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Motivated by the tension between the Higgs mass and muon g — 2 in minimal supersymmetric standard
model (MSSM), we analyze the muon g — 2 in supersymmetric B — L extension of the standard model
(BLSSM) with inverse seesaw mechanism. In this model, the Higgs mass receives extra important
radiative corrections proportional to large neutrino Yukawa coupling. We point out that muon g — 2
also gets significant contribution, due to the constructive interferences of light neutralino effects. The

light neutralinos are typically the MSSM Bino like and the supersymmetric partner of U(1)p_; gauge
boson (B’-ino). We show that with universal soft supersymmetry breaking terms, the muon g — 2 resides
within 20 of the measured value, namely ~ 20 x 10~'°, with Higgs mass equal to 125 GeV.

© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

The Standard Model (SM) prediction for the anomalous mag-
netic moment of the muon, a, = (g—2),,/2 (hereafter muon g—2)
has a discrepancy with the experimental results:

Aa, =ay” — a5 = (28.7+£8) x 107 (10). (1)

This discrepancy has survived after performing highly accurate the-
oretical calculations [1] within the SM framework and experimen-
tal analyses [2]; and hence, it can be resolved or ameliorated by
contributions from new physics beyond the SM (BSM). If super-
symmetry (SUSY), as one of the forefront candidates for the BSM
physics, is a solution to the muon g —2, the SUSY particles, namely,
smuon and weak gaugino (Bino or Wino) masses should be around
a few hundred GeV, in order to utilize the supersymmetric contri-
butions [3].

However, the observation of the Higgs boson of mass about
125 GeV requires rather heavy sparticle spectrum within the
MSSM framework, and it results in a strong tension in simulta-
neous resolution for both the 125 GeV Higgs boson and the muon
g — 2 problem since SUSY contributions to muon g — 2 is sup-
pressed by the heavy spectrum. Non-universality in gaugino and/or
scalar masses may remove this tension [4], nevertheless in this
case SUSY models will have plenty of free parameters and will lose
their productivity.
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In this article we show that this tension can be alleviated in the
U(1)p_; extended Supersymmetric Standard Model (BLSSM) based
on the gauge group SU3)¢c x SUR2); x U(1)y x U(1)g_. BLSSM
is one of most elegant extensions of the supersymmetric models,
since the SM has B — L symmetry globally, and it is related to
R-parity which is assumed to be protected in the MSSM to avoid
rapid proton decay. When this symmetry is gauged, the model in-
cludes one more gauge boson associated with the U(1)g_; group.
In addition, the anomaly cancellation can be achieved by simply
adding three right-handed neutrino fields, and hence it is also
well motivated by the established existence of non-zero neutrino
masses [5]. It turns out that B — L symmetry can be radiatively
broken and related to the SUSY breaking scale [6]; therefore, a
TeV scale Type-I or inverse seesaw mechanism can naturally be
implemented in this class of models [7]. The radiative breaking
of U(1)g_; requires two additional Higgs fields which are singlet
under the MSSM gauge group, while they carry non-zero B — L
charges.

Despite the presence of the right-handed neutrinos, BLSSM con-
tribution with Type-I seesaw is highly suppressed due to small
neutrino Yukawa coupling (Y, < 1077) [8] which is restricted by
infinitesimal neutrino masses [5]. Even though it still provides a
richer phenomenology for the Higgs boson, BLSSM predicts a sim-
ilar mass spectrum and muon g — 2 results to those obtained in
MSSM [9]. On the other hand, Y, does not have to be small if one
implements inverse seesaw mechanism in which Y, can even be
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comparable to the top quark Yukawa coupling [10]. The Superpo-
tential of this model is given by [11]

W:MI:IMI:Id —Yda[]ﬁd—Yeéiﬁd ~|—Yul:la1:1u
— Wy Fa R A Yy DT, + YD 21824 s 5252 (2)

where the first line is the terms of the MSSM superpotential, while
the second line stands for the BLSSM contributions. The defini-
tion of the parameters in W, the corresponding soft SUSY breaking
terms, and the details of the associate spectrum can be found in
Refs. [11,12]. In sum, BLSSM with inverse seesaw extends the parti-
cle content with two SM singlet chiral Higgs superfields i 2, three
sets of SM singlet chiral superfields v, s1;, s; and associated gauge
superfield B’ [12]. As seen from Eq. (2), the sneutrino fields inter-
act with Hy, like stops, and they provide extra contributions to the
Higgs boson mass. Thus, the lower bound imposed by Higgs mass
on the universal gaugino soft masses m, is reduced, which makes
possible to find solutions with the light weak gauginos. Moreover,
in BLSSM with inverse seesaw the g —2 may receive new contribu-
tions, in addition to the usual MSSM ones, due to the extension of
the neutralino sector by SM singlet (B — L) Higgsino and B’-ino and
also due to the possibility that one of the right-handed sneutrinos
is light (due to large mixing between right-handed sneutrinos and
right-handed anti-sneutrinos).

Here, we will focus only on the particles involved in the g — 2
loops, namely light neutralino, smuon and chargino, sneutrino.

Considering the additional SM singlet fields of BLSSM with in-
verse seesaw mentioned above the B — L extension may modify
only the neutral sectors of the MSSM only, and hence the chargino
and slepton mass matrices remain intact. The 7 x 7 neutralino mass

matrix, in the basis: (B, WO HY, HS, B', 7, )(2), can be found in
Ref. [11]. One can easily show that depending on the ratio of
the couplings gi and gp;, the lightest neutralino could be B-ino
(B) or B’-ino (B’) like. It is worth noting that in order to ac-
count for the Higgs mass, mg should be of order TeV. Now we
turn to the sneutrino mass matrix. If we write ¥, g and Sy as
VLR = %(aﬁL,R +iopg) and S = %(d)s +ios), then we can get
the CP-odd/even sneutrinos matrices as given in [11].

The supersymmetric contributions to a;, in BLSSM can be split
into neutralino and chargino parts as for the MSSM [3],
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where zZ" L.g» Up are the rotation matrices which diagonalize the
muon and smuon mass matrices respectively, while Uy and Ujr
diagonalize the CP-odd and CP-even sneutrino mass matrices. Note
that one can neglect the mixing between slepton families, and
consider the smuon mass matrix as 2 x 2 matrix separately from
the first and third families. In addition, the mixing between two
smuons is proportional to the Yukawa coupling associated with
muon, which is of the order ~ 10~%, and hence left- and right-
handed smuons are approximately match with the mass eigen-
states, and hence, the rotation matrix for the smuons, U; can be
set to unity in a good approximation. A similar discussion holds
for the muon mass matrix diagonalized by Z f R

As seen from Egs. (5), (6), the Bino contribution is in a similar
form as obtained in the MSSM, but in BLSSM it is modified by the
gauge mixing between U(1)y and U(1)p_; characterized by the
coupling g. It is worth emphasizing the contribution from B’-ino
(B'). It contributes to a, through interactions with muon governed
by B — L gauge group and the gauge kinetic mixing. Moreover,
since it is allowed to be as light as Bino, and even lighter, the
lightest neutralino can be formed to be mostly B’ or B-B’ mixing.
Thus, one can expect its contribution to be comparable with that
from Bino in BLSSM; i.e. Ng1 & Ng5 numerically. We also present
the contribution from the Higgsino component of the Neutralino.

Similarly Egs. (7), (8) reveal the contribution from the chargino
expressed in terms of CP-odd and CP-even sneutrino sectors sep-
arately. Note that Egs. (7), (8) hold approximately, and one can
combine these two sectors in the case of strong mixing between
them by summing over j=1,...,9. The contribution denoted by

Cé” are mostly suppressed because of Y,. On the other hand,

C lfl i is expected to dominate in the chargino contribution to a. It
arises from the interactions between muon and sneutrinos through
SU(2) interactions as shown in the first and third terms in Eq. (8).
The remaining terms are from the Yukawa interactions, and they
cannot be neglected, since Y, is allowed to be of the order O(1)
when one employs the inverse seesaw mechanism in BLSSM.

The terms with NE!NR and CLCR in Egs. (3), (4) correspond to
the diagrams with the chirality flip between the internal fermions
running through the loop, and such terms dominate in SUSY con-
tributions to muon g — 2 when tang is large. When the univer-
sal boundary conditions at Mgyt are imposed in MSSM, the low
scale mass spectrum is rather required to be heavy due to the
Higgs boson of mass about 125 GeV; hence, the SUSY contributions
are highly suppressed. On the other hand, as mentioned above,
in BLSSM with inverse seesaw, the right-handed sneutrinos can
significantly contribute to the Higgs boson mass that results in
solutions with low Mj,; even in the case with universal bound-
ary conditions. In this sense, BLSSM with inverse seesaw improves
the MSSM contributions to muon g — 2. Note that, the gauge cou-
pling of U(1)y is modified as gy — g1 + %g, where g stands for
the gauge kinetic mixing. In addition to the MSSM contributions,
BLSSM provides new ones to muon g — 2 represented with the di-
agrams given in Fig. 1. The approximate contributions are given in
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Fig. 1. Contributions to muon g — 2 from B — L sector.

Egs. (9)-(12) so that the tan 8 dependence can be understood eas-
ily.
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The upper diagrams in Fig. 1 place the chirality flip on smuon
and sneutrino respectively. The diagram with smuons exhibits
tan 8 enhancement, while the contribution from sneutrinos is sup-
pressed with tan 8. Note that this suppression can be compensated
when the left-handed sneutrinos are degenerate with the right-
handed sneutrinos, which is unlikely since the RGEs for these
sparticles yield a sizable mass splitting between them during the
run from the GUT scale to the low scale. The bottom diagrams
shows the contributions from the mixing between H of MSSM and
B’ of BLSSM. Note that this mixing is induced at tree level since
the gauge covariant derivative takes a non-canonical form in the
presence of the gauge kinetic mixing [13]. If one assumes zero or
negligible gauge kinetic mixing, the bottom diagrams disappear in
B — L contributions to the muon g — 2. BLSSM’s singlet Higgsino
does not contribute to muon g — 2, since it does not interact with
the SM particles. Before concluding, one can count the non-SUSY
contributions to muon g — 2, since BLSSM extends the SM as well.
In this work we focus only on the SUSY contributions, the detailed
calculations for the non-SUSY contribution can be seen in Ref. [14].

In an approach from the low scale, it is possible to fit the rele-
vant parameters to resolve the muon g — 2 problem. On the other
hand, especially when one imposes the universal boundary condi-
tions at Mgyr, the MSSM predictions for muon g — 2 are only as
good as the SM. In this study, we consider BLSSM with some extra
particles in the low scale content associated with U(1)g_; gauge
group and its radiative breaking to investigate how much improve-
ment can be obtained in muon g — 2 predictions. In order to focus

on the extra sector, we keep the universal boundary conditions at
Mgur-

In scanning the parameter space, we have employed the
Metropolis—Hastings algorithm as described in [15], and used
SARAH [16] and SPheno [17] for the numerical results. The data
points collected all satisfy the requirement of radiative electroweak
symmetry breaking. After collecting the data, we impose the mass
bounds on all the particles [18]. We have employed the Higgs
mass bound as 123 GeV <my, < 127 GeV [19,20], where we take
into account about 2 GeV uncertainty in Higgs boson mass due to
the theoretical uncertainties in calculation of the minimum of the
scalar potential, and the experimental uncertainties in m; and os.
We also employ the gluino mass bound: mz > 1 TeV [21] and the
neutral gauge boson Z’ mass bound: Mz > 2.5 TeV [22].

Even though the mass spectrum is mostly effective, the cou-
plings are also important in determining the sign of the contribu-
tions to muon g — 2. We display the correlation between Aa, and
tan B, gpr, and g in Fig. 2. All points are consistent with radiative
electroweak symmetry breaking. Green points are consistent with
the mass bounds on the Higgs boson and sparticles. The dashed
lines indicate the 1o uncertainty in Aa, measurements. As ex-
pected, muon g — 2 solutions are obtained when tan g is large, and
it gets the best result for tan 8 &~ 57 as seen from the Aa,-tanp
plane. gp; is found in the range ~ 0.47 — 0.55, while the gauge ki-
netic mixing, g, is always negative at the low scale. The last panel
of Fig. 2 represents the total effects of gp; and g. As seen, their
total effect mostly give positive sign, while there is a small portion
in which g dominates over gg; and changes the sign to negative.
In this region, the contributions given in Eqs. (11), (12) becomes
negative. The plots, on the other hand, shows that it is possi-
ble to compensate the effects from these couplings with lighter
spectrum; hence, the region of the best solutions for muon g — 2
(green) remains almost flat.

Fig. 3 displays the correlation of Aa, with Mo and My The

color coding is the same as Fig. 2. The lightest neutralino should
be lighter than about 400 GeV in order for contributions which re-
sult in muon g — 2 within 20. The largest contributions to muon
g — 2 restrict the neutralino mass < 300 GeV. The chargino mass
is found slightly heavier (~ 600 GeV) within the 20 band, and the
region with the chargino mass less than about 300 GeV is excluded
by the mass bounds on the sparticles and Higgs boson. The mass
scales obtained for the neutralino and chargino are also very favor-
able for significant contributions to muon g — 2 even if the B — L
sector does not involve. Hence, one can expect an improvement in
the MSSM contributions.

As mentioned above, BLSSM does not involve in the charged
sector; hence, the contributions from chargino can be illustrated in
the same way as done in MSSM. On the other hand, the neutralino
structure is enriched with the extra neutral particles. Fig. 4 repre-
sents our results for the mass spectrum with plots in the Mz -Mjg
and M, -u planes. The color coding is the same as Fig. 2. In ad-
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version of this article.)

dition, the orange region is a subset of green and it represents the
solutions for muon g — 2 within 2¢. The diagonal line indicates
the mass degeneracy. The Mz -Mj plane shows that the lightest
neutralino is mostly formed by B’, as expected. In this context,
B-ino forms the second lightest neutralino of mass > 250 GeV;
and hence it still provides significant contribution to muon g — 2.
We can also see from the M -u plane that the lightest chargino

is always Wino-like of mass about 400 GeV, while one can also
count on the heavier chargino of mass about 600 GeV in muon
g — 2 results.

In conclusion, we have found that the supersymmetric contri-
bution to muon g — 2 in BLSSM with inverse seesaw mostly relies
on the light Bino with My 2 250 GeV, and even lighter B’ of mass
about 180 GeV. In this case the lightest neutralino mass eigen-
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state is either mostly B’ or a linear superposition of B’ and B.
When such a light neutralino solution combines with the chiral-
ity flip of smuons, one can expect the contribution to muon g — 2
to be dominant over the other diagrams. The tan 8 dependence of
Aay, is also represented, and we have found that tan 8 needs to be
2> 45 in order to raise the supersymmetric contribution such that
muon g —2 results satisfy the measurement within 2o. Besides, we
found that the lightest chargino is mostly Wino-like of mass about
400 GeV, while the second chargino of mass about 600 GeV can
also be counted in the muon g — 2 results. In this context, BLSSM
improves the MSSM contributions despite the universal boundary
conditions imposed at Mgyr, which yield a TeV scale smuons and
sneutrinos. In addition, even though it is always negative at the
low scale, the kinetic gauge mixing coupling g enhances the SUSY
contributions to muon g — 2 by allowing the mixing between the
MSSM Higgsinos and B’-ino. These contributions become negative
only in a small portion of the parameter space where g dominates
over gp;. As a result of our scan over the BLSSM parameter space
with universal boundary conditions in the presence of inverse see-
saw the best solution is found with Aa, ~ 20 x 10~1%, which is
much larger than those found in MSSM.
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