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Abstract We study the anomalous magnetic moment of
the muon, g, — 2 = 2a,, in the context of supersymmetric
models beyond the CMSSM, where the unification of either
the gaugino masses M > 3 or sfermion and Higgs masses is
relaxed, taking into account the measured mass of the Higgs
boson, mp, the cosmological dark matter density and the
direct detection rate. We find that the model with non-unified
gaugino masses can make a contribution Aa,, ~ 20 x 1010
to the anomalous magnetic moment of the muon, for example
if My ~ 600 GeV and M3 ~ 8 TeV. The model with non-
universal sfermion and Higgs masses can provide even larger
Aay ~ 24 x 10719 if the sfermion masses for the first and
the second generations are ~ 400 GeV and that of the third
is ~ 8 TeV. We discuss the prospects for collider searches
for supersymmetric particles in specific benchmark scenarios
illustrating these possibilities, focusing in particular on the
prospects for detecting the lighter smuon and the lightest
neutralino.

1 Introduction

It has been more than two decades since the initial report
of a deviation, Aa,, between the experimental measurement
of the muon anomalous magnetic moment g, — 2 = 2a,
and the Standard Model theoretical prediction [1]. The sig-
nificance of this “anomalous anomaly” grew over time with
the enhanced precision of the BNL experiments [2] and the
recent measurements from the Fermilab experiment [3]. On
the theory side, the data-driven Standard Model theoretical
predictions were refined, thanks to better estimations of the
hadronic vacuum polarization and light-by-light scattering
effects [4]. The combined BNL and Fermilab results yield
[5,6]

2 e-mail: vspanos @phys.uoa.gr (corresponding author)

al? = 116592059(22) x 107" (1)
whereas the data-driven theoretical value is [4]
all = 116591810(43) x 107", )

corresponding to a discrepancy of Ag, = (24.9 £4.8) x
10719,

However, the uncertainties in first-principles lattice cal-
culations have now been reduced to a level comparable to
the data-driven calculation. Moreover, a pioneering lattice
calculation of the intermediate-scale “window function” [7],
when extrapolated to larger and smaller scales, yielded a cen-
tral value of a, that is in significant tension with the data-
driven estimate and corresponds to a smaller discrepancy of
Aay, = (10.7 £ 6.9) x 10710, Subsequently, several other
lattice calculations [8] of the window function have yielded
numerical results that are similar to those of [7].

More recently, the CMD-3 Collaboration has published
new ete” — 27 production data [9] in the energy range
Ecy < 1 GeV that are in significant tension with the previ-
ous world average results used in [4], and correspond to an
even smaller discrepancy of Aa,, = (4.945.5) x 10719, This
has led a reappraisal of previous results on eTe™ — 27 pro-
duction and of estimates of the low-energy vacuum polariza-
tionusing T — v+ hadrons data, leading to an estimated dis-
crepancy of Aa,, = (12.3£4.9) x 10~19[10]. Another new
development has been a high-precision lattice calculation of
the hadronic vacuum polarization combined with an estimate
of the long-distance contribution based on low-energy exper-
iments that yields Aa, = (4.0 £4.4) x 10719 [11].

Figure 1 displays the estimates of Aa,, introduced above:
the data-driven estimate [4], the lattice calculation in [7], the
estimate based on the recent CMD-3 experimental measure-
ment [9], and the experimental re-evaluation in [10].
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Fig. 1 Comparison of experimental and theoretical estimates of
Aay [4,7,9,10], in 10719 units, with calculations in supersymmetric
models including the benchmarks introduced in this paper

Following the initial BNL experimental result, theories
based on supersymmetry were quickly suggested as expla-
nations for the apparent discrepancy between experiment
and the data-driven theoretical calculations within the Stan-
dard Model [12-22]. These calculations motivated light
smuon and neutralino masses of a few hundred GeV. How-
ever, the enthusiasm for supersymmetric theories has dimin-
ished subsequently, as direct evidence for supersymmetry
has remained elusive, particularly in the Large Hadron Col-
lider (LHC) experiments [23]. When the LHC results are
interpreted within the Constrained Minimal Supersymmet-
ric extension of the Standard Model (CMSSM), in which all
the gaugino masses and all the sfermion masses are assumed
to be universal at some high unification scale, the possible
supersymmetric contribution to a,, is constrained to be much
smaller [24-37] than the discrepancy between the experi-
mental data and the data-driven theoretical estimate recom-
mended in [4], as seen in Fig. 1.

However, for several reasons the comparison between
supersymmetric models and the data merits a more thor-
ough study. First, the new lattice calculations and data on
the hadron vacuum polarization suggest that the discrepancy
between experimental data and the Standard Model may be
smaller than thought previously. Secondly, there are many
possible generalizations of the CMSSM that could accom-
modate a light smuon and a light neutralino mass simulta-
neously with the heavier squarks and gluinos indicated by
the unsuccessful LHC searches. Thirdly, the lower limits on
sparticle masses set in simplified models often do not apply
to more general models see, e.g., [38].

We show in this paper that a significant supersymmetric
contribution to a, that could match any of the estimates of
the discrepancy between the Standard Model and the BNL
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and Fermilab measurements mentioned above, i.e., Aa, ~
(25,10 0r5) x 10719 if the specific unification conditions on
the gaugino and/or sfermion masses are relaxed. We illustrate
this point within two specific generalizations of the CMSSM,
one in which the gaugino masses M 2 3 are non-universal
[37,39,40] (the NUGM), and one in which unification of
the masses of the first- and second-generation sfermions, the
third-generation sfermions and the Higgs scalar multiplets
is relaxed [41] (the NUHM3). In both cases, we perform an
extensive scan of the parameter space using Markov Chain
Monte Carlo (MCMC) techniques similar to those used pre-
viously to scan the CMSSM parameter space [42], which
are geared to providing a Higgs mass and relic density for
the lightest supersymmetric particle (LSP) compatible with
experimental constraints [43—46]. We also highlight bench-
mark scenarios that illustrate the phenomenological possibil-
ities, taking into account also calculations of the mass of the
Higgs boson, m g, and constraints on the density of relic cold
dark matter and its possible spin-independent and -dependent
cross-sections for scattering on matter.

The values of Ag,, attainable in the NUGM and NUHM3
are illustrated by these benchmark scenarios, as indicated
in Fig. 1. As shown there, we find that a model with non-
universal gaugino masses (the NUGM) can yield Aa, ~
20 x 10719 sufficient to accommodate the lattice and CMD-
3 results, e.g., if Mj 2 ~ 600 GeV and M3 ~ 8 TeV. In
the case of non-universal sfermion and Higgs masses (the
NUHM3), we find that even larger Aa, ~ 24 x 107!% can
be reached, sufficient to accommodate the data-driven value
given in [4], for first- and second-generation sfermion masses
~ 400 GeV and third-generation sfermion masses ~ 8 TeV.
The Planck [46] value of the cosmological dark matter den-
sity can be saturated by the LSP density in the NUGM, but
not in the NUHM3 because the spin-independent dark matter
scattering cross section is larger in that model.

The paper is organized as follows. In Sect. 2 we introduce
the NUGM and NUHM3 models that we study, and in Sect. 3
we describe our analysis procedure. Our results are presented
in Sect. 4: those for the NUGM in Sect. 4.1 and those for the
NUHMS3 in Sect. 4.2. Section 5 focuses on some benchmark
scenarios that illustrate the phenomenological possibilities
in these models, including the possibilities for probing them
at the LHC and elsewhere, as well as their possible contribu-
tions to a,,. Finally, Sect. 6 summarizes our conclusions.

2 The models

As already mentioned, it is well known that a substantial
discrepancy between the Standard Model and experimen-
tal measurements of the anomalous magnetic moment of
the muon g, — 2 can no longer be explained within the
CMSSM [24-34,36,37,40,41]. The models considered here
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are based on generalizations of the CMSSM [47-63], which
is defined by four continuous parameters: a universal gaug-
ino mass, Mj,2, a universal scalar mass, mg, a universal
trilinear mass, Ag (all three of which are supersymmetry-
breaking mass terms) and the ratio of the vacuum expec-
tation value (vev) of the neutral components of the Higgs
doublets (HY) /(H}) = tan B. In addition there is the free-
dom to choose the sign of the p-term. The leading super-
symmetric contributions to g, — 2 arise from two one-loop
graphs: one involving charginos and sneutrinos and another
that involves smuons and neutralinos.! Our calculations of
the contributions to g, — 2 are detailed in [12] and follow
the calculations in [65]. Substantial contributions to g, — 2
may arise if either the chargino/neutralino pair and/or the
smuon/neutralino pair weigh a few hundred GeV. However,
in the CMSSM the Higgs mass mpg = 125 GeV in conjunc-
tion with the constraints on direct detection of astrophysical
dark matter put severe lower limits on both the assumed uni-
versal gaugino mass Mj /> and the common sfermion mass
mo, implying mo > 10 TeV and My, > 4 — 5 TeV [42].
These limits imply that in the CMSSM all sleptons and gaug-
inos are heavy, and consequently the supersymmetric contri-
butions to g, — 2 are small, as we review below.

However, if one relaxes either the gaugino [37,39,40]
or the sfermion [41] mass unification conditions, one may
expect to find enhanced supersymmetric corrections to g, —
2. With this in mind, we explore two extensions of the
CMSSM in which these mass unification conditions are
relaxed:

e Non-Universal gaugino masses: A model in which
gaugino mass unification is abandoned (NUGM) [37,39,
40,66-76], which has six free parameters, namely sepa-
rate gaugino masses M1, M>, M3 in addition to the other
CMSSM parameters, mg, Ag, tan f and sgn ().

e Non-universal sfermion and Higgs masses: Two well
studied extensions of the CMSSM allow for either one
[77-79] or both [80-85] of the Higgs soft mass parame-
ters to differ from the universal scalar masses. These are
known as the NUHM1 and NUHM?2, respectively, with
mpy, = mpg, 7 mo or my, # mpy, 7 mo. The extension
we study here (dubbed NUHM3 [41]) is a model in which
common masses of the first and second sfermion gener-
ations, mg12, differ from that of the third, m3, and those
of the two Higgs multiplets, m g, and mp,, at the GUT
scale. It is convenient to use the minimization conditions
of the effective electroweak potential to trade m y, g, for
the Higgsino mixing parameter © and the mass of the
pseudoscalar Higgs boson A, M 4. The replacement of
muy, H, by (, M4 is the same as in the non-universal
Higgs model (NUHM?2) or a general two Higgs doublet

' See [64] for the two-loop corrections, which are subdominant.

model (2HDM). This model is characterized by seven
parameters: M2, mo12,mo3, 4, M4, Ag and tan 8. Since
the sign of the Higgsino mixing parameter u is the same
as that of the supersymmetric contribution to g, — 2, we
consider only positive values for this parameter.

A related study [86] was performed allowing for non-
universal gaugino masses and non-universal Higgs masses,
with eight free continuous parameters. Models attempting to
account for Aa, for which the relic density is determined
by stau coannihilation [87-95] were considered in [96-98]
or by a well-tempered neutralino [99,100] in [101]. Better
agreement between theory and experiment was also seen a
CMSSM-like model based on Flipped SU(5)xU(1) [35,36].
This is partially due to the additional freedom of additional
input parameters, and it was shown there, that non-Universal
boundary conditions are needed to obtain a sizable contribu-
tion to Aa,. Even more generalized models form the basis
of the pMSSM [38,102-117].

3 Analysis procedure

We use the SSARD code [118] to compute the particle
mass spectrum and relic density. This code incorporates the
two-loop running of the input soft supersymmetry-breaking
parameters from the input scale Mgyt (defined as the scale
where the electroweak gauge couplings g1 and g» meet) down
to the electroweak scale, identified with m z. In the CMSSM
and NUGM, the pu parameter is extracted by minimizing the
one-loop corrected effective potential [119] at the scale m 2z,
while the pseudoscalar Higgs mass My is computed using
the results of [120]. The radiative corrections to the light
Higgs boson mass m g are computed with the FeynHiggs
code [121-129]. We also include the full one-loop correc-
tions to the physical chargino and neutralino masses calcu-
lated in [130-132].

We have scanned the six-dimensional parameter space of
the NUGM and the seven-dimensional parameter space of the
NUHM3 with MCMC routines using the likelihood functions
as defined in Eq. (3) below, for the following three basic
predictions of the model: the Higgs mass, m p7, the neutralino
relic density, 2, h2, and the muon dipole moment, g,,—2. The
likelihood functions are fixed by the following experimental
ranges: myg = 125 + 2 GeV, Qxh2 = 0.12 £ 0.0012 and
Aay, = (24.9+4.8) x 10719, These ranges are chosen to aid
the parameter scan, but do not directly affect our results.2 The
range of m i is much larger than the experimental uncertainty,

2 The 30 uncertainty we adopt for 2 X h? is broad enough to account for
theoretical uncertainties in its calculation. However, in the phenomeno-
logical analysis of the models, we also consider a sample of points
where the value QXh2 = 0.1236 is used as an upper limit.
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Fig. 2 Allowed values of the gaugino masses M) 2 3 in the NUGM as functions of Aa,,. The left panels are for 2 Xhz < 0.1236, whereas the
right panels are for points with 0.1164 < Q Xhz < 0.1236. The yellow symbols indicate the locations of the NUGM benchmark points discussed

in Sect. 5 below

and is also broader than the current estimated uncertainty in
MSSM calculations. However, it is consistent at 2 o with
the theoretical uncertainty in the calculation of mpy using
FeynHiggs [121-129], which we adopt in all the results
below.
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Each likelihood function is defined as

Lo =e %02, 3)

Ot — Ocx\2
where on = (—th ex) )

(e

with O = {Aay,,mpg, Qxhz}. For each observable, Oy,
represents its value as calculated in our code, O is its
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Fig. 3 Asin Fig. 2, showing the allowed values of Ag/mg, m and tan B in the NUGM as functions of Aa,,

current experimental value, and o is the correspondinguncer-  and is not used for a statistical interpretation of the points
tainty. The total likelihood is defined as the product of these ~ presented in our figures.
three likelihoods. We then use this combined likelihood We present results assuming that S'th2 either provides

to run the MCMC code, which is based on a Metropolis—  all of the cosmological cold dark matter density [46], or
Hastings [133,134] routine. This MCMC code is primarily  that there is potentially another contribution to the cold dark
used to increase the efficiency of our scans, as done in [42], matter density. Likewise, motivated by the recent lattice and
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Fig. 4 The Bino (upper panels) and Wino (lower panels) components « and S, respectively, of the LSP for the NUGM points shown in Fig. 2 as
functions of m . The color coding corresponds to the values of Aa, shown in Fig. 2

experimental results, we consider the possibility that Aa,, is
smaller than the range quoted above.

We assume that the lightest neutralino is the lightest super-
symmetric particle (LSP), and that R-parity is conserved, so
that the LSP is stable. We apply the same accelerator con-
straints as in [36], namely:

e The LEP experiments’ exclusion of charginos lighter than
103 GeV if mzx —my > 3 GeV [135] and mz+ >
91.9 GeV formsz+ —my <3 GeV [136].

e In both the models we study, the smuon and selectron
masses are equal up to small corrections related to the
muon-electron mass difference. The LEP experiments
established lower limits on selectron masses that are gen-
erally stronger than those on smuons, and stronger for
left-handed sleptons. For our purposes the most relevant
LEP slepton constraints are those on m;,, which also
depend on other sparticle masses, in particular m , [137].
We use a LEP lower limit of 100 GeV in general, reducing
to 73 GeVifmy, —m, <2 GeV.

@ Springer

Atthe LHC, ATLAS has established the lower limitm; 2
700 GeV when m, = 0, falling to 2 600 GeV when
my = 400 GeV [138]. At lower smuon masses there is
an allowed corridor where m; — m, < 100 GeV that
extends down to the LEP lower limit on m;. We have
implemented fully these LHC limits in our scan of the
sparticle parameter space: see [ 139] for a full description.
An additional LHC constraint is relevant for compressed
spectra when m,, — m, S 15 GeV [140], which is
maximized when m, —m, >~ 10 GeV, in which case it
excludes mj, < 150 GeV.

We do not impose a priori LHC constraints on heavier
sparticles that are, in general, more model-dependent.
(See, in particular [38].) However, we do comment a
posteriori on their potential significances for benchmark
NUGM and NUHM3 scenarios.

As noted earlier, the Higgs mass is constrained to lie in
the range 123 GeV < mpy < 127 GeV as computed

using FeynHiggs [121-129].
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Fig. 5 The Higgsino components y and 4, respectively, of the LSP for the NUGM points shown in Fig. 2 as functions of m, . The color coding

corresponds to the values of Aa;, shown in Fig. 2

e For cases where the LSP makes up all of the cold dark
matter density, we require Qxhz = 0.1200 £ 0.0036
which represents the 30 range as determined by Planck
[46]. When the LSP is allowed to make up only a frac-
tion of the dark matter, we simply exclude models which
produce 2, /1% > 0.1236.

We also compute in our analysis the spin-dependent and
-independent cross sections for the scattering of the LSP on
protons. For a description of our calculations of these, see
[141,142]. The resulting cross sections are compared to the
recent results from LZ [143] for the spin-independent scatter-
ing cross section and PICO [144] for the spin-dependent scat-
tering cross section on protons. Note that while we exclude
input parameters which yield a relic density in excess of the
Planck determination, we do not exclude a priori points that
yield a scattering cross section in excess of the current exper-
imental limits, but comment a posteriori on their impacts on
the NUGM and NUHM3 parameter spaces.

4 Results
4.1 Non-universal gaugino mass model (NUGM)

As described above, the NUGM is characterized by six
parameters. In all cases, we have chosen i > 0. In our scan
of the parameter space, we have covered the following ranges

M =0-10TeV,
M>, =0—10TeV,
M3 =0—-15TeV,
mo=0—10TeV,
[Ao/mo| =0 — 40,
tan =1—150. 4)

The supersymmetry-breaking mass parameters are input at
the GUT scale, taken to be where the two electroweak gauge
couplings are unified, and run down to the electroweak scale.
Any set of inputs that do not yield a neutralino LSP is dis-

@ Springer
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Fig. 6 Scatter plots of projections of the results for the NUGM from
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We show the relic LSP density, Qxh2 (top left); the Higgs mass, m g
(top right); the spin-independent (SI) x — p scattering cross section, os|
(lower left) and the spin-dependent (SD) x — p scattering cross section,

carded. In addition, we discard parameter choices that lead
to a tachyonic Higgs pseudoscalar or do not satisfy the elec-
troweak symmetry breaking minimization conditions, i.e.,
that lead to u2 < 0.3

In our scan of the six-dimensional parameter space of
the NUGM we obtain 250,000 points from the MCMC
code. About 60,000 of them pass the kinematical constraints
described in Sect. 3 and satisfy the requirement that LSP is the
lightest neutralino. Of these, 45,000 points satisfy the Higgs
boson mass bound mpy = 125+ 2 GeV and the relic density
requirement £2,, h? < 0.1236. Of these, 3,000 points yield an

3 We also made an exploratory scan with negative values of M;. Chang-
ing the sign of M flips the sign of Aa,,, which can be compensated by
choosing 1 < 0. We checked that there were no qualitative effects on
our results for M 3. Therefore in all that follows, we choose to keep
M; > 0and u > 0.
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LSP density within the Planck 3o range for the overall cold
dark matter density: 0.1164 < Q,h? < 0.1236.

In Figs. 2 and 3 we show the values of the input parame-
ters for points that survive all of the constraints discussed in
the previous Section. The values are displayed as functions
of the calculated value of Aa, for each point and color-
coded in intervals of Aa, = 5 x 10719, Plots on the left
use only the upper bound on €, h?, whereas those on the
right are restricted to the Planck determination of the cold
dark matter density, as indicated in the caption. As might be
expected, we see in Fig. 2 that the viable resulting param-
eter sets indicate that M} ~ M, < 1 TeV for points with
the largest contribution to Aa, ~ 20 x 1070, However,
the gluino mass M3 ~ 8 TeV is significantly larger, as is
required in order to increase the stop mass sufficiently to
obtain a Higgs mass consistent with experiment. The yellow
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Fig. 7 Asin Fig. 6, but restricting the LSP density to the preferred cosmological range 0.1164 < Qxhz < 0.1236

symbols in these and subsequent planes indicate the locations
of the NUGM benchmark points discussed in Sect. 5 below.

We see in the top panels of Fig. 3 that the least well deter-
mined input parameter is Ag/mo, for which no specific value
is indicated. Indeed, Ag/my is only very weakly constrained
for points that yield small values of Aa, < 5 x 1010,
whereas relatively small values of |Ag/mg| < 2 are favored
for points that yield larger values of Aa, 2 15 x 10710,
The middle panels of Fig. 3 show, unsurprisingly, that larger
values of Aa,, are correlated with smaller values of m. This
preference for mg ~ 0.5 TeV enables a suitably low value of
m; to be obtained. The bottom panels of Fig. 3 show that,
whereas small values of Ag,, <5 x 10710 are possible for
values of tan 8 € [4, 20], large values of Aa,, =15 x 1010
are found only for tan 8 ~ 8.

To understand this, we recall that in order to get a sizeable
contribution to Aay,, a light smuon and LSP are preferred,
so a typical acceptable NUGM point has small My, M> and
mo. On the other hand, high values of M3 are needed in order
to obtain heavy stops that yield a Higgs mass in the required
region 125 +2 GeV. One then finds that the two-loop RGEs

affect m g, , and increase p which drives m;, and mj, lighter
for higher M3, favoring the stau coannihilation region, where
Qxh2 =~ 0.12. At M3 = 8 TeV, the stau becomes the LSP
and ultimately tachyonic. Similarly, tan 8 must be < 10,
since higher values also result in a stau LSP.

The composition of the neutralino LSP, yx, can be
expressed as a linear combination of the Bino (U(1) gaugino),

neutral Wino (SU(2) gaugino), and two neutral Higgsinos
R 73 70 70
XxX=aB+BW’ +yH +3dH,, (5

whose masses and hence the neutralino composition are
determined by the gaugino masses, M », the p parameter
and tan 8. Figure4 displays the gaugino contents, « and 8,
of the NUGM sample points. We see that they mainly exhibit
two possibilities: an almost pure Bino with a small admixture
of the neutral Wino, or vice versa. The points are color-coded
according to their values of Aa,, as in Fig. 2. We note that the
majority of the points with relatively large Aa,, 2 15x10~ 10
have a dominant Bino component. The most significant dif-
ference between the left panels (where the Planck range of

@ Springer
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Fig. 8 AsinFig. 6, displaying the allowed values of sparticle masses in the NUGM as functions of Aa,,. Only the upper limit on the cosmological

range Qxhz < 0.1236 is imposed

the cold dark matter density is interpreted as an upper limit
on the LSP density) and the right panels (where the LSP is
assumed to dominate the Planck density range) is that in the
latter case there is limited overlap between the ranges of m
where the Bino and Wino components may dominate.

For models in which the Bino is the LSP, its relic den-
sity is determined by various annihilation and coannihilation
channels. For relatively low Bino masses, annihilations in
what was termed the bulk region of the the MSSM parame-
ter space together with Bino-stau coannihilations dominate
[58]. In the CMSSM, these have long been excluded (at the
time, by the LEP lower bound on the Higgs mass), but this is
not an issue in the NUGM. At larger masses, Bino-Wino and
Bino-chargino coannihilations [145—149] become important.
When the LSP is predominantly a Wino, it is interesting to
note that when the Sommerfeld enhancement [150] of Wino
annihilations is included, typically a narrow range of Wino
masses with m;, >~ 3 TeV is required to attain Qv;,h2 =0.12
[151-155]. This accounts for the large-mass end of the hor-
izontal strip seen in the lower panels of Fig. 4. The Wino

@ Springer

relic density is typically smaller for lower masses, account-
ing for the elongated strip in the lower left panel. In the lower
right panel the strip extends down to roughly 2 TeV, where
nominally the relic density would be relatively low. How-
ever for these points, the relic density is controlled by Wino-
Bino coannihilation, as the Bino is nearly degenerate with the
Wino and both states contribute to the relic density, which is
actually enhanced.

For completeness, we display in Fig. 5 the magnitudes of
the Higgsino components in our NUGM sample. We see that
these components are generally small, in the range 1072
103, and do not exhibit much dependence on either m x Or
Aay,. Results for the full sample are shown in the left panels,
and for models with ©,/% within the range of cold dark
matter density favored by Planck in the right panels.

The upper left panel of Fig. 6 displays our results for the
relic density from the scan of parameters in the NUGM.
These points are color-coded according to their values of
Aay,. We also show in orange a comparison sample of
CMSSM points, for which M1 = M, = M3. We see that



Eur. Phys. J. C (2024) 84:1121

Page 11 0of 22 1121

4500 +

4000
3500
3000
2500
2000
1500
1000 -
500

M, 5 [GeV]

3000

2500

2000

1500

My12 [GeV]

1000 -

500

mg3 [GeV]

10

15
-10
Aa, [1077]

20

25

30

M2 [GeV]

Mo12 [GeV]

m03 [GeV]

L %4 3
;". %2 By o
500 %*‘ % RN L
% &o N PR
0 - T T T T
0 5 10 15 20 25 30
Ay, [107°]
5*?“‘“‘ i
10 15 20 25 30
Aa, [1079
Lp St
j‘x:v e‘ ':. 3
R ¥ T2
10 15 20 25 30
Aa, [107]

Fig. 9 The allowed values of M2, mo12 and mo3 in the NUHM3 model as functions of Aa,,, for points with with Qxh2 < 0.1236 on the left
and points with 0.1164 < Q Xhz < 0.1236 on the right. The triangles in the left planes indicate the locations of the NUHM3 benchmark points

discussed in Sect. 5 below

these yield only very small values of Aq,,, as expected. We
note also in the upper panels of Fig. 6 that the NUGM points
yield only Aa, < 20 x 1010, The reason for this is appar-
ent in the upper right panel which shows the value of m g as
a function of Aay,: larger values of Aa, correspond to my

outside the specified range. We see in the upper left panel of
Fig. 6 that most of the allowed points yield values of Xh2
below the range specified above. Those points whose relic
density are restricted to the range 0.1164 < h? <0.1236
are shown in Fig. 7. This restriction is immediately apparent
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Fig. 10 As in Fig. 9, displaying the allowed values of Ag/mgj2 and tan 8 in the NUHM3 model as functions of Aa,, for points with with
QXh2 < 0.1236 on the left and points with 0.1164 < QXh2 < 0.1236 on the right

in the upper left panel of Fig. 7, but has little impact in the
(Aay, mp) plane shown in the upper right panel.

The lower panels of Figs. 6 and 7 show scatter plots of
the LSP mass, m, vs the spin-independent (SI) LSP-proton
scattering cross section (left) and the spin-dependent (SD)
LSP-proton scattering cross section (right). In Fig. 6 the scat-
tering cross sections have been scaled by a factor €2, h?/0.12
to compensate for the reduced value of €, /42, but no such
scaling is done in Fig. 7. We see in all of these panels that
the NUGM cross sections are orders of magnitude below
the current experimental upper limits, below the estimated
level of the neutrino ‘fog layer’ [156] except for some points
with Ag, < 5 x 10719, whereas the CMSSM can yield val-
ues of the SI LSP-proton scattering cross section above the
corresponding experimental limit, and values of the SD LSP-
proton scattering cross section that are only slightly below
the experimental limit. Note that we do not show the neutrino
fog line in the spin-dependent case as it is highly dependent
on the detector material used [156].

@ Springer

Figure 8 displays predictions for some sparticle masses
in the NUGM, using the same color coding as in Fig. 2. We
see in the upper left panel how the range of smuon masses is
correlated with the value of Aa,,, and in the upper right panel
we see similar behavior for the LSP mass, m, . As expected
the lower smuon and LSP masses are correlated with larger
values of Aay. The correlation between the masses of the
smuon and the lighter (Wino-like) chargino, Xi, is shown in
the lower left panel of Fig. 8, and the correlation between the
stop and gluino masses is shown in the lower right panel.*
We note that large values of Aa,, correspond to large val-
ues of these masses, well beyond the reach of LHC experi-
ments. In the NUGM, while the smuon mass is restricted to
<200GeVif Aay, > 15x 10719, we find that m; > 11 TeV
and mg ~ 15 TeV, far beyond the reach of the LHC. These

4 Points in this figure are only subject to the upper limit on the relic
density. Restricting to the narrow range of relic densities would only
thin the density of points shown, but has little impact on the correlations
of mj and my with Aay,.
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results illustrate how the NUGM can reconcile a relatively
large value of Aa,, with the favored range of Q2,42 and the
theoretical calculation of my. This reconciliation requires,
in addition, that u ~ 8 TeV.

4.2 Non-universal Higgs and third-generation scalar mass
model (NUHM3)

Our analysis of the model with non-universal Higgs and third-
generation scalars (NUHM3) proceeds along similar lines to
the case of the NUGM analysis above. In the NUHM3 case
the scan ranges for the seven model parameters are’

Mip=0-6TeV,
m012:0—6TeV,

5 As noted earlier, the choice of n and M4 is equivalent to using the
soft supersymmetry-breaking masses m g, and mp,. Using the former
allows a more efficient search of parameters sets making a sizeable
contribution to Aa,.

moz =0—20TeV,
uw=0-5TeV,
My =0-20TeV,
|Ag/mol =0 —40,
tang =1—50. (6)

As in the NUGM case, the supersymmetry-breaking mass
parameters are input at the GUT scale and run down to
the electroweak scale. Inputs that do not yield a neutralino
LSP, lead to a tachyonic Higgs pseudoscalar, or do not sat-
isfy the electroweak symmetry-breaking minimization con-
ditions are discarded.

In our scan of the seven-dimensional parameter space of
the NUHM3, the MCMC chains provide us with 600,000
points initially. Some 100,000 of them pass the kinemati-
cal constraints and have a neutralino LSP. Of these, about
60,000 points satisfy the conditions mg = 125+2 GeV and
Q xh2 < 0.1236, and about 5,000 points satisfy the stricter
condition 0.1164 < QXh2 < 0.1236.
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as functions of m, . The color coding corresponds to the values of Aa,, shown in Fig. 9

We show in Figs. 9, 10, and 11 the values of the NUHM3
input parameters for points that survive all of the constraints
discussed above. As for the NUGM, these are color-coded
in intervals of Aa, = 5 x 10710, We see that values of
Aay, as large as 30 x 10710 are possible, but for relatively
few points when the LSP density is restricted to the Planck
determination of Qxh2 (right panels). The parameter sets
yielding large values of Aa, tend to prefer relatively small
values of the common gaugino mass M1,2. As we see from
the top right panel of Fig. 9, M1,> >~ 500 GeV when the LSP
makes up all of the dark matter. Similarly, when Aa,, is large
the common first- and second-generation scalar mass mg2
also takes low values with mg12 >~ 500-700 GeV preferred.
In contrast, the spread third-generation scalar mass mg3 is
generally much larger, so as to accommodate a large stop
mass as needed to provide an acceptable value of m ;7. While
the data appear to select somewhat distinct values of m3
at large Aa,, in the bottom left panel of Fig. 9, this is due
to limitations of the MC sampling, and does not affect the
overall envelope of allowed points in the (Aay,, mo3) plane.
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The triangles in the left planes indicate the locations of the
NUHM3 benchmark points discussed in Sect. 5 below: none
of the NUHM3 benchmarks saturate the Planck cold dark
matter density.

Figure 10 indicates that the NUHM3 models are relatively
insensitive to Ag and tan 8. There is a wide range of values of
Ap/myo2 that yield large values of Aa,,, though the number
of points found is greatly diminished when we restrict the
density to the cosmological range as we see when comparing
the left and right panels. We note that although the values of
Ag/mo1y are large, namely O(20)), Ag/mo3 is only O(1).
Compared to the NUGM discussed in the previous section,
values of tan B found here are relatively high, of order 25.

In contrast to Ag/mo12, the value of i shown in Fig. 11
does correlate with Aa,,, with lower values of u preferred
for large Aa,. When the LSP density is restricted to the
cosmological range, u < 300 GeV is preferred as seen in
the upper right panel of Fig. 11. On the hand, a large range of
values of M4 between 5 and 10 TeV are found at large when
Aay, is large and the LSP density is not restricted. With the
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relic density restricted, there are again fewer points at large
Aay,.

We display in Fig. 12 the composition of the LSP in these
NUHMS3 points. The left panels display points with €2, h? <
0.1236 and the right panel shows points with 0.1164 <
Qxh2 < 0.1236. In both cases my = 125 £ 2 GeV. Unlike
the case of the the NUGM, the Bino component o may or may
not dominate. Indeed, we find two distinct populations, those
with |a| ~ 1 and those with much lower values, for which
one of the Higgsino components dominates. The two Hig-
gsino components, y and § are displayed in Fig. 13, again
for points with €2, h? < 0.1236 in the left panels and for
points with 0.1164 < Q,h? < 0.1236 in the right panels,
and mp = 125 &2 GeV. The Wino component § is mostly
in the range [0.1, 0.01] though values as large as ~ 0.3 are
attained for a few points.

Figure 14 displays some two-dimensional projections of
the NUHM3 points allowed when the relic LSP density is
constrained only by the upper limit 2 xh2 < 0.1236. Here,
in addition to the color coding for different 5 x 107! ranges

of Aay, we have colored orange points in a sample with
mo12=mo3 (the NUHM2). As already commented, there are
NUHMS3 points compatible with mpg = 125 4+ 2 GeV that
have Aa,, aslarge as 30 x 10719, whereas the NUHM?2 points
all have very small Aa,,, as was the case for the CMSSM sam-
ple mentioned in connection with our NUGM analysis above.
The scattering cross sections are shown in the lower panels
of Fig. 14. In this case, as in the NUGM, we plot the scatter-
ing cross section scaled by the density 2 xh2 /0.12, so as to
correspond better to the scattering rate in a detector. There is
wide range of the SI and SD cross sections that are allowed
by experiment for points with a low density. Measurements
of the SI cross section exclude most of the NUHM3 sample,
but some points with Aa,, < 15 x 10719 are allowed, along
with many of the NUHM2 points. The present experimen-
tal limit of the SD cross section is a weaker constraint on the
NUHM3 sample, and all the NUHM?2 sample predicts values
well below the experimental limit.

Figure 15 shows an analogous set of NUHM3 parame-
ter planes where the LSP density is restricted to the Planck
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model

range 0.1164 < Q, h? < 0.1236. We see that there are still
many such points with m g within +2 GeV of the measured
Higgs mass. The lower left panel of Fig. 15 shows, however,
that the NUHM3 sample points generally have values of the
SI cross section that are excluded, with the remainder lying
above the neutrino ‘fog layer’ [156], and that some of the
NUHM3 sample also predicts values of the SD cross section
that are excluded. This is why none of the NUHM3 bench-
marks saturate the Planck cold dark matter density. However,
some (all) of the NUHM2 sample predicts values of the SI
(SD) cross section that are compatible with experiment.
Figure 16 displays the allowed ranges of m; and my as
functions of Aa,, in the upper panels, and the (m, m ,+) and
(mj, mg) correlations in the lower panels, all for the sample
with Qxhz < 0.1236. We see that points with Aa,, > 20 x
10710 have m i and m, < 300 GeV, whereas larger masses
are allowed for models with smaller Aa,,. The (m;,my)
correlation is tighter for points with Aa,, > 5 x 10710, but
the larger values of m; and m, allowed for smaller Aa,, are
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largely uncorrelated. We also note that m; can be large when
Aay, > 5x 10719, but is restricted to mz < 3 TeV for larger
Aay,. Qualitatively similar features remain when we impose
0.1164 < Qxh2 < 0.1236, albeit with a smaller sample.

As commented above, the LHC constraints on squark and
gluino masses in simplified models such as the CMSSM are
weakened in more general models where several different
mass parameters and decay modes must be taken into account
when deriving mass limits. We are unaware of any dedicated
studies of the NUHM3 but note, for example, that a detailed
study of the pMSSM using ~ 36/fb LHC Run 2 data found
that squarks and gluinos could have masses as low as ~ 700—
800 GeV: see the right panels of Fig. 2 of [38]. Limits at
these levels would impinge on a small corner of the lower
right panel of Fig. 16 but not exclude the vast majority of
NUHMS3 points displayed. It would be desirable to update this
analysis to include all available LHC Run 2 data, and extend
it to the NUHM3, but that is beyond the scope of this paper.
Such analyses would exclude larger ranges of gluino and
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Fig. 15 Asin Fig. 14, but restricting the LSP density to the Planck range 0.1164 < Qxhz < 0.1236

squark masses but we do not expect our overall conclusions
to change.

5 Benchmark scenarios

Based on the analysis in Sect.4.1, we have selected three
benchmark NUGM models, labeled A, B, and C. The sets
of input parameters for these benchmarks is given in Table
1. They are distinguished primarily by the value of Aaqy.
The calculated relic density, value of Aay, and the spin-
independent and -dependent scattering cross sections as well
as some representative masses are provided in Table 2. Each
of these points was chosen to yield a relic density close to
the Planck value of the cold dark matter density.

As seen in Fig. 1, the contributions to the anomalous
muon magnetic moment for these points cover the range of
Aay, < 20 x 10719, i.e., within 1o of the value of Aay,
indicated by the data-driven theoretical estimate [4] and cov-
ering the ranges favored by lattice calculations [7,8], as well
as the CMD-3 estimate [9] and the recent phenomenologi-

cal analysis in [10]. The NUGM can provide values of Aa,,
significantly larger than those found in the CMSSM, consti-
tuting a major improvement over the CMSSM.

As noted earlier, models with relatively large Aa,, tend
to have relatively low elastic scattering cross sections. The
values for og1 and osp for the three benchmark points are
also given in Table 2. All three of these benchmark points
have a Bino-like LSP whose relic density is determined pri-
marily by stau coannihilation [87-95]. The masses of the
LSP, lighter chargino (Wino-like), left-handed smuon, lighter
stau, gluino and lighter stop are also given in the Table. Their
spectra are somewhat similar and have relatively low masses
for the color-neutral states, which may be within reach of
the LHC. However, the stop and gluino have in each case
masses in excess of 10 TeV, beyond the reach of the LHC.
The benchmarks are presented in Table 2 and indicated by
yellow symbols (A, v and ¢) in the figures.

We have also selected a set of three benchmark points
for the NUHM3. In this case, even though there are many
points for which the relic density is of order 0.12, these points
are excluded since their spin-independent cross sections are
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Fig. 16 Asin Fig. 8, but displaying the allowed ranges of sparticle masses in the NUHM3 model as functions of Aa,,

Table 1 Benchmark points for the NUGM

M, M, Ms mo Ao/mo tan 8
A (D) 1218 799 7245 676 0.4 17
B (v) 730 828 8365 541 —-0.6 7
C ) 626 695 7852 550 0.0 7

too large, even when theoretical uncertainties are taken into
account [141]. We use Fig. 14 to select benchmark points that
have a broad range of contributions to Aa, < 24 x 10719
but do not violate any of the constraints considered. How-
ever, as discussed earlier, none of them saturate the Planck
cold dark matter density. The benchmarks are presented in
Table 3 and indicated by yellow symbols (A, 7 and {) in the
figures. As in the case of the NUGM, we note that the masses
of the color-neutral sparticles at these benchmarks are light
enough to be potentially detectable at the LHC. Again as in
the NUGM case, however, the colored sparticles are gener-
ally too heavy to be found at the LHC. An exception is the
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Table 2 Observables and masses for the NUGM benchmark points in
Table 1. The LSP is Bino-like for these points

A (D) B (V) c )
Qy h? 0.118 0.123 0.118
Aay, (10710) 6.1 142 19.9
os7 (10713 pb) 1.0 22 2.1
osp (10711 pb) 2.6 1.2 1.5
my 480 240 196
m+ 529 513 402
Mpy g 637 296 234
mz, 513 258 214
mg 14,080 16,110 15,200
mg; 10,040 11,480 10,830

gluino at benchmark point A, which is lighter than the lower
limit set in simplified models such as the CMSSM. However,
as seen in the bottom panels of Fig. 2 in [38], this limit may
be relaxed in more general models, and the light gluino of
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Table 3 Benchmark points for the NUHM3 model

My morz moes i My Ao/mor2  tanfB
A (A) 571 440 8305 557 7340 18.3 25
B (v) 1450 65 10,374 143 9317 13.6 26
C (0) 1238 837 11,025 143 10,239 164 30

Table 4 Observables and masses for the NUHM3 benchmark points
in Table 3. At point A the LSP is a Bino, while at points B and C
it is a Higgsino. The re-scaled direct detection cross sections (o x
Q Xh2 /0.12) for these points are smaller than the LZ bound, so these
points lie below the black curve in Fig. 14

A (D) B (V) c

Qy h? 324x 1072 384 x 1073 4.11x1073
Aay, (10710 242 20.6 7.9

osy (pb) 25x10710  1.0x107° 1.2 x 1079
os; (pb) re-scaled 6.6 x 107! 32x 107" 42x 1071
osp (pb) 9.5 x 1077 45x% 1073 6.2 x 1073
osp (pb) re-scaled 2.6 x 1077 1.4 x 107© 2.1 x10°°
my 247 153 153

my 476 157 158

Mpy g 261 205 719

mz, 7759 9869 9791

mg 1388 3219 2829

my 4837 7202 5785

point A may still be allowed and offer prospects for future
detection at the LHC, a point requiring further study (Table
4).

6 Summary

We have shown in this paper that a significant supersymmet-
ric contribution to the muon anomalous magnetic moment
is possible if one relaxes the restrictive unification condi-
tions on the gaugino and sfermion masses made in specific
models such as the CMSSM and the NUHM2. In particu-
lar, in a model with non-unified gaugino masses one can
find Aa, ~ 17 x 10710, e.g., if M15 ~ 600 GeV and
Mz ~ 8 TeV. In the case of non-universal Higgs and
third-generation sfermion masses, one can find even larger
Aay, < 24 x 10719 for first- and second-generation sfermion
masses ~ 400 GeV and third-generation sfermion masses
~ 8 TeV. These possibilities are illustrated by the bench-
mark points whose predictions for Aa,, are shown in Fig. 1.

These benchmark scenarios predict, in general, relatively
light color-neutral sparticles that may be detectable at the
LHC. Figure 17 shows the locations of the NUGM and
NUHM3 benchmark points in the (mj, my) plane. We see

600

500 A r
400 -

300 5

m, [GeV]

100 200 300 400 500 600 700 800
m, [GeV]

Fig. 17 The benchmark points for NUGM (cyan symbols) and
NUHM3 (orange symbols), where triangle is point A, inverted trian-
gle B and diamond C. The shaded regions are excluded by ATLAS
dilepton searches at the LHC, see [138,140]: the colors correspond to
different searches, as explained in [139]

that they are allowed by the current ATLAS constraints [23],
but likely to be vulnerable to foreseeable improvements in
the LHC search sensitivity. On the other hand, the strongly-
interacting sparticles must be heavier than the color-neutral
sparticles, in particular so as to yield a Higgs mass in the
experimental range. A consequence of this requirement is
that the rates for direct detection of scattering on nuclei
are typically small in the NUGM, lost in the ‘neutrino fog’
except for some points with Aa,, < 5x 10710, However, the
NUHM3 benchmark points have scattering rates that may be
detectable after rescaling.

We have shown in this paper how supersymmetric mod-
els could accommodate a discrepancy Aa, between Stan-
dard Model prediction and the experimental measurements,
whichever of the current theoretical estimates [4,7,9,10]
turns out to be more accurate. In all the benchmark scenarios
studies, there are prospects for detecting color-singlet sparti-
cles at the LHC, and it is also possible that the gluino might
be within experimental reach. Many obituaries for supersym-
metry have been pronounced, but in the immortal words of
Monty Python [157], it is “not dead yet”, and the anoma-
lous magnetic moment of the muon may yet revive interest
in supersymmetry.
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