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Supersymmetric models with the anomaly-mediated supersymmetry (SUSY) breaking (AMSB) form for
soft SUSY breaking terms arise in two different settings: (1) extra-dimensional models where SUSY
breaking occurs in a sequestered sector, and (2) 4 − d models with dynamical SUSY breaking in a hidden
sector where scalars gain masses of order the gravitino mass m3=2, but gaugino masses and trilinear soft
terms are assumed to be of the AMSB form. Both models run into serious conflicts with (1) LHC sparticle
and Higgs mass constraints, (2) constraints from winolike weakly interacting massive particle dark matter
searches, and (3) bounds from naturalness. These conflicts may be avoided by introducing minor changes
to the underlying phenomenological models consisting of nonuniversal bulk scalar Higgs masses and A
terms, providing a setting for natural anomaly mediation (nAMSB). In nAMSB, the wino is still expected to
be the lightest of the gauginos, but the Higgsinos are expected to be the lightest electroweakinos (EWinos)
in accord with naturalness. We examine what sorts of spectra are expected to emerge when nAMSB arises
from a string landscape setting: While model 2 can only be natural for a Higgs massmh ≲ 123 GeV, model
1 can accommodate naturalness along with mh ∼ 125 GeV while still respecting LHC bounds on sparticle
masses. We explore the LHC phenomenology of nAMSB models where we find that for Higgsino pair
production, typically larger dilepton mass gaps arise from the soft dilepton-plus-jets signature than in
models with gaugino mass unification. For wino-pair production, the higher m3=2 portion of nAMSB
parameter space is excluded by recent LHC bounds from gaugino pair production searches. We
characterize the dominant LHC signatures arising from the remaining lower m3=2 ∼ 90–200 TeV range
of parameter space, which should be fully testable at high-luminosity LHC via EWino pair production
searches.
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I. INTRODUCTION

Supersymmetric models [1] based on anomaly-mediated
supersymmetry (SUSY) breaking (AMSB) arose from two
different setups.

A. AMSB0: (Giudice, Luty, Murayama, and Rattazzi)

The second, by Giudice et al. [2], which we label as
AMSB0, was motivated by four-dimensional models where

SUSY is broken dynamically in the hidden sector [3] and
where SUSY breaking was communicated to the visible
sector via gravity. The motivation here was that the SUSY
breaking scale mhidden might be generated nonperturba-
tively via gaugino condensation and would then be expo-
nentially suppressed relative to the Planck scale via
dimensional transmutation [4]:mhidden ∼ e−8π

2=g2mP, where
mP is the reduced Planck scale. This would not only
stabilize the weak scale (via SUSY) but also explain its
exponential suppression from the Planck scale: mweak ∼
msoft ∼m2

hidden=mP, where mhidden ∼ 1011 GeV. Now in
gravity mediation, gaugino masses arise via

Z
d2θfAB

�
S
mP

�
WA

αWBα ð1Þ

with fAB the gauge kinetic function depending on hidden
sector fields S and where the F term of S acquires a
SUSY breaking value FS; the gaugino masses arise asmλ∼
ðFS=mPÞ ∼m3=2 ∼msoft ∼mweak. However, if no hidden
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sector singlets are available as in (most) dynamical super-
symmetry breaking models [5],1 then the gaugino masses
are expected instead at the keV scale, which would be
experimentally excluded. However, Ref. [2] found that the
one-loop renormalization of the visible sector gauge
couplings is given by [7]

1

4

Z
d2θ

�
1 −

g2b0
16π2

log
Λ2

□

�
WαWα þ H:c:; ð2Þ

where b0 is the coefficient of the relevant gauge group beta
function and□ is the d’Alembertian operator. This leads to
SUSY breaking gaugino masses via replacement of the UV
cutoff Λ by the spurion superfield Λ expðm3=2θ

2Þ leading
to (loop-suppressed) gaugino masses [8]2

mλ ¼ −
g2b0
16π2

m3=2: ð3Þ

For m3=2 ∼ 100 TeV, mλ ∼ 1 TeV as required to gain
mweak ∼mW;Z;h ∼ 100 GeV. Similarly, the trilinear soft
(A) terms are not allowed at tree level if no singlets are
available for a

Z
d2θ

S
mP

ϕiϕjϕk ð4Þ

coupling (where the ϕi are generic visible sector super-
fields). The A terms can also arise at one-loop level in
AMSB and are proportional to derivatives of the anomalous
dimensions. Scalar masses, on the other hand, arise from

Z
d2θd2θ̄

S†S
m2

P
ϕ†ϕ; ð5Þ

and are not protected by symmetries, and so they can be
much largerm2

ϕ ∼m2
3=2 and can gain their gravity-mediated

form. This form of scalar mass generation suffers from the
usual SUSY flavor problem that is endemic to gravity
mediation.
The AMSB0 model thus yields a hierarchy of soft terms

mϕ ≫ mλ ∼ A as noted by Wells [13] in what he dubbed
PeV SUSY [14]. This model also motivated realizations
of split [15,16] and minisplit [17] SUSY models. These
later models eschew the notion of naturalness in hopes
of a landscape solution to the naturalness problem, thus
allowing for scalar masses in the range of 100–1000 TeV
(for minisplit) and ranging up to mϕ ∼ 109 TeV for split
SUSY. Split SUSY predicts a light Higgs mass mh ∼
130–160 GeV [18]. The discovery of a Standard-Model-
(SM) like Higgs boson with mass mh ∼ 125 GeV moti-
vated a retreat to scalars in the range of minisplit models

which allow for mh ∼ 125 GeV along with small A terms.
Avalue ofmh ≃ 125 GeV can also be realized by TeV-scale
top squarks but with near maximal stop mixing from large
A terms [19,20].
Since scalar masses arise as in gravity mediation, this

AMSB0 model may still be plagued by flavor problems,
although these may be softened by the rather large values of
scalar masses which are expected: a (partial) decoupling
solution to the SUSY flavor problem [21]. It also gave
rise to unique phenomenological signatures [22] since in
AMSB the wino rather than the bino was expected to be the
lightest SUSY particle (LSP).

B. AMSB (RS)

Alternatively, in the Randall-Sundrum (RS) AMSB
model [23] (AMSB), it was posited that SUSY breaking
arose in a hidden sector sequestered from the visible sector
in extra-dimensional spacetime. In such a setup, the leading
contribution to all soft SUSY breaking terms was from the
superconformal anomaly and suppressed by a loop factor
from the gravitino mass m3=2. In this form of AMSB, a
common value of scalar masses was expected, thus avoid-
ing the SUSY flavor problem which seems endemic to
models of gravity mediation. Also, since msoft ≪ m3=2, the
cosmological gravitino problem could be avoided since
in the early Universe thermally produced gravitinos could
decay before the onset of big bang nucleosynthesis [24].
In both cases of AMSB and AMSB0, the thermally under-
produced winolike weakly interacting massive particles
(WIMPs) could have their relic abundance nonthermally
enhanced by either gravitino [25] or moduli-field
decays [26,27]. A drawback in the case of AMSB was that
soft slepton masses were derived to be tachyonic, thus
leading to charge-breaking vacua in the scalar potential.
Some extra contributions to scalar masses arising from
fields propagating in the bulk of spacetime could be
postulated to avoid this problem [23].

C. Further deliberations on AMSB

Some further notable theoretical explorations of AMSB
soft terms include Gaillard et al. [28] where AMSB soft
terms arose as quantum corrections under Pauli-Villars
regularization of supergravity. In Anisimov et al. [29,30],
brane world SUSY breaking (as in the RS model) was
examined, and it was found to be insufficient to guarantee
the needed sequestering between hidden and observable
sectors to generate dominant AMSB soft terms and flavor-
conserving scalar masses. In Ref. [31], Luty presents
pedagogical lectures on SUSY breaking leading up to
and including AMSB. In Ref. [32], the connection of
AMSB with dimensional transmutation is examined as a
solution to the tachyonic slepton problem. In Ref. [33],
Dine and Seiberg (DS) clarify the derivation of AMSB soft
terms and relate them to the gaugino counterterm. In
Ref. [34], de Alwis presents the derivation of AMSB soft

1For an exception, see, e.g., [6].
2The AMSB contributions to gaugino masses were already

presaged by Refs. [9–12].

BAER, BARGER, BOLICH, DUTTA, and SENGUPTA PHYS. REV. D 109, 035011 (2024)

035011-2



terms and emphasizes their origin in work by Kaplunovsky
and Louis [12] and DS, and shows there may be additional
soft term contributions. This inspires his later development
of the gaugino AMSB model [35]. In Ref. [36], a clarifying
derivation of AMSB soft terms is presented. In Ref. [37],
Sanford and Shirman develop an arbitrary conformal
compensator formalism, which allows extrapolation
between RS and DS derivations. In Ref. [38], anomaly
mediation from IIB string theories is examined. In
Ref. [39], the AMSB connection with gravitino mediation
vs Kähler mediation is examined. This work is extended to
scalar masses in Ref. [40]. In Ref. [41], Dine and Draper
examine anomaly mediation in local effective theories. In
Ref. [42], de Alwis examines the interplay of AMSB with
spontaneous SUSY breaking. In Ref. [43], the connection
between AMSB gaugino masses and the path integral
measure is examined.
An alternative route to models with AMSB soft terms

was developed by Luty and Sundrum [44] in models with
strong hidden sector conformal dynamics. In these 4 − d
models, strong hidden sector conformal dynamics leads to a
suppression, or sequestering, of usual soft terms due to
higher-dimensional operators which mix the hidden and
visible sectors. The suppression of gravity-mediated soft
terms occurs between the messenger scale (taken here to
be mP) and some intermediate scale mint where conformal
symmetry becomes broken. In such a case, the loop-
suppressed AMSB soft terms may become dominant. In
Ref. [45], the conformal suppression acts upon scalar
masses and the Bμ term, but in Refs. [46,47], it is
emphasized that conformal sequestering may also act on
the gaugino sector.

D. Status of the minimal phenomenological
AMSB model (mAMSB)

A minimal phenomenological AMSB model (mAMSB)
was proposed in Refs. [48,49] with parameter space

m0; m3=2; tan β; signðμÞ ðmAMSBÞ; ð6Þ

where m0 was an added universal bulk scalar mass, and the
gravitino mass m3=2 set the scale for the AMSB soft terms
mAMSB ∼ cðg2=16π2Þm3=2 with c a calculable constant
of order unity and g is a gauge group coupling constant.
The bulk scalar mass is generic to the AMSB0 setup and
phenomenologically required to gain positive slepton
squared masses in AMSB. Various studies of mAMSB at
LHC appeared in Refs. [50–54].
At present, both of these setups within the mAMSB

model seem phenomenologically disfavored and perhaps
even ruled out. The first problem is that in mAMSB the
SUSY conserving μ parameter is typically fine-tuned to
large values compared to the measured value of the weak
scale mweak ∼mW;Z;h ∼ 100 GeV, thus violating [55] even
the most conservative measure of naturalness ΔEW [56,57],

where ΔEW is defined as the largest value on the right-hand
side (rhs) of the scalar potential minimization condition

m2
Z=2 ¼ m2

Hd
þ Σd

d − ðm2
Hu

þ Σu
uÞ tan2 β

tan2 β − 1
− μ2 ð7Þ

divided by m2
Z=2. The second problem is that the small

values of mAMSB A terms typically lead to too small a
value of mh ≪ 125 GeV unless third-generation soft scalar
masses lie in the 10–100 TeV range [58,59], thus also
violating naturalness [55] via the radiative corrections
Σu
uðt̃1;2Þ, leading again to a large value for the electro-

weak fine-tuning measure ΔEW. A third problem is that
wino-only dark matter [26] now seems excluded by a
combination of direct and indirect WIMP search experi-
ments [60–62]. This latter exclusion may be circumvented
in cases of mixed axion-wino dark matter (DM) (two DM
particles) wherein the relic wino abundance forms only a
small portion of the total DM abundance [63]. This latter
scenario posits a Peccei-Quinn axion which also solves the
fine-tuning problem of the θ parameter in the QCD sector.

E. Natural anomaly-mediated SUSY
breaking (nAMSB)

In Ref. [64], two minor changes to the mAMSB model
were suggested to circumvent its undesirable phenomeno-
logical properties.3 First, separate bulk masses for mHu

≠
mHd

≠ m0 were applied to scalar masses, which then
allowed for a small μ parameter in accord with naturalness
[a unified mass m0 just for matter scalars is highly
motivated by the fact that the matter superfields are unified
within the 16-dimensional spinor rep of SOð10Þ]. Second,
bulk contributions to trilinear soft terms A0 were advocated,
which then allowed for large stop mixing which in turn
uplifts the Higgs mass mh → ∼125 GeV [65] without
requiring the stop sector to lie in the unnatural multi-TeV
range or beyond. These two adjustments allowed for EW
naturalness and for mh ∼ 125 GeV. Models with these
attributes were denoted as natural AMSB (nAMSB):

m0ðiÞ; mHu
; mHd

; m3=2; A0; tan β ðnAMSB0Þ;
ð8Þ

where we also allow for possible nonuniversal bulk con-
tributions to the different generations i ¼ 1–3. It is con-
venient to then trade the high-scale parameters m2

Hu
and

m2
Hd

for weak-scale parameters μ and mA using the scalar
potential minimization conditions [66,67].
Like mAMSB, the nAMSB model has winos as the

lightest of the gauginos. Unlike mAMSB, the nAMSB
model (usually) has Higgsinos as the lightest EWinos, in

3These “changes” were actually suggested as default para-
meters in the original RS paper Ref. [23].
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accord with naturalness. By requiring the natural axionic
solution to the strong CP problem, one then expects mixed
axion plus Higgsino-like WIMP dark matter [68,69], and
one can circumvent the constraints on wino-only dark
matter [62].

F. nAMSB from the landscape

The advent of the string theory landscape [70,71] led to
some major changes in SUSY models with AMSB soft
terms. First, it was found that flux compactification [72]
of type-IIB string models on Calabi-Yao orientifolds led
to enormous numbers of string vacuum states (10500 is a
prominently quoted number [73,74], although much larger
numbers have also been found in F-theory compactifica-
tions [75]). Such large numbers of vacuum possibilities
allow for Weinberg’s [76] anthropic solution to the cosmo-
logical constant (CC) problem and “explains” the fine-
tuning of ΛCC to a part in 10120. Then, if the CC is
fine-tuned by anthropics, might one also allow for the
little hierarchy mweak ≪ msoft to also be fine-tuned? In
split SUSY, electroweak naturalness is eschewed, while
WIMP dark matter and gauge coupling unification are
retained [13,15,77]. A possible model framework for split
SUSY would then be charged SUSY breaking [14,16],
wherein tree level gaugino masses (and A terms) are
forbidden by some symmetry (perhaps R symmetry?),
while scalar masses are allowed as heavy as one likes.
Values of mscalar ∼ 109 GeV were entertained, leading to a
signature of long-lived gluinos. The heavy scalars also
allowed for a decoupling solution to the SUSY flavor and
CP problems [21]. In split SUSY, one expects light Higgs
masses in the mh ∼ 130–160 GeV range [18,78], in con-
trast to the 2012 Higgs discovery with mh ≃ 125 GeV. To
accommodate the measured Higgs mass, scalar masses
were dialed down to the 103 TeV range. These minisplit
models [17,79] then allowed for mh ∼ 125 GeV while still
potentially allowing for a decoupling solution to the SUSY
flavor and CP problems. However, only recently has the
occurrence frequency of highly fine-tuned SUSY models
been examined in an actual landscape context. In Ref. [80],
a toy model of the landscape was developed, and it was
shown that EW natural models should be more likely than
fine-tuned models to emerge from a generic landscape
construction. In retrospect, the reason is rather simple. In
Agrawal et al. [81] (ABDS), it was found that within a
multiverse wherein each pocket universe would have a
different value for its weak scale, only complex nuclei, and
hence, complex atoms (which seem necessary for life as we
know it), would arise if the pocket-universe value of the
weak scale were within a factor of a few of its measured
value in our Universe (OU): 0.5mOU

weak ≲mPU
weak ≲ 5mOU

weak.
We call this range of mPU

weak the ABDS window. Now in
models where all contributions to the weak scale [to the rhs
of Eq. (7)] are natural (in that they lie within the ABDS
window), the remaining parameter selection [typically,

either μðweakÞ or mHu
ðweakÞ] will also have a wide range

of possibilities, all lying within the ABDS window, to gain
an ultimate value for mweak within the ABDS window. On
the other hand, if any contribution to mweak is far beyond
mweak, then fine-tuning is needed, and only a tiny portion
of parameter space will lead to mweak ∼ 100 GeV. This
scheme was then used in Ref. [82] to compute relative
probabilities Pμ for different natural and fine-tuned SUSY
models (and the SM) to emerge from the landscape.
For instance, from Ref. [82], it was found that for a
radiative natural SUSY model, where all contributions to
the weak scale lie within the ABDS window, a relative
probability Pμ ∼ 1.4 was computed, while the SM, valid up
to the reduced Planck mass mP, had Pμ ∼ 10−26. Also, split
SUSY—with scalar masses at 106 TeV—had Pμ ∼ 10−11.
Other models such as CMSSM [83], PeV SUSY [14],
spread SUSY [84], minisplit [17], high-scale SUSY [85],
and G2MSSM [86] were also examined and found to have
tiny values of Pμ. Thus, while the emergence of EW fine-
tuned models is logically possible from the landscape,
their likelihood is highly suppressed compared to natural
models: Natural SUSY models are much more plausible as
a low energy effective field theory (LE EFT) realization of
the string landscape.
With the above considerations in mind, in this paper we

first wish to explore in Sec. II the expectations for Higgs
boson and sparticle masses from the nAMSB model with
sequestered sector SUSY breaking, as might be expected
from SUSY brane-world models, and as characterized by
the presence of bulk A terms (A0 ≠ 0 but also including
AMSB A terms). The nAMSB0 model with A0 ¼ 0 has
been shown in Fig. 2 of Ref. [64] to allow for naturalness
(ΔEW ≲ 30) but only if mh ≲ 123 GeV. With the string
landscape in mind, we expect the various bulk soft terms
and m3=2 to be distributed as a power-law draw

Psoft ∼mn
soft ð9Þ

to large values in the multiverse as suggested by Douglas [87].
By combining the draw to large soft terms with the
requirement of a weak scale within the ABDS window,
the putative distribution of Higgs and sparticle masses from
the landscape may be derived in the context of those string
models which reduce to an nAMSB low energy effective
theory. Generically, under charged SUSY breaking with
gravity-mediated scalar masses, we expect nonuniversality
within different grand unified theory multiplets and differ-
ent generations, so we adopt independent masses m0ðiÞ,
(i ¼ 1–3 a generation index), along with mHu

≠ mHd
.

Motivated by the fact that all members of each generation
fill out a complete 16D spinor of SOð10Þ, we maintain
universality within each generation (as emphasized by
Nilles et al. [88]). One issue is that the bulk trilinear soft
terms A0 are expected to be forbidden under charged SUSY
breaking [14]. These results show the difficulty of deriving
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mh ∼ 125 GeV in such models without bulk A terms. Thus,
our ultimate parameter space is

m0ðiÞ; m3=2; A0; μ; mA; tanβ ðnAMSBÞ: ð10Þ

We then restrict ourselves to a set of string landscape vacua
with the minimal supersymmetric Standard Model as the
low energy EFT, but where gauginos gain AMSB masses,
but the remaining soft terms scan within the multiverse and
include bulk terms. (While soft terms are expected to be
correlated within our Universe, they may scan within the
multiverse [89].)
With this setup in mind, the remainder of this paper

is organized as follows. In Sec. II, we assume a simple
n ¼ þ1 power-law draw [as in Eq. (9)] on soft terms in the
landscape, and plot out probability functions for the various
expected Higgs and sparticle masses for nAMSB with
A0 ≠ 0. These models can be natural while also respecting
mh ∼ 125 GeV. In Sec. III, we present several AMSB
benchmark points and model lines. In Sec. IV, we present
sparticle production cross sections expected from nAMSB
along our given model line. Here, we find that typically
Higgsino and wino-pair production is dominant over the
entire range of m3=2 values. In Sec. V, we discuss the wino
decays in nAMSB for the dominantly produced sparticles.
In Sec. VI, we discuss the main signal channels expected
for LHC searches for nAMSB. Given the AMSB weak-
scale gaugino mass ratio M1∶ M2∶M3 ∼ 3∶1∶8, it is
possible that strong new limits on gaugino pair production
from the LHC could exclude nAMSB up to and perhaps
even beyond its naturalness limit. However, there remains a
low mass window with mðwinoÞ≳mðHiggsinosÞ which is
still allowed due to the semicompressed spectrum of the
EWinos. After implementing present LHC constraints on
nAMSB parameter space, in Sec. VII we discuss the most
favorable avenues for future SUSY searches within the
nAMSB framework: via Higgsino and wino-pair produc-
tion. Our summary and conclusions follow in Sec. VIII.

II. SPARTICLE AND HIGGS MASSES IN nAMSB
FROM THE LANDSCAPE

Here, we scan over parameters with a landscape-
motivated Psoft ∼m1

soft (linear) draw to large soft
terms [87,90]:

(i) m3=2∶ 80–400 TeV,
(ii) m0ð1; 2Þ∶1–20 TeV,
(iii) m0ð3Þ∶1–10 TeV,
(iv) A0∶ 0–� 20 TeV,
(v) mA∶ 0.25–10 TeV, and
(vi) tan β∶ 3 − 60 (flat scan).

In accord with naturalness, we fix μ ¼ 250 GeV. In lieu of
requiring the pocket-universe value of mPU

Z to lie within
the ABDS window, we instead invoke ΔEW < 30 to avoid
fine-tuning from terms beyond the ABDS window:
The fine-tuned solutions are much more rare compared to
non-fine-tuned (natural) solutions because in the fine-tuned

case, the scan parameter space rapidly shrinks to a tiny
interval [80,82]. For the present case, we restrict the land-
scape to those vacuum solutions which lead to the nAMSB
model as the low energy effective field theory, but where
the contributions to the soft breaking terms scan over this
restricted portion of the multiverse.
Our first results are shown in Fig. 1 for the nAMSB0

model where A0 is fixed at zero. In this case, we see that the
probability distribution peaks at mh ∼ 120 GeV and falls
sharply with increasing mh. While some probability still
exists for mh ∼ 125 GeV, we henceforth move beyond
nAMSB0 to the nAMSB model with A0 ≠ 0 where pros-
pects for generating a Higgs mass mh in accord with LHC
data are much better.
Our first results for nAMSB are shown in Fig. 2. In

Fig. 2(a), we show the differential probability distribution
dP=dmh vs mh, where P is the probability normalized to
unity. The red histogram shows the full probability dis-
tribution while the blue-dashed histogram shows the same
distribution after LHC sparticle mass limits (discussed in
Sec. VI) are imposed. We see that dP=dmh has only small
values for mh ≲ 123 GeV, but then peaks sharply in the
range mh ∼ 125–127 GeV. This is in accord with similar
results in models with unified gaugino masses [90] or
mirage-mediated4 gaugino masses [94]: Basically, the soft
terms m0ð1; 2Þ, m0ð3Þ, A0, mA, and m3=2 are selected to be
as large as possible subject to the condition that the derived

FIG. 1. Plot of dP=dmh from an n ¼ 1 landscape scan in the
nAMSB0 model where A0 ¼ 0.

4The mirage-mediated (MM) SUSY breaking model derives
comparable moduli- and anomaly-mediated contributions to soft
SUSY breaking terms [91,92] in the context of string flux
compactifications. The term mirage refers to the fact that in
MM the three gaugino masses unify at an intermediate mass scale
whose value depends on the relative moduli- versus anomaly-
mediated contributions to gaugino masses. While the original
formulation of MM seemed in conflict with naturalness and a
Higgs mass mh ≃ 125 GeV [55], the MM model was generalized
from discrete to continuous variations in soft terms, which then
allowed for mh ¼ 125 GeV while maintaining naturalness [93].
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value of mPU
Z lies within the ABDS window. This pulls the

top-squark soft terms m0ð3Þ large into the ∼5 TeV range
(but not too large) and also the bulk term A0 to large—
nearly maximal—mixing values, but not so large as to lead
to charge and/or color breaking (CCB) minima of the scalar
potential (CCB or no-electroweak-symmetry-breaking
minima must be vetoed as not leading to a livable universe
as we know it). These conditions pull mh up to the vicinity
of ∼125 GeV. We also show in Fig. 2(b) the distribution
in pseudoscalar Higgs mass mA, where mA contributes
directly to the weak scale through Eq. (7) since for
mHd

≫ mZ, mA ≃mHd
(and mH ∼mH� ∼mA). Here, we

see that mA reaches peak probability around ∼2.5 TeV,
somewhat beyond the reach of the high-luminosity (HL)

LHC [95]. Maximally,mA can extend up to ∼6 TeV before
overcontributing to the weak scale.
In Fig. 3, we show the probability for selected nAMSB

model input parameters. In Fig. 3(a), the distribution
dP=dm3=2 rises to a broad peak between m3=2∶ 100 and
250 TeV and cuts off sharply around 300 TeV. The upper
cutoff on m3=2 occurs because as m3=2 → 300 TeV, then
mg̃ is pulled beyond 5–6 TeV. In this case, the coupled
renormalization group equations pull stop masses so high
that Σu

uðt̃1;2Þ starts contributing too much to the weak scale.
In Fig. 3(b), we show the distribution in first-/second-
generation sfermion soft mass m0ð1; 2Þ. Here, the dis-
tribution rises steadily to the scan upper limit since
first-/second-generation sfermion contributions to the weak

FIG. 2. Plot of (a) dP=dmh and (b) dP=dmA from an n ¼ 1 landscape scan in the nAMSB model. The red histogram shows the full
probability distribution, while the blue-dashed histogram shows the remaining distribution after LHC sparticle mass limits are imposed.

FIG. 3. Plot of (a) dP=dm3=2, (b) dP=dm0ð1; 2Þ, (c) dP=dm0ð3Þ, and (d) dP=dðA0=m0ð3ÞÞ from an n ¼ 1 landscape scan in the
nAMSB model. The red histogram shows the full probability distribution, while the blue-dashed histogram shows the remaining
distribution after LHC sparticle mass limits are imposed.
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scaleΣu
uðf̃1;2Þ are proportional to the corresponding fermion

Yukawa coupling. This pull to multi-TeV values of first-/
second-generation squarks and sleptons provide a landscape
amelioration of the SUSY flavor and CP problems
[96]. We also show as a black-dashed histogram the
results from a special run with increased upper scan limit
of m0ð1; 2Þ < 50 TeV. In this case, the distribution peaks
at m0ð1; 2Þ ∼ 15–30 TeV before getting damped by the
anthropic condition thatmPU

Z lies within the ABDSwindow.
In Fig. 3(c), we show the distribution in third-generation
soft term m0ð3Þ. In this case, the distribution peaks at
∼5 TeV albeit with a distribution extending between 2 and
10 TeV. The reason for the upper cutoff is usually that the
Σu
uðt̃1;2Þ contribution to the weak scale becomes too large.

Finally, in Fig. 3(d), we show the distribution in the ratio
A0=m0ð3Þ. This distribution shows the prediction of large
bulk A terms which actually suppress the contributions of
Σu
uðt̃1;2Þ to the weak scale [56]. But if A0 gets too big, then

one is pulled into CCB vacua [97], which fail the anthropic
criteria.
In Fig. 4, we show the n ¼ þ1 landscape probability

distribution predictions for various sparticle masses. In
Fig. 4(a), we show the distribution in gluino mass mg̃. The
distribution begins around mg̃ ∼ 2 TeV and peaks at
mg̃ ∼ 3–4.5 TeV. This “stringy natural” [98] distribution
can explain why it was likely that the LHC would not
discover weak-scale SUSY via gluino pair production
at Run 2, and why gluino pair searches may even elude
HL-LHC searches [99]. The light stop mass distribution is

shown in Fig. 4(b) and predicts mt̃1 ∼ 1–2.5 TeV, which is
mostly within range of the HL LHC [100]. In Fig. 4(c), we
show the distribution in mχ̃�

2
which is approximately the

wino mass. Here, the bulk of the probability distribution
lies between M2 ∼ 300 and 700 GeV, making wino-pair
production an inviting target for LHC searches. In Fig. 4(d),
we show the distribution in mass difference of the two
lightest neutralinos:mχ̃0

2
−mχ̃0

1
. This mass gap is relevant for

the reaction pp → χ̃01χ̃
0
2 where χ̃

0
2 → ff̄χ̃01 and thus provides

a kinematic upper bound for themðff̄Þ invariant mass. From
the distribution, the mass gap peaks between 10 and 15 GeV
with a tail extending out to 40 GeV (and even beyond).

III. AMSB BENCHMARK POINTS
AND MODEL LINES

In this section, we compile three AMSB model bench-
mark points using the ISAJET 7.91 code [101] for sparticle
and Higgs mass spectra. The 7.91 version includes several
fixes which give better convergence in the nAMSB model
than previous versions.

A. mAMSB, nAMSB0, and nAMSB
benchmark points

1. mAMSB benchmark

In Table I, we list three AMSB model benchmark points
from three different AMSB models but with similar under-
lying parameters which are convenient for comparison.

FIG. 4. Plot of (a) dP=dmg̃, (b) dP=dmt̃1 , (c) dP=dmχ̃�
2
, and (d) dP=dðmχ̃0

2
−mχ̃0

1
Þ from an n ¼ 1 landscape scan in the nAMSB

model. The red histogram shows the full probability distribution, while the blue-dashed histogram shows the remaining distribution after
LHC sparticle mass limits are imposed.
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In column 2, we list sparticle and Higgs masses for the
usual minimal AMSB model [48,49] where universal bulk
scalar contributionsm2

0 were added to all AMSB scalar soft
masses but no bulk A0 terms were included. We take
m3=2 ¼ 125 TeV and tan β ¼ 10 with m0 ¼ 5 TeV. The μ
term is fine-tuned to a value μ ¼ 1719 GeV to ensure
mZ ¼ 91.2 GeV, so the model will be highly fine-tuned
with ΔEW ¼ 711 (as listed). The gluino mass mg̃ ¼
2.73 TeV so that gluinos are safely beyond LHC Run 2
search limits which require mg̃ ≳ 2.3 TeV (in simplified
models). The light Higgs mass mh ¼ 120.3 GeV: too light
compared to its measured value (and so this benchmark
point is ruled out). The LSP is winolike with mass mχ̃0

1
¼

366 GeV, while χ̃02 is binolike and the χ̃03;4 and χ̃�2 are

Higgsino-like with mass ∼μ. The top squark is not very
mixed withmt̃1 ¼ 3.43 TeV, safely above LHC stop search
limits. With a winolike LSP, the thermally produced relic
abundanceΩTP

χ̃ h2 ¼ 0.009, underabundant by a factor ∼13.
Thus, nonthermal wino production mechanisms would
need to be active to fulfill the relic abundance with pure
wino dark matter, which would then be ruled out by indirect
WIMP detection experiments, where winos could annihi-
late strongly in dwarf galaxies, thus yielding high energy
gamma rays in violation of limits [62] from Fermi-LAT and
HESS. Alternatively, a tiny abundance of wino DM could
be allowed if some other particle such as axions constituted
the bulk of dark matter [63].

2. nAMSB0 benchmark

Benchmark point nAMSB0 shows the expected sparticle
and Higgs mass spectra from the generalized AMSB model
inspired by dynamical supersymmetry breaking where
hidden sector singlets are not allowed. This leads to
allowed—but nonuniversal—scalar masses, while gaugino
masses and A terms are suppressed and thus assume their
loop-suppressed AMSB form. Thus, for nAMSB0 we adopt
the parameter space Eq. (10) but with A0 ¼ 0. We adopt
a natural value of μ ¼ 250 GeV with mA ¼ 2 TeV and also
allow for higher first-/second-generation scalar masses,
as expected from the landscape, with m0ð1; 2Þ ¼ 10 TeV,
while m0ð3Þ ¼ 5 TeV as in the mAMSB benchmark point.
For nAMSB0, the natural value of μ ¼ 250 GeV implies

light Higgsinos so that while winos are still the lightest
gauginos, the Higgsinos are the lightest EWinos, and thus
the expected phenomenology markedly changes from
mAMSB. The small value of μ also makes the nAMSB0
model much more natural than mAMSB, where ΔEW has
dropped to 60. The dominant contributions to ΔEW come
now from Σu

uðt̃1;2Þ. But the model is still somewhat un-
natural since the largest contribution to the rhs of Eq. (7) is
still ∼500 GeV, outside the ABDS window [81], and thus
in need of fine-tuning. Another problem is the light Higgs
mass mh ¼ 120.7 GeV. Both of these issues arise from the
rather small AMSB0 value for the trilinear soft terms.

3. nAMSB benchmark

In the fourth column of Table I, we list the nAMSB
benchmark point which could arise from the sequestered
SUSY breaking scenario of RS [23], where in addition to
bulk scalar masses, bulk A terms are also expected. Here,
we use the same parameters as in nAMSB0, except now we
also allow A0 ¼ 6 TeV. The large trilinear soft term leads
to large stop mixing which feeds into themh value (which is
maximal for stop mixing parameter xt ∼

ffiffiffi
6

p
mt̃) so that

now the value of mh is lifted to 125 GeV in accord with
LHC measurements. Also, the large positive A term leads
to cancellations in both of Σu

uðt̃1Þ and Σu
uðt̃2Þ leading to

increased naturalness where now ΔEW ¼ 15. For the

TABLE I. Input parameters and masses in GeV units for the
mAMSB, nAMSB0, and nAMSB natural generalized anomaly-
mediated SUSY benchmark points with mt ¼ 173.2 GeV using
ISAJET 7.91.

Parameter mAMSB nAMSB0 nAMSB

m3=2 125000 125000 125000
tan β 10 10 10
m0ð1; 2Þ 5000 10000 10000
m0ð3Þ 5000 5000 5000
A0 0 0 6000

μ 1718.8 250 250
mA 5185.3 2000 2000

mg̃ 2728.1 2803.0 2802.4
mũL 5460.8 10211.8 10210.9
mũR 5484.4 10289.0 10312.1
mẽR 4965.1 9918.6 9889.4
mt̃1 3428.4 3165.3 1487.9
mt̃2 4564.6 4253.6 3657.9
mb̃1

4545.6 4238.5 3691.4
mb̃2

5435.8 5239.3 5165.7
mτ̃1 4918.6 4789.1 4692.3
mτ̃2 4945.1 4253.6 4978.0
mν̃τ 4945.7 4940.9 4956.6
mχ̃�

2
1746.6 393.6 387.9

mχ̃�
1

366.2 241.2 238.1
mχ̃0

4
1745.2 1176.6 1174.2

mχ̃0
3

1742.4 402.4 395.0
mχ̃0

2
1163.0 260.9 260.4

mχ̃0
1

366.0 229.4 226.3
mh 120.3 120.7 125.0

ΩTP
χ̃0
1

h2 0.009 0.01 0.01

BFðb → sγÞ × 104 3.1 3.2 3.3
BFðBs → μþμ−Þ × 109 3.8 3.8 3.8
σSIðχ̃01; pÞ (pb) 7.5 × 10−11 1.8 × 10−8 1.6 × 10−8

σSDðχ̃01pÞ (pb) 1.7 × 10−7 2.2 × 10−4 2.6 × 10−4

hσvijv→0 (cm3= sec) 6.1 × 10−25 2.4 × 10−25 2.6 × 10−25

ΔEW 711 60 15.0
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nAMSB0 benchmark, the more-mixed lighter stop mass
has dropped to just mt̃1 ∼ 1.5 TeV, within striking distance
of the HL LHC [100].

B. Corresponding AMSB model lines

In this subsection, we elevate each of the AMSB
benchmark points to AMSB model lines where we keep
the auxiliary parameters fixed as before but now allow the
fundamental AMSB parameter m3=2 to vary. We compute
the AMSB model line spectra using Isasugra.
In Fig. 5, we first show the naturalness measure ΔEW

for each model line. For the mAMSB model line, we see
that ΔEW starts at ∼100 for low m3=2 ∼ 50 TeV, and then
steadily increases toΔEW ∼ 104 form3=2 ∼ 500 TeV. As for
the mAMSB benchmark point, the dominant contribution
to ΔEW comes from the (fine-tuned) μ parameter. This
model line thus seems highly implausible for all m3=2

values based on naturalness. We also show the nAMSB0
model line as the orange curve. Here, ΔEW ranges from 50
to 200 asm3=2 varies over 50–500 TeV. While more natural
than mAMSB, it still lies outside the ABDS window which
is typified by ΔEW ≲ 30. The blue curve shows the nAMSB
model line. In this case, ΔEW ranges from ∼15 to 150.
The line ΔEW ¼ 30 is shown by the dashed red curve.
Here, we see the model line starts becoming unnatural for
m3=2 ≳ 265 TeV.
In Fig. 6, we show the computed value of mh along the

three model lines. The LHC measured window is between
mh∶123 and 127 allowing for a �2 GeV theory error in the
computed value ofmh. We see that the mAMSB model line
enters the allowed region of mh only for m3=2 ≳ 400 TeV,
while the nAMSB0 model line enters the allowed mh
range for m3=2 ≳ 300 TeV. Both model lines are highly
unnatural for such largem3=2 values. However, the nAMSB
model line is within the mh ¼ 125� 2 GeV band for

m3=2∶ 50–280 TeV, consistent with its natural allowed
range (thanks to the presence of bulk A0 terms).
In Fig. 7, we show various sparticle masses for the

nAMSB model line vs m3=2. The dark and light blue
and lavender lines show the various Higgsino-like EWinos
which are typically of ordermðHiggsinosÞ ∼ μ ∼ 250 GeV.
Next heaviest are the winolike EWinos χ̃03 and χ̃�2 shown
as green and orange curves. These masses vary from
mðwinosÞ∶300 to 2000 GeV over the range ofm3=2 shown,
and are, as we shall see, subject to present and future LHC
EWino searches.
The black curve shows the gluino massmg̃∶ 1.2–10TeV.

We also show the LHC lower bound mg̃ ∼ 2.3 TeV from
gluino pair searches within the context of simplified models
by the black-dashed line. The LHC simplified-model
results should apply well in the case of nAMSB models

FIG. 5. Plot of ΔEW vs m3=2 along the AMSB model lines. The
region below the dashed line ΔEW < 30 is regarded as natural.

FIG. 6. Plot of mh vs m3=2 along the AMSB model lines. The
light Higgs mass is constrained by LHC measurements to lie
between the dashed lines, given some theory error on the
calculation of mh.

FIG. 7. Plot of sparticle masses vs m3=2 along the nAMSB
model lines.
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since the g̃ − χ̃01 mass gap is always substantial. The LHC
pp → g̃ g̃ X search limits thus provide a lower bound on
allowed nAMSB parameter space with m3=2 ≳ 90 TeV.
The blue-dashed line denotes the upper limit on m3=2

obtained from naturalness constraints. The lighter top
squark mass mt̃1 is also shown and is beyond the LHC
simplified-model limit mt̃1 ≳ 1.1 TeV for all m3=2 values.
First-/second-generation sfermion masses lie around the
m0ð1; 2Þ value, so in this case, they would be inaccessible
to present and future LHC searches. By combining lower
limits from LHC gluino pair searches with upper bounds
from naturalness, we expect the allowed m3=2 values for
nAMSB to lie between m3=2∶90 and 265 TeV.

IV. LHC PRODUCTION CROSS SECTIONS

In this section, we pivot to prospects for LHC searches
for SUSY within the context of the nAMSB model. First,
we adopt the computer code PROSPINO [102] to compute the
next-to-leading-order production cross sections for various
pp → SUSY reactions, given input from the ISAJET SUSY
Les Houches Accord file [103]. Our first results are shown
in Fig. 8 where we show cross sections for pp → g̃ g̃, t̃1t̃�1
and (summed) EWino pair production vs m3=2 along the
nAMSB model line. At the top of the plot, we see EWino
pair production is dominant and relatively flat vsm3=2 since
it is dominated by Higgsino pair production and μ is fixed
at 250 GeV. The EWino cross section is divided up into
summed χ̃0i χ̃

0
j , χ̃

0
i χ̃

�
k , and χ̃�k χ̃

∓
l production, where i; j ¼

1–4 and k; l ¼ 1–2. The summed EWino pair cross sections
are all comparable and of order ∼102 fb. The pp → t̃1t̃�1
cross section is also relatively flat, this time reflecting that
mt̃1 hardly changes with increasing m3=2 (from Fig. 7). The
pp → g̃ g̃ cross section is falling rapidly with increasing
m3=2, reflecting that the gluino mass is directly proportional

to m3=2. From the plot, we thus expect most of the reach of
the LHC for the nAMSBmodel will come from EWino pair
production rather than from gluino or stop pair production.
There are many subreactions that contribute to the

summed EWino pair production cross sections. Each sub-
reaction leads to different final states and thus different
SUSY search strategies. In Fig. 9(a), we show the several
chargino-chargino pair production reactions vs m3=2. The
upper blue curve denotes χ̃þ1 χ̃

−
1 where the light charginos

are mainly Higgsino-like (except for some substantial
mixing at low m3=2 where the wino soft term M2 ∼ μ).
Given the small mχ̃þ

1
−mχ̃0

1
mass gap, where much of the

reaction energy goes into the invisible LSP mass and
energy, this reaction is likely to be largely invisible at
the LHC. The orange curve denotes charged wino-pair
production: χ̃þ2 χ̃

−
2 . Given its modest size and the branching

fractions from Sec. V, it can be very promising for LHC
searches. The third reaction, mixed Higgsino-wino χ̃�1 χ̃

∓
2

production, occurs at much lower rates.
In Fig. 9(b), we show the ten neutralino pair production

reactions σðpp → χ̃0i χ̃
0
jÞ. By far, the dominant neutralino

pair production reaction is pp → χ̃01χ̃
0
2. This reaction takes

place dominantly via s-channel Z� exchange involving the
coupling Wij of Eq. (8.101) of Ref. [104]. The signs of
the neutralino mixing elements add constructively in this
case leading to a large Higgsino pair production reaction
that leads to promising LHC signature in the soft opposite-
sign dilepton plus jets plus =ET channel [105,106]
(OSDLJMET). This cross section is flat with increasing
m3=2 since μ is not a soft term and not expected to directly
scan in the landscape, but instead is fixed by whatever
solution to the SUSY μ problem attains [107]. The next
largest neutralino pair production cross section is pp →
χ̃02χ̃

0
3: wino-Higgsino production, which again has a con-

structive sign interference along with large mixing terms.
Other neutralino pair production reactions are subdominant
and typically decreasing with increasing m3=2.
In Fig. 9(c), we show χ̃01;2χ̃

�
k pair production reactions.

The largest χ̃01χ̃
þ
1 may again be largely invisible to LHC

searches, while the second largest χ̃02χ̃
þ
1 can contribute to

the OSDLJMET signature mentioned above. The corre-
sponding reactions with negative charginos are comparable
to these reactions but somewhat suppressed since they
occur mainly via s-channelW� production, and the LHC is
a pp collider which favors positively charged W bosons.
The remaining Higgsino-wino production reactions fall
with increasing m3=2 and are subdominant.
In Fig. 9(d), we show the χ̃03;4χ̃

�
k production rates. In this

case, wino-pair production χ̃03χ̃
þ
2 is dominant but falling as

m3=2—and hence, M2—increases in value. The conjugate
reaction χ̃03χ̃

−
2 is next largest, followed by χ̃03χ̃

�
1 . The

reactions involving bino production χ̃04 are all subdominant
and may not be so relevant for LHC SUSY searches.

FIG. 8. Plot of σðpp → g̃ g̃; t̃1 t̃�1Þ and EWino pair production vs
m3=2 along the nAMSB model line.
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V. SPARTICLE DECAY MODES

In this section, we wish to comment on some relevant
sparticle branching fractions leading to favorable final
state search signatures for the LHC. It is evident from
the preceding section that EWino pair production is the
dominant sparticle production mechanism at the LHC14.
The reaction pp → χ̃01χ̃

0
2 (neutral Higgsino pair production)

is dominant, where χ̃02 → ff̄χ̃01 and where the f’s are SM
fermions. For the case of nAMSB, the mass gap mχ̃0

2
−mχ̃0

1

can range up to 50–60 GeV when winos are light, leading
to substantial wino-Higgsino mixing for lower values of
m3=2 ∼ 100 TeV. The lucrative leptonic branching fraction
χ̃02 → lþl−χ̃01 occurs typically at the 2% level due to
competition with other decay modes such as χ̃02 → χ̃�1 ff̄

0.
The other lucrative production mode from the previous

section is wino-pair production pp → χ̃03χ̃
�
2 . To assess

the expected final states from this reaction, we plot in
Fig. 10 the major wino decay branching fractions along the
nAMSB model line. In Fig. 10(a), we plot the BFðχ̃þ2 Þ
values vs m3=2, while in Fig. 10(b), we plot the BFðχ̃03Þ
values. From Fig. 10(a), the region with m3=2 ≲ 90 TeV is
already excluded by LHC g̃ g̃ searches (albeit in the context
of simplified models). Below 90 TeV, there is actually a
level crossing: Since μ is fixed at 250 GeV, a low enough

value of m3=2 leads to mðwinoÞ < mðHiggsinosÞ and an
increased mχ̃þ

2
−mχ̃þ

1
mass gap (see Fig. 7) so that χ̃þ2 →

χ̃þ1 h is allowed. Then, asm3=2 increases, the mass gap drops
(due to wino-Higgsino degeneracy), and the χ̃þ2 → χ̃þ1 h
mode becomes kinematically closed. As m3=2 increases
beyond ∼100 TeV, χ̃þ2 becomes winolike, and the mass
gap enlarges so that the decay χ̃þ2 → χ̃þ1 h becomes allowed
again. As m3=2 increases further, all four decay modes
χ̃þ2 → χ̃01W

þ; χ̃02W
þ; χ̃þ1 Z, and χ̃þ1 h asymptote to ∼25%.

Thus, we expect the charged wino to decay to Higgsino
plusW, Z, or h in a ratio ∼2∶1∶1. Since the Higgsinos may
be quasivisible (depending on decay mode and mass gap),
we get wino decay to W, Z, or hþ quasivisible Higgsinos
as a final state.
In Fig. 10(b), we show the neutral wino χ̃03 branching

fractions along the nAMSB model line. At low m3=2 ∼
90 TeV near the LHC-excluded region, the neutral winos
decay nearly 100% into χ̃∓1 W�. As m3=2 increases, the
wino-Higgsino mass gap increases, and decays to χ̃02Z and
χ̃01h are allowed and can occur at the ∼20% level, while
decays to χ̃∓1 W� asymptote to ∼50%. The remaining
branching fraction goes to mixing-suppressed modes.
Thus, for wino-pair production, we expect a final state
of VV þMET, VhþMET, and hhþMET where MET

FIG. 9. Plot of various EWino pair production cross sections vs m3=2 along the nAMSB model line: (a) chargino pair production,
(b) neutralino pair production, (c) chargino-χ̃012 pair production, and (d) chargino-χ̃03;4 pair production.
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stands for missing transverse energy, and V stands for the
vector bosons W and Z. The MET may not really be
entirely missing since it may include three-body decay
products of the heavier Higgsinos.
In Fig. 11, we plot the light top squark branching

fractions BFðt̃1Þ vs m3=2 along the nAMSB model line.
For very low m3=2, t̃1 → bχ̃þ2 is dominant where the χ̃�2 is a
mixed wino-Higgsino. But as m3=2 increases, BFðt̃1 →
bχ̃þ1 Þ becomes dominant and approaches 50%, not unlike
natural SUSY models with gaugino mass unification [108].
The t̃1 in nAMSB (as in NUHM2 models) is dominantly
∼t̃R despite large stop mixing soft term At. Also, at larger
m3=2 values, BFðt̃1 → tχ̃01;2Þ each approach ∼25%.

VI. LHC-EXCLUDED REGIONS

Certain regions of nAMSB model parameter space seem
already excluded by existing LHC13 search limits from
Run 2 with ∼139 fb−1 of integrated luminosity.

A. LHC constraint from gluino pair searches

In the case of gluino pair production, for the bulk of
LHC-allowed nAMSB parameter space, we expect g̃ → tt̃�1
followed by further t̃1 cascade decays. The approximate
ATLAS and CMS simplified-model limits for g̃ g̃ produc-
tion followed by decay to third-generation particles should
roughly apply [109–111], and these imply

mg̃ ≳ 2.3 TeV: ð11Þ

From Fig. 7, this implies that m3=2 ≳ 90 TeV.

B. LHC constraint from EWino pair
production followed by decay

to boosted dijets

A recent ATLAS study [112] reports searching for
EWino pair production followed by two-body decays to
W, Z, or h. These heavy SM objects are assumed to decay
hadronically to boosted dijet/fat-jet states which are then
identified. A similar study by CMS was also made [113]
but with smaller parameter-space exclusion regions.
The simplified-model limits presented in Fig. 14(c) of
Ref. [112] should roughly apply to our case for wino-pair
production pp → χ̃�2 χ̃

0
3 as shown in Fig. 9(d) followed by

decays to vector bosons and Higgs bosons as shown in
Fig. 10. The digitized ATLAS exclusion curve is shown
in Fig. 12 in the mðwinoÞ vs mðHiggsinosÞ plane. Our
nAMSB model line with μ ¼ 250 GeV is denoted by the
horizontal dashed line. From the plot, we would expect that
the range mðwinoÞ∶625–1000 GeV would be ruled out,
corresponding to a range of m3=2∶ 200–350 TeV. For
model lines with larger or smaller values of μ, the exclusion
region changes accordingly in Fig. 12.

FIG. 10. Plot of charged and neutral wino branching fractions
(a) BF(χ̃þ2 ) and (b) BFðχ̃03Þ versus m3=2 along the nAMSB
model line.

FIG. 11. Plot of top squark branching fractions BFðt̃1Þ versus
m3=2 along the nAMSB model line.
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C. LHC constraints from SModelS/CheckMATE2

analysis

To test for further limits on nAMSB parameter space, we
employ two recent recasting softwares: SModelS [114–116]
and CheckMATE2 [117,118] to study the impact of the current
searches on nAMSB parameter space. SModelS is a popular
tool for interpreting simplified-model results from the
LHC. It decomposes beyond the Standard Model (BSM)
collider signatures presenting a Z2-like symmetry into
simplified model spectrum (SMS) topologies and compares
the BSM predictions for the LHC in a model-independent
framework with the relevant experimental constraints. The
main variable for comparison of a BSM theory to the LHC
experimental searches is the r ratio, which is defined as the
ratio of the expected σ × BR for a specific final state to the
corresponding upper limit on the σ × BR × ϵ (where ϵ is
the acceptance efficiency provided by the experimental
paper). CheckMATE2 is reinterpretation software for inter-
preting LHC results for all BSM models. It is based on
recasting the full experimental analyses using events after
full Monte Carlo simulation, hadronization, and detector
smearing of the final state objects and implementing the
cuts as in the experimental analyses. It provides the r value
defined as the ratio of the expected number of events from
the signal, after implementing all cuts, to the 95% CL upper
limit from the experimental result. In both cases, for a
BSM model to be allowed by current constraints, one
requires r < 1.
The wino-Higgsino mass gap quantified by Δm31 ¼

mχ̃0
3
−mχ̃0

1
increases with m3=2 as seen in Fig. 13.

Figure 14 shows the variation of the highest r value obtained
from SModelS and CheckMATE2 for the

ffiffiffi
s

p ¼ 13 TeV results
from the LHC. The highest r value defined as the ratio of the

signal over the 95% CL upper limit from the signal region is
plotted against m3=2. The red dotted lines denote the
constraints from the ATLAS search of boosted hadronically
decaying bosonsþ =ET [112], while the black dotted line
denotes the bound from the gluino searches implyingm3=2 ≥
90 TeV as discussed in Secs. VI B and VI A, respectively.
For the constraints from the CheckMATE2 CMS results

(blue), we observe the tightest constraints arise from the
multilepton ð2=3Þ þ =ET searches [119] for m3=2 ∼
150 TeV with r value ∼0.15, and it falls off on either
side of the peak. This is due to other searches gaining more
importance such as searches for ≥4lþ =ET for larger mass
gaps between the winolike and Higgsino-like neutralino.
From the CheckMATE2 ATLAS result (green), the r value

FIG. 12. Allowed/excluded regions of the mðwinoÞ vs
mðHiggsinosÞ plane from ATLAS analysis of EWino pair
production followed by decay to W, Z, h with decay to boosted
dijets.

FIG. 13. Variation of Δm31 ¼ mχ̃0
3
−mχ̃0

1
vs m3=2. The region

left of the black-dashed curve is excluded by LHC13 gluino
pair searches, and the region to the right of the blue-dashed line is
unnatural with ΔEW ≳ 30.

FIG. 14. Plot of r from SModelS and CheckMATE2 vs m3=2 along
the nAMSB model line.
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decreases with increasing m3=2 from r ¼ 0.25 arising from
the hadronic searches of squarks and gluinos [120].
From SModelS (red), the most stringent constraint

occurs atm3=2 < 100 TeV from searches of three leptonsþ
=ET [121]. For the m3=2 ¼ 100–250 TeV range, the most
stringent constraints arise from the boosted hadronically
decaying dibosonþ =ET searches; the multilepton searches
involving two or three leptonsþ =ET [121,122] are the
most sensitive searches near the peak at m3=2 ∼ 225 TeV.
For higher m3=2 ¼ 250–400 TeV, the dominant constraints
arise from the multilepton searches, and subdominant
constraints arise from the boosted hadronically decaying
dibosonsþ =ET . As m3=2 increases, the multijetþ =ET [123]
searches start constraining the parameter space dominantly.
However, the r value always remains less than 1; thus, the
remaining allowed range ofm3=2 ∼ 90–200 TeV appears to
be presently allowed.

D. LHC-allowed nAMSB parameter space

Our final allowed nAMSB model line parameter space is
shown in Fig. 15. The left gray shaded region is excluded
by LHC gluino search limits, while the central gray shaded
region is excluded by the ATLAS limits on EWino pair
production followed by decay to two boosted dijet final
states. The naturalness limit is denoted by the vertical
dashed line within the central excluded band: The region to
the right is unnatural, and thus highly unlikely (but not
impossible) to emerge from the landscape. The unshaded
region extends from m3=2∶ 90 to 200 TeV and is thus the
presently allowed parameter space. For convenience, we
display again the sparticle masses along our nAMSBmodel
line. The remaining SUSY particle spectrum for m3=2 ∼
90–200 TeV should provide a target for future LHC
searches seeking to discover or to rule out natural AMSB.

VII. PROSPECTS FOR nAMSB AT RUN 3
AND HI-LUMI LHC SEARCHES

A. LHC Higgsino pair production search

1. Soft opposite-sign dilepton, jet+MET search

In models with light Higgsinos, as in natural SUSY, a
compelling LHC search reaction [124] is pp → χ̃01χ̃

0
2

followed by χ̃02 → lþl−χ̃01, where the dilepton pair is
energetically rather soft since its invariant mass a kine-
matically bounded by mχ̃0

2
−mχ̃0

1
. By triggering on hard

initial state QCD radiation [105,106], such soft dileptonþ
=ET events can be searched for at the LHC. Prospects for soft
dileptons, jetsþ =ET events (soft OSDLJMET), at the LHC
have been presented in the Higgsino discovery plane [125]
and in Ref. [126] where new angular cuts were proposed to
aid in discovery. Recent search results from CMS [122] and
ATLAS [127] have been presented.
The soft OSDJMET signal is a particularly compelling

signal for SUSY in the nAMSB model in light of the large
pp → χ̃01χ̃

0
2 cross section from Fig. 9(b). A distinguishing

feature of the nAMSB model compared to models with
gaugino mass unification or mirage mediation is the
relatively larger Δm21 ≡mχ̃0

2
−mχ̃0

1
mass gap ranging from

∼15 to 60 GeV for nAMSB as shown in Fig. 16 (due to the
larger wino-Higgsino mixing from light winos). Current
searches from CMS and ATLAS probe a maximal μ value
of ∼200 GeV for mass gaps Δm21 ∼ 10 GeV. Future
ATLAS and CMS probes at the HL LHC with 3000 fb−1

can probe to μ ∼ 300 GeV [128], and the improved angular
cuts may allow the HL LHC to probe as high as μ ∼
325 GeV [126]. It should be noted that both ATLAS and
CMS seem to have a 2σ excess in this channel at present
with 139 fb−1 of integrated luminosity. In nAMSB with a

FIG. 15. Allowed/excluded regions of our nAMSB model line
along with various sparticle masses.

FIG. 16. Plot of mχ̃0
2
−mχ̃0

1
and mχ̃þ

1
−mχ̃0

1
mass gaps vs m3=2

along the nAMSB model line.
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larger mχ̃þ
1
−mχ̃0

1
mass gap, soft trilepton plus jetþ =ET

signatures should also be available from χ̃�1 χ̃
0
2 production.

B. LHC wino-pair production search

1. Boosted hadronic signature

The rather light winos expected from the allowed
parameter-space window in Fig. 15 provide an inviting
target for LHC wino-pair production searches. In the case
of pp → χ̃�2 χ̃

0
3 production, the relevant signatures occur

in the VV þ =ET , Vhþ =ET , and hhþ =ET channels, where
V ¼ W or Z. While the strong ATLAS limits from boosted
V or H → jj already exclude m3=2∶ 200–350 TeV, a
search for nonboosted multijetsþ =ET may be warranted
for electroweak-produced wino pairs. These searches may
be augmented by searching for the presence of h → bb̄ and
V → leptons in the signal events. New targeted analyses
using Run 2 data or forthcoming Run 3 data may even be
able to close this allowed window (or else discover nAMSB
SUSY). Certainly, the allowed window in nAMSB param-
eter space can be closed by analysis of HL-LHC data.

2. Same-sign diboson signature

The other lucrative search channel for wino-pair pro-
duction followed by decay to light Higgsinos is the same-
sign diboson channel (SSdB) [129], where pp → χ̃�2 χ̃

0
3 will

be followed by χ̃�2 → W�χ̃01;2 and χ̃03 → W�χ̃∓1 . These
production and decay modes lead equally to WþW− þ
=ET and W�W� þ =ET final states where the former has
large SM backgrounds from WW and tt̄ production while
SM backgrounds for the latter SSdB signature are far
smaller [129–131]. This relatively jet-free (only jets from
initial state QCD radiation) signature is distinct from the
usual same-sign dilepton signature arising from gluino and
squark pair production which should be accompanied by
many hard final state jets.
The reach of the HL LHC for the natural SUSY SSdB

signature has been computed in Ref. [131] where peak
signal cross sections after cuts reach the 0.03 fb level
compared to total SM backgrounds of 0.005 fb. Whereas
the present reach of the LHC with 139 fb−1 is minimal
(for the harder, high-luminosity cuts advocated in
Ref. [131]), the low wino mass mðwinoÞ ∼ 300–600 GeV
region should be accessible to the LHC Run 3 and HL-LHC
datasets in the 300–3000 fb−1 regime. Alternatively, a fresh
analysis by the experimental groups using softer cuts for
the low wino mass region is clearly warranted. So far, it
seems no dedicated analysis of the SSdB signature from
natural SUSY has been undertaken.

C. LHC stop pair production search: pp → t̃1 t̃�1
Another SUSY search channel for the nAMSB model is

via light top squark pair production pp → t̃1t̃�1 followed by
t̃1 → bχ̃þ1 at ∼50% and t̃1 → tχ̃01;2 each at ∼25%. The reach

of the HL LHC for light top squarks with these decay
modes has been recently evaluated [100]. The 5σ discovery
reach of the HL LHC with 3000 fb−1 was found to extend
to mt̃1 ∼ 1.7 TeV, while the 95% CL reach extended to
mt̃1 ∼ 2 TeV. These sorts of search limits performed within
the NUHM2 model are expected to pertain also to stop pair
production within the nAMSB model.

VIII. SUMMARY AND CONCLUSIONS

Supersymmetric models with anomaly-mediated SUSY
breaking are well motivated in several different SUSY
breaking scenarios. In charged SUSY breaking (AMSB0),
gauginos and A terms have suppressed gravity-mediated
masses but can gain dominant AMSB masses, while scalar
masses assume their usual gravity-mediated form. In the
RS AMSB model with sequestered SUSY breaking,
gaugino masses, A terms, and scalar masses all have the
AMSB form, leading to negative squared slepton masses.
Further bulk scalar mass contributions are required for a
viable model. The phenomenology of mAMSB models
is characterized by a wino LSP and winolike WIMP
dark matter. The minimal phenomenological version of
these models seems to be triply ruled out by (1) the
difficulty to generate mh ∼ 125 GeV unless huge, unnatu-
ral third-generation bulk scalar masses are included, (2) the
presence of winolike WIMP dark matter, which seems
excluded by direct and indirect dark matter detection limits,
and (3) the large, unnatural value of μ—and hence, large
ΔEW—that such models possess, even for weak-scale soft
terms. Rather minor tweaks to the mAMSB model, already
suggested in the original work of RS [23], ameliorate
these problems: nonuniversal bulk scalar Higgs masses and
bulk A terms. While AMSB0 with nonuniversal scalar
masses still seems ruled out (due to A0 ∼ 0 and hence,
too low mh values), the natural AMSB model is both
natural and can accommodate mh ∼ 125 GeV. In nAMSB,
while the wino is still the lightest gaugino, the Higgsinos
are instead the lightest EWinos. The dark matter issues
can be resolved by postulating mixed axion-Higgsino-
like WIMP dark matter which is mainly composed of
axions [68].
In this work, we investigated in some detail the LHC

constraints on natural AMSB models. LHC gluino mass
limits already require a gravitino massm3=2 ≳ 90 TeV. The
presence of relatively light winos with mass mðwinoÞ ∼
300–800 GeV implies the model is susceptible to ATLAS/
CMS searches for two boosted dijetsþ =ET . Recent ATLAS
results seem to rule out m3=2 ∼ 200–350 TeV, whereas
naturalness (ΔEW ≲ 30) requires m3=2 ≲ 265 TeV. The
combined constraints leave an open lower mass window
ofm3=2 ∼ 90–200 TeV. This lower mass window may soon
be excluded (or else nAMSB may be discovered) by a
combination of (1) soft OS dilepton plus jetþ =ET
(OSDLJMET) searches which arise from Higgsino pair
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production, (2) nonboosted hadronically decaying wino-
pair production searches, and (3) jet-free same-sign dibo-
son searches which are a characteristic signature of
wino-pair production followed by wino decay to W þ
Higgsinos. Some excess above SM background in the
OSDLJMET channel already seems to be present in both
ATLAS and CMS data [122,127].
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