsinos for the proton stability,
such as the Dirichlet boundary conditions on the colored
Higgsinos in the extra dimension on orbifolds. We showed
that the dimensionless suppression factor of order
1074-1073 is sufficient to reconcile the slepton masses
of a few 100 GeV needed for the muon g — 2 anomaly with
the unification.
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APPENDIX A: NEUTRALINO AND
CHARGINO MIXINGS

Keeping the corrections from the electroweak symmetry
breaking, we get the components of the neutralino mixing
matrix in Eq. (8) approximately as

Nll == 1,

N =0, (A1)
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(M, cosﬂ + K Sinf)mysy

Ny = Mz ’ (A2)
M si
N14=—( ISIH:B';':“HAC/[(;Sﬂ>mZSW7 (A3)
— M
NZl :O, N22 == 1, (A4)
M .
N23:—< zcosﬁi‘ﬂﬂ;llznﬂ)mzcw, (AS)
— My
M
N24—( 251nﬁ+/4HC025ﬂ)mZCW’ (A6)
M3
1 myzSw .
N3y = ——=—"—"—(cos f +sinf), A7
0= L (a)
1 m2CW .
N3y = ——=—"—(cosff + sinf), A8
32 \/E,UH_MQ( ﬁ ﬂ) ( )
1
Ny3 = =Ny = —, A9
33 34 NG (A9)
and
1 mzs‘/v .
Ny =——"—"—(cosff —sinf), A10
0= e eosp=sing), (10
1 myzCy .
Ny = ——=—"—(cosf} —sin ff), All
o=t . (Al
Ny =N, —1 (A12)
43 = 44—\/5-

Similarly, we also obtain the components of the chargino
mixing matrices in Eq. (13) approximately as

Un=Urn=1 (A13)
V2my (Mycosf+ py sin g
Upip =0z =202 — L
2
and
Upii = Urn =1, (A15)
V2my (M, sinfi+ py cosfp
Urin==Ura1=- w(M> Y 2 ) (A16)
2

APPENDIX B: EFFECTIVE INTERACTIONS
FOR SLEPTONS

Keeping the corrections from the electroweak symmetry
breaking to the neutralino and chargino mass matrices, we

get the approximate effective couplings for the sleptons in
Eq. (87) explicitly as

(Mycpg+pgsg)mzsy

Bfﬁlzcos9ﬁ+\/_glfﬂ31 no; - o ., (Bl
i (Mycp+ppsg)mzsy
B}, ~sing; + \/—/fﬂcose e . (B2)
(Mycp+ psp)mzcy
Bé.lﬁ—\/—/fﬂsme . Y ., (B3)
Hy — Mj
(Mlc/s + ppsg)mzcy
B, ~———f cosb; ., (B4)
e g Wiy = M3
mzSw
B, ~— f,sin0; cp+sp)cosb;, (BS
3.1 g'” AT \/_ﬂH (ﬁ 5) (B5)
mzSw .
Bg,z— fyCOSHu \/_MH (c/;+s,;) smeﬁ, (B6)
~— f,sin — c cos 6,
4,1 2g/ Y2 \/—” +M1 s ﬂ i
BE ! €080 + — L _mzsw ( )sin@;, (B8)
== cp— S .
4.2 29’ V/_ﬂ + M, BT P i
and
1 1 (Mcp+ ppgsg)mysy
Bf, :ESIUQp—\/_Tg,f,,coseﬁ' e ,
(B9)
1 1 M +
Bf) > —-c0860; ——= f,sin6; - (M <y . ”Hsﬂz)mzsw’
’ 2 \/Eg/ H_M1
(B10)
R
By, 2 5 sin 0; cot Oy
1 Mscp + pySg)myc
+—f,,cose,~,-( 2% ~ Pa ”2) 2V (B11)
V[Zgl My — M5
R 1
3272:—§cos«9ﬁcot9w
1 Mycp +
ER— sineﬁ-( 2% stﬂZ)chW’ (B12)
V2g - M2
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1
BY | ~ _Z_g’f” cos 0;

[ MmgzSw mzc%v/sw)
———sinf;(cz; + s < - ,
22 (ot 5p) pg— M, g — M,
(B13)

1
_fll sin 9,-,

29’

1 mySy mzc%V/sW>

+——=cos0;(cs + s - R
2V/2 (s ﬁ)<ﬂH_Ml ug — M,

(B14)

R ~ _
B3, ~

1
Bf| ~——f,cos6;

2¢
[ mzSw mzc%v/sw)
+——=sinf;(c; — s ( - ,
22 (=) p+ M, pg+ M,
(B15)
R 1 .
B4‘2z—gfﬂsm6ﬁ

1 mzSwy mZC%V/SW>
———cosb;(cs— s — .
2V/2 s ﬁ)<ﬂH+M1 Uu + M,
(B16)
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