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Abstract We consider proton decay and g, — 2 in flipped
SU(5) GUT models. We first study scenarios in which the
soft supersymmetry-breaking parameters are constrained to
be universal at some high scale M;, above the standard GUT
scale where the QCD and electroweak SU(2) couplings unify.
In this case the proton lifetime is typically > 103¢ years, too
long to be detected in the foreseeable future, and the super-
symmetric contribution to g, — 2 is too small to contribute
significantly to resolving the discrepancy between the exper-
imental measurement and data-driven calculations within
the Standard Model. However, we identify a region of the
constrained flipped SU(S) parameter space with large cou-
plings between the 10- and 5-dimensional GUT Higgs rep-
resentations where p — et 7% decay may be detectable in
the Hyper-Kamiokande experiment now under construction,
though the contribution to g, — 2 is still small. A substantial
contribution to g, — 2 is possible, however, if the universal-
ity constraints on the soft supersymmetry-breaking masses
are relaxed. We find a ‘quadrifecta’ region where observable
proton decay co-exists with a (partial) supersymmetric res-
olution of the g, — 2 discrepancy and acceptable values of
my, and the relic LSP density.

1 Introduction

The flipped SU(5) Grand Unified Theory (GUT) was first
proposed in [1,2], as a possible intermediate gauge group
obtained from the breaking of an underlying SO(10) GUT
group. Flipped SU(5) was subsequently investigated in [3]
as a GUT group in its own right, independently of a pos-
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sible SO(10) parent group. Gauge coupling unification and
the predictions for sin? Ay in flipped SU(5) models with and
without supersymmetry were also studied in [3]. The super-
symmetric version of flipped SU(5) was subsequently advo-
cated in [4] on several grounds. One was that breaking the
initial GUT symmetry down to the Standard Model (SM)
SU(3)xSU(2)x U(1) gauge group via 10 and 10 Higgs repre-
sentations led to suppression of proton decay via dimension-
5 operators thanks to an economical missing-partner mecha-
nism. It was also argued that flipped SU(5) would fit naturally
into string theory, as weakly-coupled string models could not
accommodate the adjoint and larger Higgs representations
required to break other GUT groups such as SU(5), SO(10)
and Eg, but could accommodate the 10 and 10 of flipped
SU(5). Indeed, variants of flipped SU(5) were subsequently
derived in the fermionic formulation of weakly-coupled het-
erotic string theory [5-8].

Following the formulation of flipped SU(5) and its deriva-
tion from string theory, there have been many phenomenolog-
ical studies of the model. These have included such particle-
physics topics as proton decay [9-11] and neutrino masses
and mixing [12-15], as well as cosmological issues such
as dark matter [16,17], baryogenesis, inflation and entropy
generation [13—15, 18-22]. The upshot of these studies is that
flipped SU(5) can provide a complete framework for particle
physics and cosmology below the Planck scale. An additional
topic of current interest in flipped SU(5) is the muon anoma-
lous magnetic moment, g, — 2. It has been shown recently
that the discrepancy between the experimental measurement
[23,24] and the data-driven theoretical calculation within
the SM [25-33] can be partially resolved within a minimal
flipped SU(5) model [34] (where many relevant references
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can be found), and that the discrepancy with the experimental
measurement is completely resolved if the lattice SM calcu-
lation [35] is adopted. The discrepancy is also completely
resolved within non-minimal flipped SU(5) models [8,36]
even if the data-driven SM calculation [25-33] is adopted.

Motivated by this encouraging backdrop, in this paper we
pursue further studies of proton decay in supersymmetric
flipped SU(5), which we link to an investigation of the muon
anomalous magnetic moment, g, — 2. It was pointed out in
the initial paper on the non-supersymmetric version of flipped
SU(5) [1,2] that it predicted the same proton decay modes
as conventional SU(5), but with characteristic differences in
the branching fractions (see also [9]). As already mentioned,
dimension-5 contributions to proton decay are suppressed
in supersymmetric flipped SU(5), so the dimension-6 modes
suchas p — e are expected to dominate proton decays in
this model. A new generation of underground detectors with
increased sensitivities to this and other proton decay modes
are now under construction, led by Hyper-Kamiokande [37],
soitis interesting to evaluate accurately the expected rates for
p — e 70 and other proton decays. In this paper we address
two important aspects of such calculations, namely the appro-
priate matching conditions at the GUT scale (see [17] for
an earlier study), and the uncertainties associated with SM
input parameters and calculations of hadronic matrix ele-
ments [38], which had been examined previously in the con-
text of conventional SU(5) in [39].

The outline of this paper is as follows. In Sect. 2 we recall
briefly the salient features of the minimal supersymmetric
flipped SU(5) model. Then, in Sect. 3 we discuss the GUT-
scale matching conditions for the gauge couplings, Yukawa
couplings and soft supersymmetry-breaking parameters of
the model, assuming that these are initially specified at some
input scale, M;,, above the scale where the SU(3) and SU(2)
couplings of the SM are unified. Section 4 presents the for-
mulae for the expressions relevant to the calculations of the
proton decay rates, including their uncertainties, and Sect. 5
presents our results.

In the first version of the model that we study, in Sect. 5.1,
the values of the soft supersymmetry-breaking parameters
used as inputs at the input scale M;, > Mgyt are con-
strained to be universal [17,39-48]. Universal boundary con-
ditions arise in minimal models of supergravity [49,50],
though a more general Kéhler structure could lead to non-
universalities. However, here we wish to compare the effects
derived from flipped SU(S) directly with previously stud-
ied models such as the constrained minimal supersymmetric
standard model or models based on SU(5) that satisfy univer-
sality conditions. In this case we find that the proton lifetime
is generally beyond the reach of the next generation of exper-
iments. However, the decay p — e*7” may be accessible
if the couplings A4 5 between the GUT Higgs fields in the
10 and 10 representations and the SM Higgs fields in the 5
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and 5 representations are both relatively large, Ag5 ~ 0.5.
However, even in this case the supersymmetric contribution
to g, — 2 is far smaller than the discrepancy between the
experimental value and that from data-driven or lattice the-
oretical calculations in the SM [34]. We therefore discuss in
Sect. 5.2 the possibilities for the combination of detectable
proton decay and a substantial contribution to g, — 2 in
flipped SU(5) with non-universal input soft supersymmetry-
breaking parameters. We find that the p — et 7" decay rate
is quite insensitive to the degree of non-universality, whereas
this can allow a much larger contribution to g, — 2, as illus-
trated previously in [34]. We exhibit ‘quadrifecta’ domains of
the multi-dimensional unconstrained flipped SU(5) parame-
ter space where observable proton decay can co-exist with a
(partial) supersymmetric resolution of the g,, —2 discrepancy,
while the calculated value of my, is compatible with experi-
ment within conservative calculational uncertainties and the
relic LSP density is similar to the observed value.
Finally, Sect. 6 summarizes our conclusions.

2 The model

The model we consider is the minimal supersymmetric
flipped SU(S)(FSU(5)) GUT with the gauge symmetry
SUGB)xU()x [1-8,13-15,17,34], where U(1)y is an ‘exter-
nal” Abelian gauge factor. Here, we review only the essential
components of the model. The model contains three genera-
tions of minimal supersymmetric Standard Model (MSSM)
matter fields, together with three right-handed neutrino chiral
superfields. These are embedded into 10, 5 and 1 represen-
tations, which are denoted by F;, f, and El?, respectively,
with i = 1, 2, 3 the generation index. The SU(5) and U(1)x
charges of the matter sector of the theory are

fi5.=3) ={Uf. L; (WU}
F10,1) = {01, VRN 5, Wiy 5]
1£(1,5) = (Upe);; ES. )

A characteristic feature of the FSU(5) GUT is that the assign-
ments of the quantum numbers for right-handed leptons and
the right-handed up- and down-type quarks are “flipped” with
respect to their assignments in standard SU(5). In Eq. (1),
the Vi]C.K M are the Cabibbo—Kobayashi—-Maskawa (CKM)
matrix elements, Uyc, U;, and Ujc are unitary matrices, and
the phase factors ¢; satisfy the condition Zi ¢ = 0/[12].
The components of the doublet fields Q; and L; are written
as

o ui ~_ ((Upmns)ijv;
Q'_(Vijdj>’ L'_< e />’ @
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where Upmns is the Pontecorvo-Maki—Nakagawa-Sakata
(PMNS) matrix.'

The FSU(5) theory must be broken to the SM gauge sym-
metry. This is accomplished by including a pair of 10 and 10
Higgs fields, H and H , respectively, with the decompositions

H(10,1) ={Qn, D§;. N},
H(10,-1) = {0nu, D§;. Nj;} . 3)

We note that the phase transition associated with this sym-
metry breaking was discussed in detail in [13,14,18-20].
We recall also that the supersymmetric SM Higgs bosons are
embedded in a pair of 5 and 5 Higgs multiplets, ~# and #,
respectively, with the decompositions

h(5,-2) = {Hc, Hq},  h(5,2) = {H., H.}. (4)
In addition, the theory has three (or more) SU(5) singlets ¢,
that generate the masses of the right-handed neutrinos.

The superpotential for this theory is

W =] Fi Fih+35 F; fih+33 fitSh + aaHHh + asHHR
+ A Fi Ha + A5hhga + 287 badvope + 15 ¢ap, (5

where the indices i, j run over the three fermion families,
the indices a, b, ¢ have ranges > 3, and for simplicity we
have suppressed gauge group indices. We note that we have
imposed a Z; symmetry H — —H to prevent the Higgs
colour triplets or elements of the Higgs decuplets from mix-
ing with SM fields. This symmetry also suppresses the super-
symmetric mass term for H and H, and thus suppresses
dimension-five proton decay operators. The first three terms
of the superpotential (5) provide the SM Yukawa couplings,
and the fourth and fifth terms in (5) account for the splitting
of the triplet and doublet masses in the Higgs 5-plets. The
masses of the color triplets are

My, =4rV Mﬁc =4A5V, (6)
where V is the common vacuum expectation value (vev) of
the H and H fields that break FSU(5), with V = (N§,) =
(]\_lfi ). The sixth term in (5) accounts for neutrino masses, and
the seventh term plays the role of the u-term of the MSSM.
The last two terms may play roles in cosmological inflation,
along with Ag, and also play roles in neutrino masses. GUT
symmetry breaking, inflation, leptogenesis, and the genera-
tion of neutrino masses in this model have been discussed
recently in [13-15,21,22], and are reviewed in [52].

I We define the PMNS matrix as in the Review of Particle Physics
(RPP) [51], and note that Upmns = Uyjyg in the notation of Ref. [12].

3 Matching conditions

As a preliminary to giving the gauge coupling matching con-
ditions, we first specify the masses of the fields that get
masses from the breaking of the unified gauge symmetries.
After the symmetry breaks, just as in the minimal SU(5)
case, the heavy X, X gauge bosons of the SU(5) symmetry
will mediate proton decay. We recall that the conventional
SM hypercharge is a linear combination of the U(1)y gauge
symmetry and the diagonal U(1) subgroup of SU(5):

r_ol, o \/§ 0 -
where the Oy charge is in units of 7% and

Y /3d. r11 1 1 ®)
=,/ =di - =, =, —=,—= ).
24 5 ag 393731 25 2

The gauge bosons that acquire masses from the break-
ing of SU(5) x U(l) — SU@B) x SUR2) x U(1) are
X(3,2)1/3, X(3,2) 13 and a singlet V| with masses

1/2
My=gsv My =2 (2g+1g /V 9
X =8 n=ya s tassx) Vo @

where g5 and gy are the SU(5) and U(1)y gauge coupling
constants, respectively, and V' is the (common) vev of the 10
and 10 Higgs fields.

The gauge coupling matching conditions are

1 11 24 1 1 4 Mgur
— = E_Z-'_E_Z-’_W gln —_—
8] 85 8y T /MHCMHC
2 M
_Zqn |G (10)
5 My
1 1 6 M
—22—2——2111[ GUT], (11)
g 85 8 Mx
1 1 1 M M
— = —2+—2 21In # —4]n[ GUT}
83 85 87 /MHCMHC Mx

(12)

with Mgyr taken to be the renormalization scale where
g2 = g3. Using this scale simplifies the analysis of the gauge
matching conditions. Combining Egs. (11) and (12), we find

2
1 1
szyu—exp|:47r2 <—2——2>:|, (13)
[Mu:-Mg,. 8 83
where u is arenormalization scale that we can choose equal to

Mgy, in which case the matching at the scale go(Mgyr) =
g3(Mgyr) would cause the exponent to disappear, yield-

ing the rather simple relationship My = u?/. /M HeMp,..
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In our numerical calculations we match at a scale close to
Mgy, in which case the exponent has a small effect on this
relationship. Keeping the exponential correction, we use the
expression in Eq. (11) and (13) to obtain

31 11 3
- 87‘[_2 ln(4\/ )\.4)\.5) =0.

1 3
5+ oy In(gs) = 2 5
5 23 28

(14)

gz 8n?

We then solve this equation numerically for g5, which can
then be used in Eq. (13) to obtain the vev:

% i a2 (L
=——exp|2n° |5 -] |.
2(A4A5)1/4g51/2 & &

Once we have the vev and g5, we can obtain My from Eq. (9).
In general, the loop corrections used in the matching condi-
tions are important when the scale M;,, at which universality
is imposed on the soft supersymmetry-breaking parameters
is > Mgyr.

The SM Yukawa couplings are also matched at Mgy, to
A12,3 [17,34]:

he = hy, = A2/V2,

15)

hp = 44X, hy = A3. (16)

Unlike minimal SU(S), the neutrino Yukawa couplings are
naturally fixed to be equal to the up-quark Yukawa cou-
plings.? This is a consequence of the flipping that puts the
right-handed neutrinos into decuplets in FSU(S), instead of
being singlets as in minimal SU(5), where their Yukawa cou-
plings would be viewed as independent parameters.

The supersymmetric FSU(5) GUT model is specified by
the following GUT-scale parameters. There are two indepen-
dent soft supersymmetry-breaking gaugino masses, namely
a common mass M5 for the SU(5) gauginos g, W and f?,
and another mass My for the ‘external’ gaugino BX that is
independent a priori. There are also three independent soft
supersymmetry-breaking scalar masses that we assume to be
generation-independent, namely m1¢ for the sfermions in the
10 representations of SU(5), mz for the sfermions in the grep-
resentations of SU(S), and m for the right-handed sleptons
in the SU(5)-singlet representations. We assume for simplic-
ity that the trilinear soft supersymmetry-breaking parameters
Ag are universal.

We assume initially that the gaugino and scalar masses
and trilinear parameters are universal at M;,, [17,21,22],1.e.,
we take Ms = Mx1 = myp and myg = mz = m; =
mq at M;,. In general, as in the NUHM2 [53,54], one may
assume independent soft supersymmetry-breaking for the 5
and 5 Higgs representations, m H; ,- However, we begin by
assuming that these are also universal so that mpy, = mp, =
mig = mz = mj. We treat the ratio of SM Higgs vevs,

2 See [13,14,21,22] for a discussion of inflation, supercosmology and
neutrino masses in no-scale FSU(5).
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tan B, as a free parameter. Finally, we assume that the Higgs
mixing parameter © > 0, so as to obtain a supersymmetric
contribution to g, — 2 with the same sign as the discrepancy
between the experimental measurement and the data-driven
theoretical value in the SM.

The matching conditions for the the soft supersymmetry-
breaking gaugino mass terms at Mgy are

1 gf 24 g%
Mi=a5 gt tas 2 Mo
85 8x
_ 82 2 aat ag) (17)
l6r2 |5~ 5 AT
2 2
8 8
My = g—iMs =~ Teaz l6Ms], (18)
5
2 2
8 8
M3 = 23 Ms — —>= [4Ms — (A4 + As)], (19)
g5 167

where A4 and As are the trilinear A-terms associated with
the superpotential couplings A4 and A5, respectively.

We note that there are additional 1-loop contributions to
the gaugino masses that could in principle be as large as the
those included in Egs. (17-19). These are proportional to the
soft mass term along the flat direction (& = (Ny;) = (]\_J;'I))
that breaks the FSU(5) gauge symmetry. For example, M»
includes an additional term, +(g% / 16n2)[6mq> / \/ﬁ] on the
right-hand side of Eq. (18), and there are similar contributions
for Mj 3. As described in detail in [13,14], this flat direc-
tion is lifted by a non-renormalizable superpotential term
of the form A(HI:I)”/M%"_3 with n > 4 to obtain a suf-
ficiently large vev, where Mp is the reduced Planck mass,
M%, = 1/8m G . We expect the soft mass for @ to be of the
same order as the other soft mass parameters, in which case
the late decay of the flat direction releases entropy leading to
a dilution factor of order A = 10* (me/10 TeV), and a tem-
perature (after decay) of about 1 MeV Al.z (me/10 TeV)/2.
Lowering m¢ would require some Yukawa coupling (e.g.,
A7) to be increased to maintain a temperature = 1 MeV, and
would decrease A and the contribution to the gaugino masses.
However, due to the model dependence of m¢, we do not
include this contribution in Egs. (17-19).

The scalar soft masses are matched using [17,34]:

2 2 2 2
2 2 2 2
mHu - mhz’ de - mhl (20)

The trilinear terms are initially set to be universal at M;,
with A; = Ay, corresponding to the Yukawa couplings A;
fori = 1 — 5. Each A; is run down to the GUT scale and
matched using

Ay =A,= A, Ap=Ay,

A = As. 21)
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Finally, the magnitude of the MSSM pi-term and the bilinear
soft supersymmetry-breaking B-term are determined at the
electroweak scale by the minimization of the Higgs poten-
tial. This also determines the pseudoscalar Higgs mass, M4,
which we use as an input in FeynHiggs 2.18.10 [55-
58] to determine the masses of the remaining physical Higgs
degrees of freedom.’

Our constrained FSU(5) model is therefore specified by
the following set of parameters:

my, mo, Ao, tan B, My, A4, As, Ae. (22)

Later, in Sect. 5.2, we generalize the model to allow M5 #
My, as well as allowing the soft masses m g, , mp,, mio, ms,
and m to differ from each other. The relevant RGEs for
flipped SU(5) were given in [17]. In principle, it is also nec-
essary to specify the mass of the heaviest left-handed neu-
trino, m,,, which we take to be 0.05 eV. This and A¢ fix the
right-handed neutrino mass and j,. However, our results are
quite insensitive to this choice.

4 Proton decay and error estimates
4.1 Proton lifetime

Proton decay in FSU(5) was discussed in detail in [9], and
we quote here only the essential results from that work.
Thanks to the suppression of dimension-5 operators by the
FSU(5) missing-partner mechanism, the main contribution
to nucleon decay is due to the exchanges of SU(5) gauge
bosons.* The relevant gauge interaction terms are

Koange = ﬁgS(_eaﬁ(U;)TXgUlTLﬁ
+ EabC(Qaa)TXgVCKMPTDC
c
+eap(N)'U X2 0% +he), (23)

where the X7 are the SU(5) gauge vector superfields, P;; =
%8, a, p are SU(2), indices, and a, b, ¢ are SUQ3)¢
indices. The relevant effective operator in FSU(5) below the
electroweak scale is’

L(p — 7°1]) = Cro(uduly) [eane Wpdp) Wil )], (24)

3 Equivalently, as in [53,54], one can treat ;« and M4 as input parame-
ters and use the minimization conditions to solve for the two Higgs soft
masses.

4 The contribution of the color-triplet Higgs multiplets to the
dimension-6 operators is negligible unless their masses are <
O(10'3) GeV [64].

5 The operator (1 dyp)(uglg;) is not induced in FSU(S).

where the Wilson coefficient can be written as
g3 ;
Cre(udut;) = M—-‘;(U,)HVSKM*e’W, (25)
X

evaluated at the weak scale.
The partial proton decay widths to Z;rno can be expressed
as follows in terms of these coefficients at the hadronic scale:

0y_ ™Mp mz '\ 0,2
C(p— &) = E(l‘m_g) AL(p = 67,
p

(26)
where
Ar(p — 6 7°%) = Crp(udut)(n°|(ud)gurp),  27)

and we use the following determinations of the matrix ele-
ments by lattice calculations [38]:

(7% (ud) gur|p)e = —0.131(4)(13),
(n0|(ud)RuL|p)ﬂ = —0.118(3)(12). (28)

For proton decays with a final-state lepton ¢; ({1 = e, £, =
), we have

g3mp|Vua?1 (Ui |2
327 My

I'(p — Z,'jLT[O)ﬂipped =

m2 2 2
x (1 - m—g) A7 A3, (<ﬂ0|(ud)R”L|P>£i> . (29)
p

where m ;, and m denote the proton and pion masses, respec-
tively, and the subscript on the hadronic matrix element indi-
cates thatitis evaluated at the corresponding lepton kinematic
point. The renormalization factor between the GUT scale and
the electroweak scale is [65,66]

€1

Ae = [WS(MSUSY)]g[WZ(MSUSY)}; |:011(MSUSY)i|18
N

a3(LGur) az(UGuT) a1 (1UGur)
X[ a3(mz) ]%[ ar(mz) ]gg[ ai(mz) }_‘1‘5
a3 (susy) az(susy) ay(ususy) '
(30)

where mz, (tsusy, and ugut denote the Z-boson mass, the
SUSY scale and the GUT scale, respectively, and oy =
gi/(4n) with g4 (A = 1,2,3) the gauge coupling con-
stants of the SM gauge groups. Below the electroweak scale,
we take into account the perturbative QCD renormalization
factor, which was computed in Ref. [67] at the two-loop level
tobe Ay = 1.247.

@ Springer
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Using Eq. (29), we can readily compute the partial lifetime
of the p — ¢*t7% mode as [9]:

t(p — e 1) pipped = 7.9 x 10%

My \*/0.0378)\?
1016 GeV o years. 3

X I(Uz)11|2(

A similar expression can be obtained for the partial lifetime
of the p — ut 7% mode:

t(p — 1) pipped = 9.7 x 10%

My \*/0.0378)\2
1016 GV o years. (32)

X |(U1)21|_2<

As seen in the above expressions, the proton decay rates
depend on the unitary matrix U; associated with the embed-
ding of the left-handed lepton fields into the 5 fields (see
Eq. (1)). As discussed in Ref. [9], for a light neutrino mass
matrix that has a hierarchical structure that is either normally
ordered (NO) or inversely ordered (10), the relevant matrix
elements of U; may be approximated by

(Upvine) 11 = Cl2C (NO)

Uy = PINSTHE RO : (33)
(UPMNS)13 = s13€ 2 (10)
(Une)21 = —S12¢23 — crassize 0 (NO)

Up)a) ~ I:MNS 21 12 2371.5 12523513 (34
(Upping)23 = $23c12e™ ' 2 (I0)

where ¢;; = cos6;; and s;; = sin 6;; are the mixing angles, &
is the Dirac phase, and «3 is a Majorana phase in the PMNS
matrix. We use these relations in the following calculation,
in which case the ratio of the u+7° and e 7 ¥ partial decay
widths is predicted to be

0.10 (NO)
229 (10)

C(p — ,u+770)ﬂipped -
L'(p —> e+n0)ﬂipped

(35)

Both of these values are much larger than the prediction in
conventional supersymmetric SU(5), which is ~ 0.008. The
rate for p — uT7¥ in the IO scenario is expected to be
similar to that for p — et7Y in the NO scenario, and the
sensitivity of Hyper-Kamiokande to the x* 7° final state is
expected to be similar to that to the et 70 final state [37].

4.2 Error estimates

We provide in this section a brief derivation of the estimates
of dominant errors in the proton lifetime. We look at two
contributions to these error estimates, namely the effect of
the uncertainty in g3 on the mass of My and the effects of
the uncertainties in the matrix elements. To determine the

@ Springer

effect of g3, we look at the dependence of

12
85/ Mgur
2(hgns) /4

1 1
2m? - 36
eXP|: " <g%(MGUT) g;‘,(MGUT)>] (36)

on g3, ignoring the g3 dependence of g5. We have checked
numerically that this can safely be ignored. Since (36) is
determined at the scale Mgy, the scale at which g3 and g;
unify, the variation of the exponential due to the error in g3
has no effect. This means that the leading-order dependence
of Mx on g3 is due to the change in the matching scale
Mgyr. To approximate this effect on the lifetime, we need
the one-loop expressions for the gauge couplings g», g3:

My = gsV =

1 1 1 Mgur
= (TEE), @)
g Mgur) 85 (Mz) 87 Mz

1 1 3 MguTt
T iaterrm i =t (7 B
gs(Mgyr) g3(Mz) 8 Mz
where Mgyt is a function of g3 defined by the relation

&2(Mgur) = g3(Mgur). The g3 dependence of Mgyr is
given by the following expression

1 1
= 272 — .
Mour = Mz exp [ " (g%(Mz) g%(Mz))] %

The estimated error in My is then

T Ao
AMy = Mx=—5", (40)
2 a?
where o is the strong coupling constant, and A« is its uncer-
tainty. Since the proton lifetime scales as M, we have®

Ao
AgyTpsmen) = Tp—>(e) 2T o2 (41)
s
Estimating the error in the lifetime due to the uncertain-
ties in the matrix elements is straightforward, as the lifetime
scales as the inverse of the matrix element squared. This leads
to an error estimate of
AM;
AMTp—nT(e,;L) = 2‘5[7—)7'[(6,#)_7 (42)
M;
where M; denotes the matrix elements and AM; is their
uncertainties.
The total error estimate is then

2 2
ATpsmies = \/Agﬂp_)n(m AN e @)

6 This uncertainty is larger than that in the conventional SU(5) by a
factor 9/2 (see Ref. [39]).
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5 Results
5.1 Universal boundary conditions

We examine first a selection of (m12, mo) planes when uni-
versal boundary conditions are applied at a high input scale
M;, > Mgyr. Our baseline plane shown in Fig. 1 is simi-
lar to that considered in [21,22] with tan § = 10, Ag = O,
M;, = 10'03 GeV, A = (4, A5) = (0.3,0.1), 1g = 1074,
and . > 0.7 The pink shaded region at large mo > m; 218
excluded by the absence of a consistent electroweak vacuum,
and the brown shaded region where m1 /> > my is excluded
because the lighter stau is the LSP and/or tachyonic. The
red dot-dashed lines are contours of constant Higgs masses
between m; = 121 and 126 GeV in intervals of 1 GeV,
as calculated using FeynHiggs 2.18.10 [55-58]. We
consider calculated values of m; € (122, 128) GeV to be
consistent with the measured value within conservative cal-
culational uncertainties.

The solid blue contours in Fig. 1 show values of the
LSP relic density, €2, h2, as labeled, as calculated assum-
ing that the Universe expands adiabatically. The contour for
Q Xh2 = 0.1, corresponding to the measured dark matter
density, appears as a thick blue curve near the pale blue
shaded area, and corresponds to the focus-point region [68—
71]. There is also a short contour with Q,4? = 0.1 just
above the stau-LSP region with m1,, < 1 TeV [72-75] that
is almost invisible. As mentioned previously, the generation
of a large amount (O (10%) ) of entropy in the early Universe
due to the late decay of the flat direction responsible for
the breaking of FSU(S) is a generic feature of FSU(S) cos-
mology [13-15,21,22], so we do not interpret this adiabatic
calculation of 2 Xhz as a necessary constraint. Indeed when
accounting for the late entropy production, we expect that
parameters yielding QA% ~ 100 — 1000 would correspond
better to the present relic density QA% ~ 0.1 (see [76,77] for
related work).

In addition, we show in Fig. 1 as the solid brown curve
the contour where 7,(p — etr®) = 103 years, as calcu-
lated assuming normal ordering (NO) of the neutrino masses.
This line appears at mg &~ 2.5 TeV and also runs roughly
parallel to the focus-point strip. The proton lifetime varies
slowly across this plane, in general, and is always within
the range 5-20 x 10 years, beyond the foreseen experi-
mental reach [37]. The brown dashed contour corresponds
to 7, — o7, =5 x 103 years, illustrating the effect of the
uncertainty in the calculation of 7, discussed in the previ-

7 This and subsequent planes are generally not sensitive to Ag. This
coupling enters into the neutrino mass matrix, and our choice here cor-
responds roughly to the example in [21,22].

Ay/m =0, tan } =

77

10,u>0

1,5x104.,.|.|-|
M;, = 10165 GeV

1.0x10°

m, (GeV)

5.0x10°  7.0x10°  9.0x10°

m;,, (GeV)

3.0x10°

1.0x103

Fig. 1 A representative (m1,2, mo) plane in the flipped SU(5) GUT
model, with M;, = 1097 GeV, tanf = 10,49 = 0,1y =
03,15 = 0.1 and A¢ = 0.0001. Regions with a stau LSP and
without electroweak symmetry breaking are shaded brown and pink,
respectively. The red dot-dashed curves are contours of the Higgs
mass from 121-126 GeV in intervals of 1 GeV, as calculated using
FeynHiggs 2.18.1. The solid blue lines are contours of the relic
density QLsph2 = 0.1, 1, 10, 100, 200, 500. A thicker contour with
Qrsph? = 0.1 is visible near the border of the no-electroweak symme-
try breaking region, i.e., the focus-point region. The solid brown lines
are where the central value of the p — e*70 lifetime is 103 years
(labelled 10 in units of 103 years) and the dashed brown lines are
where 7, — o7, =5 X 103 years. The green dotted lines are contours

of Aa, = 1,2,5, 10,20, 50, 100 x 10~!1, increasing as m1 > and mg
decrease

ous section.® Clearly, the relatively long proton lifetime in
this plane makes detection difficult. Finally, we show a series
of curves of constant Ag,, as indicated in the caption, with
the largest values appearing at small 1/, and mg. We note
that all values of Aa;, > 2 x 10~ appear for values of
my < 122 GeV, outside the range that we consider compati-
ble with the measured value of my,.

To set in context the choice of Ag = 0 used in Fig. 1,
and subsequent choices of Ag/mg, we show in Fig. 2 an
(Ao/mo, mo) plane with fixed tan g = 10, M;, = 10'6
GeV,m1,2 = 4TeVand i > 0. There are three brown shaded
regions: at low my, the stau is the LSP, whereas at large m
and large |Ag/myg|, the stop is the LSP. All three regions
are excluded because the LSP is not neutral. We also find
that when Ag/my is close to 0 and my is large the radiative
electroweak conditions can not be satisfied. Near this region,

8 The proton lifetime for p — 117 assuming NO can be obtained by
comparing Eqgs. (31) and (32). The lifetime assuming IO can be found
using Eq. (35).

@ Springer
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1.5x10*

my ), =4 TeV, tan B: 10,1 >0

Fig. 2 A representative (Ag/mo, mo) plane in the flipped SU(5) GUT
model, with M;, = 10'%% GeV, tan g = 10,m1p = 4 TeV, A4 =
0.3, 45 = 0.1 and A¢ = 0.0001. Regions with a stau or stop LSP and
without electroweak symmetry breaking are shaded brown and pink,
respectively. The contour colours are as in Fig. 1, with contours for
T, =2X 103 years and Ty — 07, = 103 years. The sole green dotted
line is a contour of Ag;, =1 x 10~

which is shaded pink, we see a focus-point strip (the thick
blue line that has 2 xh2 = 0.1). We also see that, near this
region, the Higgs mass is between 124 and 126 GeV for
this choice of mj ;. This is one reason why we focus on
Ap = 0 in the subsequent exploration of the effects of GUT
parameters.9

As in Fig. 1, a thick blue contour with Qh? = 0.1 is also
found outside the brown shaded region when Ay > 0, cor-
responding to stop coannihilation. (In principle, there is also
a corresponding line at negative Ao, but it cannot be seen
with the resolution used in this figure). Between the pink and
brown regions, the relic density can be as large as 10°, which
may even be preferred in FSU(5) if entropy is injected late,
as already mentioned. For the value of m1,, = 4 TeV chosen
for this plane, the contribution to g, — 2 is always small, and
we see only one green-dotted contour with Aa,, = 1011,
Above this line, the contribution is even smaller. The proton
lifetime is rather long, and we see two contours correspond-
ing to values of 1 and 2 x 103 years. In the remainder of this
subsection we concentrate on two fixed values of Ag/mg:
Ao/mg = 0 corresponding to the focus-point region and 3.8
corresponding to stop coannihilation.

9 However, we note that there is no strong reason to expect a vanish-
ing trilinear coupling and, in fact, in minimal supergravity one expects
Ag/mgy = 3—+/3 = 1.27.In our (supergravity-based) sign convention,
the Higgs mass is larger at large positive Ag.

@ Springer

In Fig. 3, we compare analogous planes with different val-
ues of tan S. In the left panel, tan 8 = 4, while in the right
panel tan 8 = 35. All other fixed parameters are the same as
in Fig. 1. For tan 8 = 4, The Higgs mass is always less than
122 GeV, and only the mj, = 121 GeV contour appears. The
region without consistent electroweak symmetry breaking is
pushed out beyond the range of the plot, so there is no vis-
ible focus-point region, and entropy production is required
throughout the displayed plane. Compared to Fig. 1, the pro-
ton lifetime is longer and the values of Aa,, are smaller for
given values of (m1,2, mo). In contrast, for the larger value of
tan f = 35 shown in the right panel of Fig. 3, the region with-
out electroweak symmetry breaking extends to lower values
of m12 and mo, and the Higgs mass is higher, rising beyond
127 GeV in this plane. Though the proton lifetime is some-
what lower than in Fig. 3, it is still very large. On the other
hand, values of Aa,, are larger than in Fig. 3, and reach 1010
formy, > 122 GeV.

We explore the dependence on A in Fig. 4. Keeping the
other parameters fixed to the values used in Fig. 1, we take A
= (0.1,0.3) in the upper left panel of Fig. 4, (0.3,0.3) (upper
right), (0.3,0.5) (lower left), and (0.5,0.5) (lower right). None
of the planes displays a constraint from electroweak symme-
try breaking. This is tied to the larger value of As used here
(> 0.3 vs the value of 0.1 used in Fig. 1). The Higgs mass
and muon magnetic moment are relatively insensitive to A.
However, we see from Eq. (36) that the X gauge boson mass
is inversely proportional to «/A4As5, so that increasing this
product leads to a smaller mass and hence a shorter proton
lifetime. Thus, whereas the lifetime for A = (0.1,0.3) is sim-
ilar to the lifetime with (0.3,0.1), for A = (0.3,0.3) we see a
mean lifetime contour of 5 x 10 years and a 1o-reduced
lifetime of 2 x 103> years running through the upper right
panel. When the product /X425 is further increased, as in the
lower left panel with A = (0.3,0.5), we see lifetime contours
of 2,5, and 10 x10% years, and reduced lifetime contours
of 1,2, and 5 x10% years. Finally, in the lower right panel
with A = (0.5,0.5), we find proton lifetime contours of 1,
2, and 5 x1033 years, and lo-reduced lifetimes of 0.5, 1,
and 2 x10% years. We recall that lifetimes < 10°° years
open up the possibility of detection in the upcoming Hyper-
Kamiokande experiment [37]. Finally, we note that higher
values of A4 5 lead to problems in the running of the RGEs
down from M;, to Mguyr.

The dependence on M;, is considered in Fig. 5. The left
panel assumes the same parameter values as in Fig. 1, with
the exception of M;,, which is now set at the Planck scale.
Electroweak symmetry breaking occurs throughout the plot,
and the stau LSP region is pushed to the lower right corner of
the panel. The Higgs mass, proton lifetime and relic density
are all slightly larger than in Fig. 1. In the right panel, we
again take M;, = M p but now with A = (0.3,0.3), which is
near its upper limit for this value of M;,.
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m, (GeV)

9.0x103
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my, (GeV)

1.0x10°  3.0x10°

Fig. 3 Representative (m1/2, mo) planes in the FSU(5) GUT model.
The parameters as the same as in Fig. 1 except that tan 8 = 4 in the left
panel and tan 8 = 35 in the right panel. Regions with a stau LSP and

The relation between the proton lifetime and +/A4As is
seen more clearly in Fig. 6, which shows a pair of (A4 =
As, mo) planes for my, =5 TeV, Ag/mo = 0, tan B = 10,
w > 0, k¢ = 0.0001, with M;, = 10'%> GeV (left panel)
and M;,, = Mp (right panel). When M;,, = 10'%> GeV there
is a small region in the upper left corner where electroweak
symmetry breaking breaks down, which is shaded pink. Bor-
dering this region, the focus-point strip with k% = 0.1 is
the thick blue contour. Other blue contours correspond to
larger values for the relic density, but we re-emphasize that
larger values of Qxh2 would be allowed in the context of
FSU(5) cosmology, in which substantial entropy is likely to
have been generated in the early Universe. There is a stau LSP
in the brown shaded region at low my in the left panel. For
M;, = Mp, the RGEs break down when A4 = A5 = 0.35,
as indicated by the red shading in the right panel. The red
lines are contours of mj; = 125 GeV. We note that my, varies
slowly across this plane, so this is the only integer mass con-
tour displayed. Finally, the solid brown lines are contours
of t(p — eT7%) in units of 103 years. We see that val-
ues of the proton lifetime that are < 3 x 10% years, and
hence potentially accessible to the next generation of exper-
iment, are found in the right portions of the planes where
A4 = A5 2 0.3.

The parameter planes displayed above have all assumed
Ag = 0, and we present in Fig. 7 a pair of planes with non-
zero Ay, specifically Ag = 3.8 my. In the left panel, we take
M;, = 10'% GeV and A = (0.5,0.5) to minimize the pro-

1.0x10%

m, (GeV)

5.0x10°  7.0x10°  9.0x103

my, (GeV)

3.0x103

1.0x103

without electroweak symmetry breaking are shaded brown and pink,
respectively. The contours are as in Fig. 1, with the addition of contours
forz, =2 x 1036 years and Tp — 07, = 1030 years in the left panel

ton lifetime. In the right panel, M;,, = Mp and A =(0.3,0.3).
These planes exhibit the possible importance of a compressed
stop spectrum, which introduces the possibility of stop coan-
nihilation [78-85], and can be compared with Fig. 12c of
[21,22]. The brown shaded regions where mo > my, are
disallowed because the stop is either the LSP or tachyonic,
and that in the left panel where m /2 > mg has a stau LSP. As
we have seen previously, the stau LSP region recedes to larger
values of m1 2 as M, increases, and is not visible in the right
panel where M;, = Mp. We see very large values of Q2 Xh2
in the bulk of the uncoloured region,lo but there are strips
close to the boundaries of the shaded regions where €2, h? is
reduced. Once again, the thick blue shaded contour running
along the stop LSP region corresponds to 4% = 0.1.

It is important to note that we can find Q4% = 0.1 and
my, = 125 GeV simultaneously in both panels in Fig. 7, but
atvery different values of (m 1,2, mo). For M;, = 10195 GeV,
simultaneity occurs around (1,2, mo) > (7, 13) TeV where
the proton lifetime 7, ~ 5 £ 3 x 103 years. However,
for M;, = Mp, these conditions are both satisfied when
(my2, mg) = (1.1,3.8) TeV.!! Despite the lower sparticle
masses, the proton lifetime is actually longer here (around
1030 years), mainly due to the lower values of A4 5 needed

10 Which are allowed in the ESU(5) cosmological scenario described
in [21,22].

11 In this case the stop mass is relatively light (~ 500 GeV) and nearly
degenerate with the bino, and further detailed studies would be needed
to assess it compatibility with LHC constraints.

@ Springer
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A0/m0—0 tan=10,u>0

0165GeV WA= (01M

1.5x10*

1.0x10% -5,

m, (GeV)

5.0x10°  7.0x10>  9.0x10°

m1/2 (GeV)
A0/m0—0 tanB 10, ].L>0

N,
N,

3.0x103

1.5x10*

1.0x104]

m, (GeV)

50x10°  7.0x10°  9.0x10°

my, (GeV)

3.0x103

1.0x10°

Fig. 4 Representative (m1/2, mo) planes in the FSU(5) GUT model.
The fixed parameters as the same as in Fig. 1, except for A = (0.1,0.3)
in the top left panel, A = (0.3,0.3) (top right), A = (0.3,0.5) (bottom left),

to ensure non-divergent running between Mp and Mgy7. In
both cases, the contribution to Aa,, is small (< 10~1). wWe
stress again, however, that as late-time entropy production is
expected in this FSU(5) model, most of the displayed plane
is viable cosmologically.

In Fig. 8, we show a pair of (A4 5,mo) planes with
Ao/mo = 3.8 and M;, = 10'%5 GeV (left panel) and
M;, = Mp (right panel), as in Fig. 7. As previously, we
see brown shaded regions where the lightest neutralino is not
the LSP, and a red shaded region in the right panel where the

@ Springer
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1.0x10%4
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5.0x10°  7.0x10°
my, (GeV)

1.0x10>  3.0x10%

and A = (0.5,0.5) (bottom right). Regions with a stau LSP are shaded
brown. The contours are as in Fig. 1

RGEs break down. We again see stop strips. For the lower
value of M;,, we choose my,, =7 TeV and for M;,, = Mp,
we take m, = 2 TeV. We find that Aa,, is small everywhere
in the left plane due to the large value of mj /2, whereas in
the right plane we see contours of Aa, = 1 and 2 x 10~

also too small to make a significant contribution to resolving
the discrepancy between experiment and the Standard Model
calculation. As previously, we find that the proton lifetime
is minimized, and potentially observable, for large A4 = A5
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Fig. 5 Representative (1,2, mg) planes in the FSU(5) GUT model. The fixed parameters as the same as in Fig. 1, except for M;, = Mp and A =
(0.3,0.1) in the left panel and A = (0.3,0.3) (right). The contours are as in Fig. 1

1.5x10* A0/m0 = 0 tan [3 10, p >0

1.0x10%

m, (GeV)

0 0.1 0.2 0.4 0.5 0.6

0.3
7\44=7\45

Fig. 6 Representative (A4 = A5, mg) planes in the FSU(5) GUT model
with M;, = 10'%3 GeV (Mp) for the left (right) panel. The brown

shaded region in the left panel is excluded because the LSP is charged

and small mo when M;, = 10165 GeV, whereas the proton
lifetime is generally longer when M;,, = Mp.

5.2 Non-universal models and g;, — 2

From the results in the previous subsection, it is clear that the
contribution to Aa,, is always small when universal boundary

1.5x10*

Aymy=0,tanB=10,u>0

1.0x10* T,

0.6

0.3
?\44:7\45

and there is no electroweak symmetry breaking in the pink shaded
region, while the RGE equations break down in the red shaded band
at large A4 = A5 in the right panel. The contours are as in Fig. 1

conditions applied for scalar and gaugino masses at Mj,
Indeed, in all of the above planes, a significant contribution
to Aa, occurs only at low supersymmetric masses that are
in tension with LHC constraints and where the Higgs mass is
well below the experimental value, even with a conservative
assessment of the theoretical uncertainty in the calculation
of my,. On the other hand, previous analyses have shown that

@ Springer
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1.5x10*

5.0x10°  7.0x10°  9.0x10%
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7.0x103

T T T 1 T
5.0x103
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Fig. 7 Representative (1,2, mo) planes in the FSU(5) GUT model. Parameters as in Fig. 1, except that Ag/mo = 3.8, A4 = A5 = 0.5 (left), and
M;, = Mp with Aq4 = A5 = 0.3, (right). Regions with a stau LSP, stop LSP or tachyonic stop/stau are shaded brown. The contours are as in Fig. 1

1.5x10° Ag/mgy=3.8,tan § =10, u >‘0

0 0.1 0.2 0.3 04 0.5 0.6

Fig. 8 Representative (A4 = X5, mg) planes in the FSU(5) GUT
model, both with Ag/mo = 3.8. In the left panel M;, = 10'% GeV
with my;, = 7 TeV, whereas in the right panel M;, = Mp with
m1y2 = 2 TeV. The brown shaded regions are excluded because the

substantially larger contributions to Aa,, are possible when
some degree of universality is abandoned [34,86].
Therefore, in this subsection, we depart from full gaug-
ino and scalar mass universality at M;,, while retaining the
constraints imposed by FSU(5). Thus, we include two inde-
pendent gaugino masses, a common mass Ms for the SU(5)

@ Springer

Agmy=38,tan=10,u>0

m, (GeV)

pe
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LSP is charged or tachyonic, and the RGEs break down in the red
shaded region at large A4 = X5 in the right panel. The contours are as
in Fig. 1

gauginos g, W and B, and an independent mass My for the
‘external’ gaugino By. This is to be contrasted with our previ-
ous assumption that M5 = Mx| = m 3 at M;,. Similarly we
now include five independent soft supersymmetry-breaking
scalar masses, m ¢ for sfermions in the 10 representations of
SU(S5), ms for sfermions in the 5 representations of SU(5), m
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for the right-handed sleptons in the singlet representations,
and two Higgs soft masses mp, , for the MSSM Higgs dou-
blets stemming from 5 and 5 representations of SU(5). Pre-
viously we had set mig = mz = m| = mp, = mp, = my.
Guided by the results of [34], we make the illustrative
choices tan 8 = 35, Ag/mo = 1.8, M;, = 10165 GeV,
Ms = 24 TeV, mjp = 1 TeV, my, = —4.72 TeV, and
mp, = —5.1 TeV. For the latter two, the signs refer to the
sign of mass-squared, and these choices correspond to the
choice of © = 4.77 TeV and a pseudo scalar mass, m4 = 2.1
TeV for the example in [34]. These were found to optimize
the value of Aa,.

Some results are displayed in the (M1, m1) planes shown
in Fig. 9. In the left panel, only the singlet masses My and
m1 break universality, i.e., we set mz = myo = 1 TeV in this
case. The Higgs mass varies very little in this plane and is
always slightly larger than 122 GeV (no contours are shown).
Similarly the proton lifetime varies very little and is approxi-
mately (1.240.6) x 103 years. In contrast, the relic density
(indicated by the labeled blue contours) varies significantly,
reaching values as large as 242 = 500 in the upper left corner
of the panel. Also seen as vertical light blue lines are the lower
limits to the mass of the lightest gaugino m, > 100 GeV
(which is valid for generic slepton masses) and > 73 GeV
(which can be reached if the mass difference between the
LSP and the lightest slepton < 2 GeV). Finally, we show as
green dotted lines some contours of Aa,, in units of 10711,
In general, they are significantly larger than was found in the
universal case, with contours of 10 and 15 x 10~!! appear-
ing, the largest value of Aa, being 18 x 10~!'1. While an
improvement over the universal case, these are still too small
to account for the discrepancy between the Standard Model
and experiment.

We can increase Aay, by choosing a lower value of msz
relative to m1g. As an example, in the right panel of Fig. 9
we take mz = mjo/2. The lower right portion of the fig-
ure, shaded brown, is excluded because the LSP is charged,
namely the right-handed selectron/smuon. The 2 Xhz =0.1
contour appears along a selectron/smuon coannihilation strip
running close to the boundary of the charged LSP region at
small m. Itis tracked by the Q2 Xhz = 1 contour at larger m .
The Higgs mass values are similar to those in the left panel,
varying very slowly and always about 122.3 GeV across the
plane. The proton lifetime is also nearly constant at around
(1.1 £0.6) x 10%¢ years. However, the contribution to ay is
now significantly larger, as there are contours of 10 (in the
upper left corner of the panel), 20, 50 and (in the lower left
corner) 100, 150 and 200, again in units of 10—, However,
Aa, = 200 x 10! appears outside the selectron/smuon
LSP region only when the lightest gaugino mass is below its
lower limit of 73 GeV. However, the 150 x 10~!! contour
extends to the right of the vertical LSP mass limit of 100

GeV, in aregion where the gaugino is the LSP and has a relic
density ©,4% ~ 0.1. This region resembles the best Aa,,
point found in [34].

The sensitivity to A4 5 for similar choices of model param-
eters is shown in the left panel of Fig. 10, which displays a
(X4,5,m1) plane with Mx; = 0.8 TeV and other parameters
the same as those used in the left panel of Fig. 9. In this
case, we see only a single relic density contour, which has
Qxh2 = 10. The Higgs mass is again slightly larger than
122 GeV across the plane, and Ag,, ~ (10 — 18) x 10~11,
However, we now see a large variation in the proton lifetime,
which varies from 5 x 1037 years at low values of A4 = A5,
to 10% years at large values.

In contrast, in the right panel of Fig. 10 we fix My, =
200 GeV, with mjg = 2msz = 1 TeV. The proton lifetime
decreases as A4 = As increase, becoming potentially observ-
able for values = 0.4 (taking into account the matrix ele-
ment uncertainties). The Higgs mass is not very sensitive
to the choice of m3 or the change in Mx1, with the Higgs
mass being slightly above 122 GeV across the plane dis-
played. The relic density is decreased at low m1, as the mass
of the selectron is lower and there is now a long relic density
selectron/smuon coannihilation strip where QA% = 0.1 just
above the brown shaded region where the LSP is a selectron
or smuon. The value of Aa, is now larger as well, and we
see contours of 10, 20, 50, 100 x 107! all lying above the
selectron/smuon LSP region.'> We note the appearance of
a ‘quadrifecta’ strip at large A4 = As close to the charged-
LSP boundary, where Aa,, ~ 100 x 107!, 7(p — e*70)
is potentially detectable, m, is compatible with experiment
and €2, h? ~ 0.1 (though the latter is not a requirement, as
mentioned previously).

The sensitivities of the ‘quadrifecta’ region to some of the
input parameters are shown in Fig. 11. In the upper pair of
panels we explore the sensitivity to Ag/mg, which is taken
to be 1 and 3 in the left and right panels, respectively. We see
that there is rather small sensitivity to Ag/mg, with Aa,, and
the proton lifetime both increasing slightly with the value of
Ap/myg. In the lower pair of panels we explore the sensitivity
to tan B, which is taken to be 25 and 40 in the left and right
panels, respectively. We see that Aa,, is significantly smaller
for tan § = 25 and larger for tan 8 = 40, whereas the proton
lifetime is quite insensitive to tan 8. We recall that the validity
of the perturbation regime is quite restricted for larger values
of tan §, and recall that our results are rather insensitive to
the value of Ag.

The point in a quadrifecta region with the largest contri-
bution to g, — 2 for these parameter choices is located in
the lower right panel of Fig. 11, and is marked with a black
star. The cold dark matter density and mj, corresponding to

12 However, contours of Aa;, = 150 and 200 x 10~ appear inside
that region.
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Fig. 9 Some (M1, m1) planes in the FSU(5) GUT model with Ms = 2.4 TeV, mjo = 1 TeV, tan 8 = 35, Ag/m10 = 1.8. We assume mz = m1o
in the left panel and m3 = m19/2 in the right panel. The contours are as in Fig. 1

1000 Ag/my=18,tanB =35>0
M;, = 10165 GeV

m; (GeV)

Aa, =(10-18) x 101

=

0 0.1 0.2 0.3
7\,4:7\,5

Fig. 10 Representative (A4 = As,mp) planes in the FSU(5) GUT
model. In both panels, Ag/mo = 1.8, tanf = 35 and M;, = 10165
GeV. In the left panel M5 = 2.4 TeV, Mx; = 0.8 TeV and m19 =

this point are consistent with experiment within the theoret-
ical uncertainties, and are given in Table 1 together with the
mass spectrum. The spectrum and relic density are similar to
those found for the best-fit point in [34], but the lifetime for
p — et¥ is considerably shorter due to the higher values
of X4 = As, and within reach of Hyper-Kamiokande if the
neutrino masses are normal-ordered.

@ Springer

1000 Agmy=18,tan =35>0
M;, = 10165 GeV

10

m, (GeV)

mz = 1 TeV, while in the right panel M5 = 2.4 TeV, Mx; = 0.2 TeV,
mio = 1TeV and msz = 0.5 TeV. The contours are as in Fig. 1

6 Conclusions

We have considered in this paper various aspects of the phe-
nomenology of supersymmetric flipped SU(5) GUTs, focus-
ing on predictions for proton decay and g, — 2. We have
found that, if the soft supersymmetry-breaking parameters
are constrained to be universal at some high scale M;, above
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Fig. 11 As in Fig. 10, but for different choices of Ag/mo = 1, 3 (upper left and upper right panels) and of tan 8 = 25, 40 (lower left and right
panels). The contours are as in Fig. 1. The star in the lower right panel represents a benchmark point with spectrum given in the Table

the GUT scale, the proton lifetime is typically = 1036 years

and the supersymmetric contribution to g, — 2 is small. The
proton lifetime is generally too long to be detected in the
foreseeable future, and the model does not contribute signif-
icantly to reducing the tension between data-driven calcula-
tions of g, — 2 within the Standard Model and the experi-
mental measurement. However, we have found that there is
a region of the constrained flipped SU(5) parameter space
with large 10 10 5 and 10 10 5 couplings where p — et 7°
decay may be detectable in the Hyper-Kamiokande experi-
ment [37] now under construction. Nevertheless, the flipped
SU(5) GUT contribution to g, — 2 is still small.

However, we have found that if the universality constraints
on the soft supersymmetry-breaking masses are relaxed there
is a region of flipped SU(5) GUT parameter space where the
model contribution to g, — 2 can be large enough to reduce
significantly the discrepancy between theory and experiment
while 7(p — e*x”) may simultaneously be short enough
to be detected in Hyper-Kamiokande. This region appears
when Ag/mqo ~ 1-3 and tan B ~ 25—40, for suitable val-
ues of the other flipped SU(5) parameters. We call this the
‘quadrifecta’ region, since the theoretical calculation of the
light Higgs mass is compatible with the experimental mea-
surement, within uncertainties, and the strip where the relic
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Table 1 Parameters and predictions of an FSU(5) point in the ‘quadri-
fecta’ region that yields Aa,, = 120 x 107!, values of Q, 42 and my,
that are consistent with experiment within theoretical uncertainties, and

alifetime for p — e*7* within reach of the Hyper-Kamiokande exper-
iment if neutrino masses are normal-ordered. This point corresponds to
the star in the lower right panel of Fig. 11

Input GUT parameters (masses in units of 10'0 GeV)

Mgyt = 1.00 My =0.53
Ag = 0.58 As = 0.58

g5 = 0.69 gx =0.70
Input supersymmetry parameters (masses in GeV units)

Ms = 2400 M, =200
mio = 1000 mz = 500

My = 2260 Ao/mip =138
MSSM particle masses (in GeV units)

my =102 m; = 3950
my, = 2150 my, = 4810
my, =112 mpg, = 1730
mg, = 4540 m;. = 4320
m;, = 4390 mj = 4210
my+ = 2150 mpy, 4 = 2260
Other observables

Aay, =120 x 10711 Q,h* = 0.096

Normal-ordered v masses:

Inverse-ordered v masses:

Tpoetn0lyo = 1.0 x 10* years

Tpoetrolo = 3.0 % 10% years T

V =0.78

re = 0.0001
my, = 0.05eV
n = 4430

my = 226
tan B = 40

mg = 5090
my, = 4810
mz = 1060
m, = 4220
my, = 4390
mpy+ = 2100
my = 122 GeV

Tpoptatlyo = 1.0 X 10% years

poptrolo = 2.2 % 10% years

LSP density €2, h? = 0.12 if the Universe expands adiabati-
cally passes through the region.!?

This ‘quadrifecta’ region was previously identified in a
dedicated analysis of g, — 2 in the flipped SU(5) GUT [34],
and it is encouraging that this region appears quite stable
under mild variations in the input parameters. As pointed out
in [34], in this region both the LSP and lighter smuon masses
are very close to the LEP lower limits on their masses of
~ 100 GeV, and detection of the LSP, smuon and selectron
should be possible at the LHC. Their discovery would be a
striking success for the flipped SU(5) framework described
here, which could be complemented by the detection of p —
et 70 decay in the Hyper-Kamiokande experiment [37].
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