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In natural supersymmetric models defined by noworse than a part in thirty electroweak fine-tuning, winos
and binos are generically expected to be much heavier than Higgsinos. Moreover, the splitting between the
Higgsinos is expected to be small, so that the visible decay products of the heavier Higgsinos are soft,
rendering the Higgsinos quasi-invisible at the LHC. Within the natural supersymmetry (SUSY) framework,
heavy electroweak gauginos decay to W, Z or h bosons plus Higgsinos in the ratio ∼2∶1∶1, respectively.
This is in sharp contrast to models with a binolike lightest superpartner and very heavy Higgsinos, where the
charged (neutral) wino essentially always decays to a W (h) boson and an invisible bino. Wino pair
production at the LHC, in natural SUSY, thus leads to VV, Vh and hhþ =ET final states (V ¼ W, Z) where,
for TeV scale winos, the vector bosons and h daughters are considerably boosted. We identify eight different
channels arising from the leptonic and hadronic decays of the vector bosons and the decay h → bb̄, each of
which offers an avenue for wino discovery at the high luminosity LHC (HL-LHC). By combining the signal
in all eight channels we find, assuming

ffiffiffi
s

p ¼ 14 TeV and an integrated luminosity of 3000 fb−1, that the
discovery reach for winos extends to mðwinoÞ ∼ 1.1 TeV, while the 95% CL exclusion range extends to a
wino mass of almost 1.4 TeV.We also identify “Higgsino specific channels”which could serve to provide 3σ
evidence that winos lighter than 1.2 TeV decay to light Higgsinos rather than to a binolike lightest
supersymmetric particle, should a wino signal appear at the HL-LHC.

DOI: 10.1103/PhysRevD.109.015027

I. INTRODUCTION

The search for supersymmetric partners of Standard
Model (SM) particles at high energy colliders has been
on the cutting edge of high energy physics ever since it was
realized that supersymmetry could stabilize the weak scale
provided that the superpartner masses were not very far
above the TeV scale [1–4]. Indeed the discovery [5,6] of the
seemingly SM-like Higgs boson makes it even more urgent
to discover why radiative corrections do not drive its mass to
the scale of the most massive particles that couple to the
particles of the SM. Even ignoring gravity on the grounds
that we may not know how to incorporate it into a quantum
framework, there are a number of reasons to suppose that

there are new particles (that couple to the Higgs sector) with
masses between the weak scale and the Planck scale.
Though it remains a speculation at the present time, arguably
the most compelling theoretical reason for new particles is
the Grand Unification of the electroweak and strong
interactions into a single gauge interaction at the scale
MGUT. Nonzero neutrino masses may also have their origin
in heavy (SM singlet) particles if these acquire their masses
via the so-called see-saw mechanism as opposed to tiny
dimensionless Yukawa couplings: implications of this for the
hierarchy problem are discussed in Ref. [7]. There could also
be new particles at a scale associated with the origin of
flavor. Regardless of what the new physics is, radiative
corrections would generically make the Higgs boson
squared mass quadratically sensitive to this new scale,
except in a supersymmetric theory with the supersymmetry
(SUSY) breaking scale well below the scale associated with
the new physics: in this case, the Higgs boson mass squared
would only be logarithmically sensitive to the UV scale, but
quadratically sensitive to the scale of SUSY breaking.
These considerations had led to much hope that super-

partners would show up in direct searches at the LHC. As is
well known, this has not happened, and the nonobservation
of an excess of events in various channels has led only to
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lower limits of ∼2.3 TeV on the masses of strongly
interacting gluinos decaying to third generation quarks,
of 1.4–1.8 TeV on squarks (assuming an approximate
degeneracy among squark flavors), and about 1.3 TeV on
the top squark [8–11]. There are also lower bounds of
several hundred GeV to just over a TeV on the masses of
electroweakly interacting sleptons and the winos [12–19]. It
should be noted though that these limits are mostly obtained
in simplified models, assuming R-parity conservation,
specific decay modes of the parent sparticle, and a large
mass gap between the particle being searched for and the
lightest supersymmetric particle (LSP) often assumed to be
the lightest neutralino.1

The absence of signals at the LHC has led some authors to
suggest that the supersymmetry is unable to explain the
value of the Higgs boson mass without resorting to some
degree of fine-tuning, typically stated to be at a parts per mille
level. These authors evaluate the sensitivity of m2

Z, which
serves the electroweak scale and is calculable in terms of
model parameters, to the independent parameters, ai, of the

model: Δ ¼ maxi j ai
M2

Z

∂M2
Z

∂ai
j [20–23]. Typically, most of the

parameters in any model ai have to do with soft supersym-
metry breaking (SSB), with the superpotential Higgsino
mass, μ, often the sole dimensionful supersymmetric param-
eter. In the absence of an understanding of how super-
partners acquire their masses, it is not possible to know how
the SSB parameters are correlated in the underlying theory. It
has, however, been pointed out that ignoring correlations
among the parameters can lead one to overestimate the
degree of fine-tuning (by up to a factor 103 [24]), and
prematurely cause us to discard perfectly viable models
[25,26]. For this reason, we follow a different path to assess
the fine-tuning in the minimal supersymmetric Standard
Model (MSSM).
Again, we take the experimental value of the Z-boson

mass to represent the magnitude of weak scale, but this time
express it in terms of Lagrangian parameters determined at
the weak scale via the minimization of the potential in the
Higgs sector as

m2
Z=2 ¼ m2

Hd
þ Σd

d − ðm2
Hu

þ Σu
uÞ tan2 β

tan2 β − 1
− μ2: ð1Þ

Here, m2
Hu

and m2
Hd

are the Higgs soft breaking mass
terms, μ is the (SUSY preserving) superpotential Higgsino
mass parameter, and the Σd

d and Σu
u terms include an

assortment of loop corrections that are typically most
sensitive to third generation sfermion and gaugino masses
(see Appendixes of Refs. [27,28] and also see [29] for
leading two-loop corrections). We then require that none
of the individual terms on the right-hand side is much

larger than m2
Z=2, i.e., there are no large cancellations

necessary between the supersymmetric term μ2 and the
SSB terms (or for that matter between the SSB terms in
various sectors) that presumably have very different
physics origins [30]. With this in mind, we use the
electroweak fine-tuning measure [27,31]

ΔEW ¼ jCmaxj=ðm2
Z=2Þ; ð2Þ

where jCmaxj is the largest (absolute) term on the right-
hand-side of Eq. 1. It has been argued that (modulo some
technical caveats), ΔEW ≤ Δ, with the inequality being
saturated only for specific correlations between the
parameters [26], and further, that ΔEW measures the
minimum fine-tuning for a given sparticle spectrum.
This makes ΔEW a very conservative estimate of fine-
tuning and precludes the possibility of discarding a model
even in the presence of correlations among the parameters.
We adopt ΔEW ≲ 30 as our criterion for naturalness.
We note here that it has been suggested that notions of

stringy naturalness [32] applied to the landscape of string
theory vacua, together with the anthropic requirement that
a diversity of nuclei form—this anthropic requirement
requires that the value of mZ be no larger than a factor ∼4
of its observed value [33]—lead to SUSY models with
values of ΔEW ≲ 30 and heavy superpartners (other than
light Higgsinos): see Ref. [34] for a review, and for
references to the original literature. The reader who does
not subscribe to these landscape considerations may view
ΔEW ≲ 30 as in between 10 (accidental cancellations of an
order of magnitude are known, e.g., the decay rate of
orthopositronium includes a factor of π2 − 9) and 100
(presumably too large to be attributed to an accidental
cancellation). The reader who does not wish to entertain
any notions of naturalness may disregard the discussion of
the last two paragraphs, and view our analysis as a search
for winos in models with light Higgsinos, i.e., where
jμj ≪ M1;2, where M1;2 are the bino and wino mass
parameters at the weak scale.
Requiring ΔEW < 30 (this ensures small μ) immediately

implies that each of the contributions in Eq. (1) is no bigger
than a factor of a few relative to mZ. Specifically,
(1) The μ parameter has a magnitude smaller than

∼350 GeV, so that the Higgsinos are expected to
be in the 110–350 GeV range, with the lightest
neutral Higgsino being the LSP.

(2) The finite radiative corrections Σu
u have the same

upper bound, which requires the top squarks to be
bounded above by ∼3 TeV and the gluino by
∼6–9 TeV [35], so these can all be well beyond
the discovery reach of even the high luminosity LHC
(HL-LHC), about 2.8 TeV for the gluino [36] and
1.3–1.7 TeV [37,38] for the stop, depending on how
the stop is assumed to decay.

1There are also stringent limits on sparticle masses in R-parity
violating models, but these will not concern us in this paper.
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(3) Wino masses enter Eq. (1) only via loop corrections
and can be in the 4–5 TeV rangewithout endangering
naturalness [35], though in models with gaugino
mass unification their mass is somewhat more
tightly constrained by the naturalness limit on mg̃
noted above. In any event, the magnitude of the
wino mass parameter is expected to be much larger
than jμj. As a result, the lighter neutralinos χ̃01;2 and
the lighter chargino χ̃�1 are expected to be Higgsino-
like while the heavier neutralinos χ̃03;4 and the heavy
chargino χ̃�2 are expected to be gauginolike. The
upper limits on the wino and bino masses are also
important in that they severely limit the splitting
between the Higgsinos—a small Higgsino mass gap
results in very soft visible debris from the decay of
the heavier Higgsinos to the LSP. As a result,
Higgsino pair production, in spite of its large
production cross section at the LHC, is swamped
by SM backgrounds [39]. It has been suggested that
Higgsino production in association with a hard
QCD jet that leads to monojet plus =ET events with
soft dilepton events from the decay χ̃02 → χ̃01ll leads
to a viable signal [40–42]. Both ATLAS and CMS
have explored this channel but up to now have
excluded a sizeable portion of the μ − Δm plane
(Δm ¼ mχ̃0

2
−mχ̃0

1
) allowed by naturalness consid-

erations [43,44].
(4) First and second generation squarks and sleptons

with restrictions on intrageneration splittings are
only weakly constrained by naturalness. They can
range up to Oð40Þ TeV without jeopardizing natu-
ralness, greatly ameliorating the SUSY flavor prob-
lem [45,46].

As noted above, in the context of natural SUSY
considerable effort has been expended on the search for
Higgsinos because Higgsino masses are bounded above.
There have also been many LHC searches for electroweak
gauginos though these have mostly been carried out within
the context of simplified models with a binolike LSP.
These analyses typically assume that the winolike chargino
decays via χ̃�1 → Wχ̃01 and the heavier neutralino decays
via χ̃02 → Zχ̃01 or χ̃02 → hχ̃01. They also assume that
Higgsinos are too heavy to be produced at the LHC.2

The signals with the lowest backgrounds come from the
leptonic decays of the vector bosons and lead to trilepton
events +=ET events with hadronic activity only from QCD

radiation, and lead to a lower limit on the wino mass
∼650 GeV assuming a light LSP [48]. In the model where
the chargino decays via χ̃�1 → Wð→ lÞχ̃01 while the neu-
tralino decays via χ̃02 → hð→ bb̄Þχ̃01, the wino limit extends
to about 750–800 GeV for a light LSP [49]. Remarkably,
the strongest limits on the wino mass arise from the
hadronic decays of the W, Z, and h bosons, and excludes
winos lighter than ∼1 TeV for a bino LSP as heavy as
300 GeV [15,17].
In this paper, we examine the reach of the HL-LHC for

winos in the context of natural SUSY.3 These winos will for
the most part decay into the lighter Higgsinos plus a W, Z,
or h, with branching fractions in the ratio 2∶1∶1. Our focus
will be on the wino states χ̃�2 and χ̃04 because the binolike χ̃

0
3

couples to gauge bosons (we assume that squarks are very
heavy) only via mixing.4 As already noted in Ref. [51],
wino pair production thus leads to VV, Vh, and hhþ =ET
(V ¼ W, Z) channels via which to search for SUSYat high
energy colliders. Motivated by the ATLAS and CMS
analyses, we examine signals from both leptonic as well
as hadronic decays of the daughter W and Z boson
daughters of the winos.
The analysis methods developed in the early days of

supersymmetry to search for winos decaying to binos
(assuming decoupled Higgsinos) must be adapted for the
search for heavy winos of natural SUSY as long as the
visible decay products of the daughter Higgsinos are
assumed to be too soft for detection. We, of course, need
to keep track of the branching fractions of the charged and
neutral winos to decay via the W, Z, or h channels. The
cleanest channels—which come from the leptonic decays of
the bosons and yield events with up to four hard leptons plus
=ET—were examined in Ref. [52] a decade ago. It should be
straightforward for the ATLAS and CMS collaborations to
incorporate the branching fractions for wino decays pre-
dicted by natural SUSY models and repeat their analyses to
obtain wino mass bounds within this presumably more
realistic/plausible framework. In the absence of a SUSY
signal, this may not seem essential. The situation will be
very different if a signal appears in Run 3 or in the HL-LHC
run in the future because the model predicts relative rates for
the signals in various leptonic channels as well as in mixed
hadron-lepton channels and purely hadronic channels, with
and without b tags.
The remainder of this paper is organized as follows. In

the next section we introduce the nonuniversal Higgs mass

2Strictly speaking if χ̃02 is winolike and χ̃
0
1 is binolike, the decay

χ̃02 → hχ̃01 would dominate χ̃02 → χ̃01Z because (as explained in
Sec. VII), the latter can occur only via the suppressed Higgsino
components of both χ̃01 and χ̃

0
2, while the decay to the Higgs boson

requires just a single mixing angle suppression. The importance
of the Wð→ lνÞhð→ bb̄Þ signal from wino production at the
LHC was first pointed out in Ref. [47].

3For a survey of chargino and neutralino signals in the μ −M2

plane assuming a decoupled bino, see Ref. [50].
4For definiteness, we assume gaugino mass unification which

makes the bino lighter than the neutral wino in our calculations.
In models where the bino is heavier than the wino, our results on
wino signals will be qualitatively unaltered (keep in mind that
wino decays to the binolike state are suppressed by mixing
angles) if we remember to interchange χ̃03 ↔ χ̃04.

WINOS FROM NATURAL SUSY AT THE HIGH LUMINOSITY … PHYS. REV. D 109, 015027 (2024)

015027-3



model that we use for the analysis of the wino signal in
natural SUSY models at the HL-LHC. In Sec. III, we
discuss the production cross sections for electroweakino
(EWino) production at a pp collider with

ffiffiffi
s

p ¼ 14 TeV. In
Sec. IV we map out the decay patterns of EWinos in models
with small values of jμj, one of the key characteristics of
natural SUSY models. In Sec. V we delineate the various
channels and detail the analysis cuts that we use to optimize
the search for winos. In Sec. VI, we present our results for
the HL-LHC discovery reach for winos in natural SUSY
models. In Sec. VII, we discuss whether an examination of
the HL-LHC signal from winos by itself can provide
evidence for the existence of a Higgsino-like LSP. We
end in Sec. VIII with a summary of our results and some
general remarks.

II. A NATURAL SUSY MODEL LINE

For our phenomenological analysis of wino signals, we
use the two extra parameter nonuniversal Higgs model
(NUHM2) [53–55] specified by parameters

m0; m1=2; A0; tan β; μ; mA:

The universal SUSY breaking matter scalar mass param-
eter, m0; the universal SUSY breaking gaugino mass
parameter, m1=2; and the universal SUSY breaking trilinear
scalar coupling, A0 are all specified at the grand unified
theory (GUT) scale while the remaining three parameters
are specified at the weak scale.5 This form of the NUHM2
parameter space is very convenient for studies of natural
SUSY because jμj can be chosen to be in the 100–350 GeV
range as required. For our wino analysis we adopt the
model line

m0 ¼ 5 TeV; m1=2; A0 ¼ −1.6m0; tan β ¼ 10;

μ ¼ 250 GeV and mA ¼ 2 TeV; ð3Þ

which ensures modest values of ΔEW along with a value of
the light Higgs boson mass mh ¼ 125� 2 GeV. We have,
therefore, dubbed this them125

h ðnatÞ scenario. By changing
m1=2 we can vary the mass of the wino.
We use the computer code ISAJET [56] which includes

Isasugra to obtain the sparticle spectrum and weak scale
couplings relevant for phenomenology. A sample spectrum
for m1=2 ¼ 1.2 TeV which yields ΔEW ¼ 22 is listed in
Table 1 of Ref. [57].

We should mention that although we are using the
NUHM2 framework with unified gaugino mass parame-
ters, this aspect plays a very little role in our examination
of the phenomenology of winos at HL-LHC. We do not
look at gluino events, and except for relatively small
values of m1=2 where the bino mass parameter is small
enough so that mixing with Higgsinos is sizeable, the bino
state plays no role in our analysis since matter sfermions
are taken to be heavy. For all practical purposes,m1=2 only
serves to determine the mass of the wino. Finally, since we
make no attempt to look at the soft debris from Higgsino
decays, our results should only be mildly sensitive to the
choice of μ ¼ 250 GeV, at least for a wino mass much
larger than jμj. For convenience, we note that the weak
scale wino mass M2 ∼ 0.8m1=2.

III. EWINO PRODUCTION CROSS
SECTIONS AT LHC14

We begin by considering the production cross sections
for pair production of EWinos at the LHC. For our
calculation of the next-to-leading-order (NLO) cross
sections, we use the computer program PROSPINO [58]
using the masses and mixing angles as given by the ISAJET

[56] Les Houches Accord files.
Our results are shown in Fig. 1 for (a) chargino pair

production, (b) associated chargino-neutralino production,
and (c) neutralino pair production. We display the cross
sections versus m1=2 for the m125

h ðnatÞ model line defined
by Eq. (3). The region with m1=2 ≲ 1.1 TeV is excluded at
95% CL by the nonobservation of any excess of events in
the wino search at the LHC [15,17].6

Higgsino pair production is the dominant EWino pro-
duction cross section in all the panels with a value at the
hundreds of fb level. Since the lighter EWinos χ̃�1 ; χ̃

0
1, and

χ̃02 are dominantly Higgsino-like with a mass close to jμj
over essentially the entire range of the plot, the cross
section shows little variation with m1=2. Note also that pair
production of identical neutralinos is dynamically sup-
pressed. As noted in Sec. I, these Higgsino pair production
processes are not directly of interest to us in this paper
because the visible decay products from Higgsinos are
quite soft causing the Higgsino pair signal to be difficult to
extract at the LHC.
The next highest cross sections are for wino pair

production processes χ̃�2 χ̃
�
2 and χ̃�2 χ̃

0
4 in Fig. 1(a) and

Fig. 1(b), respectively. Wino pair production occurs via the
large SUð2Þ gauge coupling and is essentially unsup-
pressed by mixing angles in natural SUSY models.

5The NUHM2 framework allows for independent soft SUSY
breaking Higgs mass parameters m2

Hu
and m2

Hd
at the GUT scale.

These have been traded in for the weak scale parameters μ and
mA. The assumed universality of matter scalar mass parameters
ameliorates unwanted flavor-changing effects.

6There is some slop in the lower limit on m1=2 which has been
obtained using simplified model analyses, with different assump-
tions of the branching ratios for wino decays than in the model
adopted in this paper.
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These are at the 1 fb level for m1=2 ¼ 1 TeV, and, of
course, fall with increasing values of m1=2. However, even
form1=2 as large as 1.8 TeV, we may expect about 100 wino
pair events in a sample of 3000 fb−1. Neutral wino pairs
cannot couple to the Z boson because of SUð2Þ symmetry,

and so the χ̃04χ̃
0
4 production in Fig. 1(c) is strongly sup-

pressed. Wino-bino production processes, χ̃03χ̃
0
4 and χ̃03χ̃

�
4

are also suppressed for reasons already mentioned in Sec. I.
Finally, we turn to gaugino-Higgsino pair production.

Since gauge bosons couple only to Higgsino pairs or
gaugino pairs, gaugino-Higgsino pair production from qq̄
collisions via virtual W or Z exchange in the s channel is
suppressed by the gaugino-Higgsino mixing. As a result,
in the model with unified gaugino masses where
M2 ≃ 2M1, wino-Higgsino mixing is smaller than bino-
Higgsino mixing. Thus the various wino-Higgsino proc-
esses in the Fig. 1 are suppressed relative to the corre-
sponding bino-Higgsino processes, both by kinematic
(M2 > M1) as well as dynamical reasons (e.g., χ̃�1 χ̃

0
3 vs

χ̃�1 χ̃
0
4 or χ̃

0
2χ̃

0
3 vs χ̃

0
2χ̃

0
4). Indeed, the cross sections in Fig. 1

for some of the bino-Higgsino processes, such as χ̃03χ̃
�
1

production in frame (b) or χ̃03χ̃
0
2 in frame (c) are compa-

rable in magnitude to the cross section for the wino pair
[χ̃�2 χ̃

�
2 production in frame (a) or χ̃�2 χ̃

0
4 production in frame

(b)] whose LHC signatures are the subject of this paper.

IV. ELECTROWEAK GAUGINO BRANCHING
FRACTIONS IN NATURAL SUSY

LHC signatures for wino production depend on how
these decay. The branching fractions, within natural
SUSY, for decays of the charged and the neutral winolike
states are shown versus m1=2 in Figs. 2(a) and 2(b),
respectively. We obtain the branching fractions from
ISAJET. As in Fig. 1, the other parameters are fixed by
Eq. (3). We see that for m1=2 ≳ 1 TeV where phase space
effects are unimportant for the analysis of wino decays,
Bðχ̃�2 → Wχ̃01;2Þ∶Bðχ̃�2 → hχ̃�1 Þ∶Bðχ̃�2 → Zχ̃�1 Þ ≃ 2∶1∶1,
with a very small fraction of the χ̃�2 decaying via the
dynamically and kinematically suppressed decay to the
bino. Here, we sum over the decays to the neutral Higgsinos
since as mentioned previously, we do not attempt to identify
the soft visible decay products of the Higgsinos. Likewise,
from Fig. 2(b) we see that even for neutral winos, Bðχ̃04 →
W∓χ̃�1 Þ∶Bðχ̃04 → hχ̃01;2Þ∶Bðχ̃04 → Zχ̃01;2Þ ¼ 2∶1∶1 as long
as these are heavy, while the decay to the bino is again
strongly suppressed. The reason for this simple 2∶1∶1
pattern of charged and neutral branching ratios has been
explained in Ref. [59], and we will not repeat it here.
Although not germane to the considerations of

this paper, for completeness we show the branching
fractions for the two-body decays of the binolike χ̃03 state
in Fig. 2(c). For small values of m1=2 in the left-most part
of the panel, the χ̃03 is too light to decay to Higgsinos
together with an on shell vector boson, and so decays via
three-body modes. The first two-body modes to become
accessible are χ̃03 → χ̃01Z and χ̃03 → χ̃�1 W. Indeed in the
region where m1=2 ∼ 700–800 GeV where the two-body

FIG. 1. NLO cross sections for EWino production at a pp
collider with

ffiffiffi
s

p ¼ 14 TeV versus m1=2 for the m125
h ðnatÞ model

line introduced in Eq. (3) of the text. We show cross sections for
(a) chargino pair production, (b) chargino-neutralino pair pro-
duction, and (c) neutralino pair production.
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decays turn on, M1 is comparable to μ, and the lighter
states are well-mixed binos and Higgsinos, with only
the heaviest states being winolike. For values of m1=2

larger than ∼0.9–1 TeV, our expectation is that the mass

eigenstates are dominantly Higgsino-, bino-, or winolike,
and we see once again the simple 2∶1∶1 decay pattern
for decays to W, Z and h bosons, for more or less the
same reason as for the decay of the neutral wino
states [59].

V. WINO DISCOVERY CHANNELS

We now turn our attention to the potential of HL-LHC
(

ffiffiffi
s

p ¼ 14 TeV with 3000 fb−1) for probing wino pair
production in the context of natural SUSY. We use
ISAJET to first construct a SUSY Les Houches Accord file
[60] for any natural SUSY parameter-space point and feed
this into PYTHIA [61] to generate signal events. We also use
PYTHIA to generate the various 2 → 2 background proc-
esses. For 2 → 3 background processes, we use MadGraph

[62], coupled with PYTHIA. For our computation of SM
backgrounds to the gaugino signal, we include parton level
production of tt̄, tt̄V, htt̄, hh, hhV, V þ jets, Vh, VV, and
VVV final states to evaluate SM backgrounds. Specifically,
we normalize the SUSY cross sections to their NLO values
obtained from Prospino. For the most important SM back-
grounds we normalize the cross sections to their values at
the NLO level, or better when available. The NNLO (next-
to-next-to-leading-order)/NNLL (next-to-next-to-leading-
log) tt̄ cross section is normalized to 985.7 pb,7 the cross
sections for tt̄V production are from Ref. [63], V þ j and
Vbb̄ cross sections are calculated using the K-factor from
the ratio of NLO and leading order (LO) cross sections from
MadGraph with parton jets defined using the anti-kT algorithm
with pTj > 25 GeV and ΔR ¼ 0.4, and finally VV cross
sections are normalized using the results in Ref. [64].
The remaining backgrounds which are frequently orders
of magnitude smaller are included at leading order. We
use the DELPHES code for detector simulation in our
analysis [65].
Since our signal consists of combinations of high

transverse momentum W, Z, and h bosons decaying
leptonically or hadronically, we focus on hard leptons
and jets in the central part of the detector. With this in mind,
we require isolated electrons and muons to satisfy
(1) pTðeÞ > 20 GeV, jηej < 2.47, with PTRatio <

0.1, and
(2) pTðμÞ > 25 GeV, jημj < 2.5 with pTRatio < 0.2,

where PTRatio is defined as the ratio of the scalar sum of the
transverse momentum of objects (defined in the default
DELPHES configuration card for HL-LHC simulation) in a
ΔR ¼ 0.3 cone about the lepton.
We construct small radius (SR) jets using an anti-kT jet

algorithm and require

FIG. 2. Branching fractions from natural SUSY versus m1=2
for the model line defined by Eq. (3) for (a) the charged winolike
state, χ̃�2 , (b) the neutral winolike state, χ̃

0
4, and (c) the binolike

state χ̃03. We show the branching fractions only for
two-body decay channels, all of which are closed for small
values of m1=2 in (c).

7This is taken from https://twiki.cern.ch/twiki/bin/view/
LHCPhysics/TtbarNNLO where references to the literature for
the calculation may also be found.
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(1) pTðSRjÞ > 25 GeV with a cone size R ≤ 0.4
and jηðSRjÞj < 4.5.

The jet is labeled as a b jet if, in addition, it satisfies
(1) jηjj < 2.4 and is tagged as a b jet by DELPHES.

Since our aim is to also identify hadronically decaying high
pT gauge and Higgs bosons,8 we construct large radius
(LR) jets using an anti-kT jet algorithm with a cone
R < 1.5, and require
(1) pTðLRjÞ > 300 GeV and ηðLRjÞ < 2.
We use the identified leptons, SR jets, and LR jets to

construct W,Z and h candidates as follows.
Leptonically decaying Z:
A pair of opposite sign (OS) leptons with the same flavor

(SF) satisfying 80 GeV < mðllÞ < 100 GeV is identified
as a candidate Z boson.
Hadronically decaying W:
A LR jet with trimmed mass [66] 60 GeV < mJ <

90 GeV is identified as a candidate W boson.
Hadronically decaying Z:
Either (or both)

(a) two small radius signal b jets that have an invariant
mass 80 GeV < mðbbÞ < 100 GeV,

or
(b) a LR jet with trimmed mass 70 GeV < mJ < 100GeV
defines a candidate Z boson. We do not attempt to
distinguish between LR jets from W and Z bosons, but
simply classify LR jets with a trimmed mass between
60 GeV < mJ < 100 GeV as a vector boson.
Higgs bosons:
Either (or both)

(a) two small radius signal b jets that have an invariant
mass 100 GeV < mðbbÞ < 135 GeV,

or
(b) LR jet with trimmed mass 100 GeV < mJ <

135 GeV, and at least one small radius (R < 0.4)
signal b jet within the cone radius of the LR jet

define a candidate SM-like Higgs boson, h.
Having discussed how we identify candidate hadroni-

cally decaying W, Z, and h daughters of winos (these have
the largest branching fractions and so lead to the largest

signal rates) we proceed to classify events into eight
channels:
(1) Zð→ lþl−ÞBþ =ET ,
(2) h=Zð→ bbÞBþ =ET ,
(3) BBþ =ET ,
(4) lhþ =ET ,
(5) lBW=Z þ =ET ,
(6) Zð→ lþl−Þ þ =ET ,
(7) h=Zð→ bbÞ þ =ET , and
(8) l�l� þ =ET events from qq0 → W̃�ð→ W�h̃0ÞW̃0

ð→ W�h̃∓Þ, where the W bosons decay leptonically
and the decay products of Higgsinos are soft so that
these events have hadronic activity only from QCD
radiation [59,67].

Here, B (for boson) means any hadronically decayedW, Z,
or h boson as defined above, while BW=Z refers to hadroni-
cally decaying W and Z bosons identified as LR jets with
60 GeV < mJ < 100 GeV. It may appear that the same
event may be classified in more than one channel; e.g., an
event with a Higgs boson h → bb produced in association
with a hadronically decaying W may be classified in both
the h=Zð→ bbÞBþ =ET as well as the BBþ =ET channels.
We have ensured this is not the case. If an event satisfies the
criteria in more than one channel, we classify it to be in the
channel that appears first on the list, and do not count it
again in any of the subsequent channels. The fact that these
channels are nonoverlapping will be important when we
combine them to project the significance of the signal.
These channels are defined as follows.
(1) Zð→ lþl−ÞBþ =ET :

(a) Exactly one pair of OS/SF leptons.
(b) 80 GeV < mðllÞ < 100 GeV.
(c) One hadronically decayed W=Z=h.
(d) If the hadronically decayed W=Z=h is tagged

with a LR jet, the two leptons should be outside
the cone radius of this LR jet ΔRðJ;lÞ > 1.5.

(2) h=Zð→ bbÞBþ =ET : Events that fail the previous
classification criterion, but satisfy
(a) No isolated leptons.
(b) At least two b jets.
(c) At least one pair of b jets has an invariant mass

of 80 GeV < mðbbÞ < 135 GeV.
(d) Besides the b pair that reconstructs h=Z, one

other hadronically decayed W=Z=h.
(e) If the hadronically decaying boson is tagged

with a LR jet, the two b jets that reconstruct h=Z
should be outside the cone radius of the LR jet
ΔRðJ; bÞ > 1.5, with no other b jets allowed
outside the cone radius of the LR jet.

(3) BBþ =ET : Events that fail all the above classification
criteria, but contain
(a) Two hadronically decayed W=Z=h, each being

tagged with a LR jet.
(4) lhþ =ET : Events that fail all the above classification

criteria, but contain

8The analyses of electroweak gaugino signals at hadron
colliders before the LHC focused on the leptonic decays of
the gauginos because backgrounds to the hadronic signals were
thought to be large. Subsequent developments in our under-
standing of jet substructure now allow us to zero in on the signal
from hadronic decays of boosted, heavy daughters of heavy
gauginos without being completely overwhelmed by QCD
radiation. Gaugino searches at even the Tevatron were confined
to gaugino mass ranges where the gaugino decayed via three-
body decays, or where the daughter bosons from gaugino decay
were not particularly boosted. An additional factor that may have
precluded earlier exploration of hadronic decays of gauginos is
that the magnitiude of =ET from hadronic mismeasurements scales
as a square root of the total scalar ET in the event, and so is
fractionally less relevant compared to the physics =ET at higher
masses probed at the LHC.

WINOS FROM NATURAL SUSY AT THE HIGH LUMINOSITY … PHYS. REV. D 109, 015027 (2024)

015027-7



(a) at least one isolated lepton9;
(b) exactly one Higgs boson h;
(c) if the Higgs is tagged with a LR jet, the lepton

candidates should be outside the cone radius of
this LR jet ΔRðJ;lÞ > 1.5; and

(d) if there are two or more lepton candidates, the
one that minimizes the magnitude of =ET

�!þ
p⃗TðhÞ þ p⃗TðlÞ is chosen as the lepton.

(5) lBW=Z þ =ET : Events that fail all the above classi-
fication criteria, but contain
(a) at least one isolated lepton;
(b) exactly one hadronically decaying W=Z boson

tagged as a LR jet;
(c) the lepton candidates should be outside the cone

radius of the signal LR jet ΔRðJ;lÞ > 1.5; and
(d) if there are two or more lepton candidates, the

one that minimizes the magnitude of =ET
�!þ

p⃗TðW=ZÞ þ p⃗TðlÞ is chosen as the lepton.
(6) Zð→ lþl−Þ þ =ET : Events that fail all the above

classification criteria, but contain
(a) exactly one pair of OS/SF leptons; and
(b) 80 GeV < mðllÞ < 100 GeV.

(7) h=Zð→ bbÞ þ =ET : Events that fail all the above
classification criteria, but contain
(a) at least two b jets; and
(b) exactly one pair of b jets has an invariant mass

of 80 GeV < mðbbÞ < 135 GeV.
(8) l�l� þ =ET : Events that fail all the above classi-

fication criteria but contain
(a) exactly two same-sign leptons with large =ET ;

and
(b) no tagged b jets.

Having decided on the various channels for the wino
search, we now proceed with the analysis of the signal in
each of these channels. Toward this end, we have examined
several signal and SM background distributions to develop
analysis cuts that serve to enhance the gaugino signal in
each of the eight channels. We do not show these distri-
butions here; instead, we only display the additional
channel-by-channel cuts that we use to assess the observ-
ability of the gaugino signal over SM backgrounds. For each
channel with two tagged bosons (including the lhþ =ET and
lBW=Z þ =ET channels) we showmT2 [68] distributions after
analysis cuts, while for the channels with just a single
tagged boson we show corresponding mT distributions that
we use for subsequent statistical analysis of the observ-
ability of the signal. For the same-sign dilepton plus
=ET channel, we show instead the distribution of LT≡
jpTðl1Þj þ jpTðl2Þj þ j=ET j. Our goal is to examine

whether these distributions are significantly modified from
SM expectation due to the presence of a signal.

A. Zð→ l+l− ÞB+=ET channel

We begin our investigation with the Zð→ lþl−ÞBþ =ET
channel. Upon analyzing various kinematics distributions,
we require additional analysis cuts:
(1) =ET > 350 GeV;
(2) max½mTðZðlþl−Þ; =ETÞ; mTðB; =ETÞ� > 1000 GeV;
(3) min½mTðb; =ETÞ� > 175 GeV, where b loops over all

b jets;
(4) ΔRðlþ;l−Þ < 0.8; and
(5) min½ΔϕðJ; =ETÞ� > 35°, where J loops over all LR

jets in the event, no matter whether these have been
tagged as a boson or not.

The mT2 distribution, after these cuts, is shown in Fig. 3
for both the signal as well as for the leading SM back-
grounds. We show the signal histograms form1=2 ¼ 1.3 and
1.6 TeV (corresponding to a charged wino mass of 1.1 and
1.35 TeV, respectively) along the model line defined by
Eq. (3). The primary backgrounds are depicted by the filled
histograms and mainly come from WZ and ZZ production.
The lower mT2 region is dominated by the background. The
signal begins to emerge from the background at increased
mT2 values determined by the parent gaugino masses until it
cuts off at high values of mT2. Our goal is to examine
whether the wino signal sufficiently distorts the expectation
of the event rate from SM expectation so that one can claim
a discovery of new physics for the chosen value ofm1=2 after
combining (see Sec. VI below) the eight different channels

FIG. 3. The distribution of mT2ðZðlþl−ÞB; ETÞ after the
analysis cuts detailed in the text for the wino signal for m1=2 ¼
1.3 and 1.6 TeV, with other parameters fixed as in Eq. (3) is
shown by the hollow histograms. The corresponding background
distributions are shown by the filled histograms. The background
histograms are not stacked.

9We found requiring at least one isolated lepton proved better
than exactly one isolated lepton because ∼10% of signal events
contained additional leptons, presumably from the decays of the
daughter Higgsinos.
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that we analyze. If instead the signal is too small to cause a
sufficient deviation from SM expectations, the correspond-
ing value of m1=2 can be excluded.

B. h=Zð→ bbÞB+=ET channel

For wino searches via this channel, after analyzing
various distributions, we require additional analysis cuts:
(1) =ET > 450 GeV;
(2) No jet in the event is tagged as τ by DELPHES;
(3) max½mTðh=ZðbbÞ; =ETÞ; mTðB; =ETÞ� > 1100 GeV;
(4) min½mTðb; =ETÞ� > 175 GeV, where b loops over all

b jets;
(5) min½ΔϕðJ; =ETÞ� > 35°, where J loops over all LR

jets in the event, whether or not these have been
tagged as a W, Z or h boson; and

(6) No LR jets in the event should have a trimmed
mass in the mass range of top, so mJ ∉ ð135; 185Þ
GeV.

The resultingmT2 distributions are displayed in Fig. 4 for
both the two signal cases (hollow histograms) shown in the
last figure as well as leading SM backgrounds (solid
histograms). In this channel, the largest backgrounds are
from tt̄ and Z þ bb̄ production. Once again, we see that the
signal distributions have broad peaks and cut off at mT2
values determined by the wino mass, while the background
is largely a broad continuum. The signal histograms
distinctly rise above the background at large mT2 values
before their kinematic cutoff.

C. BB +=ET channel

Next, we examined various distributions for signal and
background in the BBþ =ET channel to arrive at the
following analysis cuts:
(1) =ET > 200 GeV;
(2) No jet in the event is tagged as τ by DELPHES;
(3) max½mTðB1; =ETÞ; mTðB2; =ETÞ� > 1000 GeV;
(4) min½mTðb; =ETÞ� > 175 GeV, where b loops over all

b jets;
(5) min½ΔϕðJ; =ETÞ� > 35°, where J loops over all LR

jets in the event whether they have been tagged as a
boson; and

(6) No LR jet in the event should have a trimmed mass
in the mass range of top, so mJ ∉ ð135; 185Þ GeV.

The resulting signal and background mT2 distributions
are shown in Fig. 5, again for the same signal cases as
before. As in previous figures, the signal distribution is
bounded above by the wino mass. In this channel,10

however, the enormous W=Z þ jets and also the tt̄ back-
grounds completely overwhelm the signal even after selec-
tion cuts. We might think that this channel will make a
negligible contribution to the significance of the wino signal
at the HL-LHC. Notice, however, that the signal cross
sections as well as the backgrounds in this channel are an
order of magnitude larger than for other channels discussed,
so that the naive measure “S=

ffiffiffiffi
B

p
” (over a few optimally

chosen bins) might make this channel competitive.
Systematic uncertainties may change this picture though.

FIG. 5. The distribution of mT2ðBB;ETÞ after the analysis cuts
detailed in the text for the wino signal for m1=2 ¼ 1.3 and
1.6 TeV, with other parameters fixed as in Eq. (3) is shown by the
hollow histograms. The corresponding background distributions
are shown by the filled histograms. The background histograms
are not stacked.

FIG. 4. The distribution of mT2ðh=ZðbbÞB; ETÞ after the
analysis cuts detailed in the text for the wino signal for m1=2 ¼
1.3 and 1.6 TeV, with other parameters fixed as in Eq. (3) is
shown by the hollow histograms. The corresponding background
distributions are shown by the filled histograms. The background
histograms are not stacked.

10Bear in mind that Zð→ llÞBþ ET events and h=Zð→
bbÞBþ ET events which have been included in previous chan-
nels are not counted in this channel.
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D. l�h+=ET channel

In this channel our intent is to target events where one of
the winos decays into a leptonically decaying W boson,
while the other wino decays to the light Higgs boson. After
examining various distributions we further require the
following:
(1) =ET > 450 GeV;
(2) No jet in the event is tagged as τ by DELPHES;
(3) max½mTðl; =ETÞ; mTðh; =ETÞ� > 1100 GeV;
(4) min½mTðb; =ETÞ� > 175 GeV, where b loops over all

b jets;
(5) Δϕðh; =ETÞ > 115°;
(6) min½ΔϕðJ; =ETÞ� > 65°, where J loops over all LR

jets in the event, whether or not these have been
tagged as a boson; and

(7) No LR jets in the event should have a trimmed mass
in the mass range of top, so mJ ∉ ð135; 185Þ GeV.

The mT2 distributions after these cuts are then shown in
Fig. 6 for the two signal cases as well as for various SM
backgrounds. SM processes involvingW boson production,
either directly from VV pair production or from decays of
top quarks, constitute the dominant backgrounds. The
signal distributions are again clearly bounded by the wino
mass. Somewhat surprising is the long background tail
from SM WW production because the LR jet from the
hadronic decay of the W boson would not be expected to
have the trimmed mass in the 100–135 GeV range, or for
that matter include a SR b jet. However, b quarks from
QCD radiation (or jets mistagged as a b) could combine
with either a tau jet or hadronic decay products of the W
that are not the parent of the lepton to push the LR jet mass

into the higher range, causing it to be tagged as an h. The
signal cross sections are comparable in magnitude to the
background cross sections, and we may anticipate that this
channel will contribute to the significance of the signal at
the HL-LHC.

E. lBW=Z +=ET channel

This channel is designed to examine events where one
wino decays into a leptonically decaying W boson and the
other decays into a hadronically decaying W=Z boson
tagged as a LR jet, but not a Z boson tagged via two b jets
reconstructing the Z. Upon examination of various distri-
butions, we further require the following:
(1) =ET > 500 GeV;
(2) No jet in the event is tagged as τ by DELPHES;
(3) max½mTðl; =ETÞ; mTðBW=Z; =ETÞ� > 1000 GeV;
(4) min½mTðb; =ETÞ� > 175 GeV, where b loops over all

b-jets;
(5) ΔϕðBW=Z; =ETÞ > 105°; and
(6) min½ΔϕðJ; =ETÞ� > 15°, where J loops over all LR

jets in the event, whether or not these have been
tagged as a boson.

The mT2 distributions for the two signal cases as well as
for various SM backgrounds are shown in Fig. 7. As may
have been anticipated, SM processes involving WW and
WZ pair production are the dominant background source
except for the smallest values of mT2 whereWj production
dominates. While the distribution of events from WW and
WZ production do exhibit a peak at mT2 ≲ 100–150 GeV,
the long tail extending to TeV values of mT2 where we
expect the signal to reside may seem somewhat surprising.

FIG. 6. The distribution of mT2ðlh; ETÞ after the analysis cuts
detailed in the text for the wino signal for m1=2 ¼ 1.3 and
1.6 TeV, with other parameters fixed as in Eq. (3) is shown by the
hollow histograms. The corresponding background distributions
are shown by the filled histograms. The background histograms
are not stacked.

FIG. 7. The distribution of mT2ðlBW=Z; ETÞ after the analysis
cuts detailed in the text for the wino signal for m1=2 ¼ 1.3 and
1.6 TeV, with other parameters fixed as in Eq. (3) is shown by the
hollow histograms. The corresponding background distributions
are shown by the filled histograms. The background histograms
are not stacked.
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We have checked that events with mTðl; =ETÞ < 100 GeV
are essentially all in the low mT2 peak so that imposing a
cut on this does not allow the signal to stand out above the
long tail in theWW background.11 We have further checked
that in most of the events in the tail that contain two
neutrinos, the second neutrino (for the most part) coming
from W → τν or from W → scð→ νÞ decays. The long tail
presumably comes from the fact that hard QCD radiation
forms part of the LR jet, i.e., the B is not entirely composed
of the decay products of the second W. As in the BBþ =ET
channel studied above, it appears that the backgrounds are
one and a half orders of magnitude higher than the signal,
but bear in mind that the signal event rate is also higher than
in many of the channels where signal and background were
comparable in a range of mass bins.

F. Zð→ l+l− Þ +=ET channel

This channel is designed to catch events where both
winos decay to a Z boson, one of which decays leptoni-
cally, and the other invisibly to neutrinos. One expects
enormous =ET in these events. After exploring several
distributions, we further require the following:
(1) =ET > 750 GeV;
(2) LT > 1550 GeV, where LT is defined to be the

scalar sum of the pT of all jets and leptons, and =ET in
the event; and

(3) mCT > 100 GeV, where mCT ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2pTðlþÞpTðl−Þð1þ cos ðΔϕðlþ;l−ÞÞÞp

.
Since only one boson is reconstructed in this

channel, we show the distribution of cluster transverse
mass [69] mTðlþl−; =ETÞ for this channel in Fig. 8 for the
two signal cases and for various SM backgrounds. Not
surprisingly, Zð→ lþl−ÞZð→ νν̄Þ dominates the SM
background followed by Zð→ lþl−ÞW production where
the W decays to an e, μ, or τ that is missed in the detector.
Although the backgrounds are large formT ≳ 1.5 TeV, the
backgrounds are comparable to the wino signal over a
significant range, and it seems possible that a distortion of
this distribution due to the presence of a signal may
contribute to its overall significance when the various
channels are combined.

G. h=Zð→ 2bÞ+=ET channel

This channel is designed to catch events where one wino
decays to an h or Z boson tagged by two SR b jets with an
invariant mass consistent withmZ ormh, and the other wino
decays to a Z that is essentially invisible. There would, of
course, be contributions to this channel where the boson
on the other side fails to be tagged, e.g., it is a W decaying
via W → τν, and the hadronically decaying tau is not
identified.
For this channel, we require
(1) =ET > 850 GeV,
(2) No jet in the event is tagged as τ by DELPHES,
(3) min½mTðb; =ETÞ� > 175 GeV, where b loops over all

b jets,

FIG. 8. The distribution of mTðlþl−; ETÞ after the analysis
cuts detailed in the text for the wino signal for m1=2 ¼ 1.3 and
1.6 TeV, with other parameters fixed as in Eq. (3) is shown by the
hollow histograms. The corresponding background distributions
are shown by the filled histograms. The background histograms
are not stacked.

FIG. 9. The distribution of mTðbb; ETÞ after the analysis cuts
detailed in the text for the wino signal for m1=2 ¼ 1.3 and
1.6 TeV, with other parameters fixed as in Eq. (3) is shown by the
hollow histograms. The corresponding background distributions
are shown by the filled histograms. The background histograms
are not stacked.

11Events where oneW decays leptonically and the other boson
decays hadronically would be expected to satisfy mTðl; ETÞ <
100 GeV if the single neutrino from the leptonic decay of W is
the primary source of ET .
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(4) min½Δϕðb; =ETÞ� > 85°, where b loops over all b
jets, and

(5) No LR jets in the event should have a trimmed mass
in the mass range of top, so mJ ∉ ð135; 185Þ GeV.

Again, since only one boson is constructed in this
channel, we show the distributions of the transverse mass
mTðbb; =ETÞ in Fig. 9 for the two signal cases and for
various SM backgrounds. Not surprisingly, backgrounds
from SM final states involving b quarks produced in
association with vector bosons to give sizeable =ET domi-
nate: these include tt̄; Zbb̄; tt̄Z, and Wbb̄ production. The
signals peak at ∼1400–1600 GeV depending on the wino
mass, while the backgrounds are broader continua. We see
that in favorable cases the signal, though not large, is
comparable to the background in several bins, and it
appears that this channel could make a contribution to
the significance when the channels are combined.

H. l�l� +=ET channel

This channel is designed to catch very characteristic
events with two same-sign dileptons coming from the
leptonic decays of same-sign W bosons produced from
the decays of pair-produced winos [67]. This signal—
which is characteristic of light Higgsino models—has low
rates but is interesting because it also has very low
backgrounds from SM processes. In Ref. [59], it was
shown that the discovery reach of the HL-LHC, via this
single channel, extended to a wino mass of ∼860 GeV.
Here, since we are exploring the wino reach that might be
possible by combining several channels, we have rean-
alyzed the same-sign dilepton channel exploring harder
cuts that might allow us to go out further in the wino mass

at the HL-LHC. Upon exploring various distributions, we
require the additional cuts
(1) jηðlÞj < 2,
(2) =ET > 350 GeV,
(3) Δϕðll; =ETÞ > π=3whereΔϕ is the transverse plane

opening angle between the p⃗TðllÞ and =ET
�!

, and
(4) Δϕðl1; =ETÞ > π=4 and Δϕðl2; =ETÞ > π=4.

The =ET cut allows us to probe the signal from TeV scale
winos, and the angular cuts require that the =ET vector is
well separated from the leptons.
In Fig. 10 we show the distribution of LT ≡ jpTðl1Þj þ

jpTðl2Þj þ j=ET j for the two signal cases and for dominant
SM backgrounds after the analysis just described. We have
checked that tt̄ production (not shown) makes a subdomi-
nant contribution to the signal. We see that though the
signal rate is very small, the signal stands out above SM
backgrounds for LT > 800–1000 GeV. We emphasize that
this channel is characteristic of models with light Higgsinos
whose decay products are essentially invisible and would
be absent in models where winos decayed to binos and
Higgsino states are decoupled. We also stress that the signal
has essentially no jet activity other than that from QCD
radiation, and so should be readily distinguishable from the
same-sign dilepton production via gluino [70–73] or squark
[74] pair production.

VI. REACH OF HL-LHC FOR EWINOS
IN NATURAL SUSY

Now that we have settled on our strategy to probe winos
via the eight channels discussed in Sec. V, it is possible to
obtain the LHC discovery sensitivity should there be an
excess of events above SM backgrounds, or the corre-
sponding exclusion limit if no such excess is observed at
the HL-LHC. We express this in terms of the largest value
of m1=2 (or equivalently, the wino mass) that can be probed
in the HL-LHC run which is envisaged to accumulate an
integrated luminosity of 3000 fb−1.
For each of the first seven channels we examine the

binned mT2 or the transverse mass distributions shown in
Figs. 3–9. For the same-sign dilepton + =ET channel, we
examined the LT distribution in Fig. 10. For exclusion of the
wino signal, we assume that the true distribution we would
observe in an experiment would correspond to a background
only distribution. Upper limits on m1=2 are then evaluated
using a modified frequentist CLS method [75] with the
profile likelihood ratio as the test statistic. The likelihood is
built as a product of Poissonian terms for each of the bins in
the distributions. A background systematic error is
accounted for by introducing an independent nuisance
parameter for each bin of each channel, and the likelihood
is modified by log-normal terms to account for these
nuisance parameters, with uncertainty that we take to be
25%. The largest value of m1=2 (or equivalently, the largest
value of wino mass) that can be excluded at 95% CL is the

FIG. 10. The distribution of LT ≡ jpTðl1Þj þ jpTðl2Þj þ jET j
after the analysis cuts detailed in the text for the wino signal for
m1=2 ¼ 1.3 and 1.6 TeV, with other parameters fixed as in Eq. (3)
is shown by the hollow histograms. The corresponding back-
ground distributions are shown by the filled histograms. The
background histograms are not stacked.
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exclusion limit. For discovery, we assume that the distribu-
tion one would observe in an experiment corresponds to
signal plus background. We then test this against the
background only distribution for each value of m1=2. If
the background only hypothesis can be rejected at at least the
5σ level, we deem that the HL-LHC would discover winos
with a mass corresponding to that choice of m1=2. For both
the exclusion and discovery limits, we use the asymptotic
expansion for obtaining the median significance [76].12

To warm up, we begin by considering the relative
importance of the eight channels introduced in Sec. V to
the wino reach at the HL-LHC. The presence of a signal
will distort the mT2, MT , or LT distributions illustrated in
Sec. V. The magnitude of this distortion and its statistical
significance depends on both the number of signal as well
as the number of background events in optimally chosen
bins, and the probability of the background fluctuating to
the level of the signal can be translated into the number of
“standard deviations.” Our results of this exercise are
shown in Table I for the case with m1=2 ¼ 1.3 TeV along
our model line, with statistical errors only as well as with an
assumed 25% systematic error on the background: in this
choice, we are guided by Fig. 9 of the ATLAS study
Ref. [17]. We see that the h=Zð→ bbÞBþ =ET channel is the
largest contributor, closely followed by the same-sign
dilepton +=ET channel. The other channels individually
make smaller contributions but combine to noticeably
increase the significance. We see from Figs. 3 and 4 that
the signal sticks out over the background (remember
though that the background histograms are not stacked),

but the higher signal rate leads to a somewhat better
significance in the second case. When there is no system-
atic, we see that the BBþ =ET channel remains competitive
with the remaining channels in spite of the fact that the
signal in Fig. 5 is buried under the background. As already
noted, this is due to the large signal rate expected in this
channel. Once systematic uncertainty is introduced, sig-
nificance in channels that have a low S=B ratio such as
BBþ =ET and lBW=Z þ =ET channels is reduced signifi-
cantly. Those with a high S=B ratio are more resilient even
if large systematic is present. Although none of the
channels individually provide even 3σ evidence of a signal,
we see from the table that by combining the eight channels
one would attain a 5σ significance if systematic uncertain-
ties can be ignored.
The HL-LHC discovery reach and the 95% CL exclusion

level after combining all the channels with statistical errors
alone are shown in the upper panels of Figs. 11 and 12,

TABLE I. Statistical significance of the signal for each of the
eight different signal channels for the model-line case with
m1=2 ¼ 1.3 TeV at HL-LHC, assuming an integrated luminosity
of 3000 fb−1.

Signal channel
Significance

(0% systematic)
Significance

(25% systematic)

Zð→ lþl−ÞBþ ET 2.1 2.2
h=Zð→ bbÞBþ ET 2.6 2.4
BBþ ET 1.60 0.4
lhþ ET 1.6 1.5
lBW=Z þ ET 1.4 0.6
Zðlþl−Þ þ ET 1.2 1.2
bbþ ET 1.5 1.2
l�l� þ ET 2.4 2.4

combined 5.3 4.7

FIG. 11. 5σ discovery reach of HL-LHC from wino pair
production as a function of m1=2, with other parameters as in
Eq. (3), after combining the eight discovery channels detailed in
the text. The upper panel shows the reach with statistical errors
alone while the lower panel shows the reach assuming an
additional 25% systematic error common to all the channels.

12We have checked that for every channel that we study there
are at least ten (frequently significantly more) background events
in the “sensitive regions” of the histograms in Figs. 3–10. This is
large enough to justify the use of asymptotic formulas since for
discovery (exclusion) we are concerned with fluctuations of the
background (signal plus background).
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respectively. The systematic error is almost certainly
channel dependent and difficult to evaluate. To illustrate
its impact, however, we show in the bottom panels how
these might be altered if we assume a common systematic
error of 25% for all the channels. The minimum cross
section for discovery/exclusion is shown by the black
dashed line; following ATLAS and CMS, we denote by
the green (yellow) bands how much this discovery/exclu-
sion line might move due to background fluctuations at the
1σ (2σ) level. From Fig. 11, we see from the upper panel
that the HL-LHC discovery limit for winos extends to a
wino mass of about 1.15 TeV. From the lower panel, we see
that with the assumed 25% common systematic uncertainty,
the discovery limit drops by ∼50 GeV. Turning to Fig. 12,
we project that experiments at the HL-LHC would be
sensitive to a charged wino mass of almost 1.4 TeV.
Although not shown, we have checked that even with a

100% systematic uncertainty on the background, the
exclusion contour extends to mχ̃�

2
¼ 1.3 TeV.

Before closing this section, we point out that we have
considered the signal only from wino pair production in this
paper even though the cross section for charged-wino
production in association with a bino, shown in Fig. 1(c),
is comparable to the cross section for the associated
production of charged and neutral winos. The reason for
this is that—for the channels with hadronically decaying
W=Z=h bosons—our analysis cuts work best for boosted
bosons. For the NUHM2 model with unified gaugino
masses, the bino mass is about half the wino mass, and
the boson daughters from bino decay have too small a boost
to pass these cuts efficiently.

VII. DO WINO SIGNALS LEAVE AN IMPRINT
OF A LIGHT HIGGSINO?

Up to now, we have concentrated on the HL-LHC reach
via signals from wino production in natural SUSY models.
In this section, we ask whether it is possible to tell if the
winos are indeed decaying to Higgsinos (as they must in
natural SUSY models because jμj cannot be much larger
than the weak scale) should signals for winos appear at the
HL-LHC. We begin with a discussion of how the wino
decay patterns would be altered from those discussed in
Sec. IV if Higgsinos are very heavy and inaccesible via
decays of winos; i.e., in models where the LSP is
dominantly binolike. For simplicity of discussion, we
assume jμj ≫ M2 ≃ 2M1, and continue to take sfermions
to be in the multi-TeV mass range. We also take mA ¼
2 TeV so that the additional Higgs bosons of the MSSM are
also inaccessible via decays of the winos. This leads to an
electroweak-ino spectrum that was in vogue in many early
SUSY analyses performed within the so-called minimal
supergravity framework (see, e.g., Ref. [77]) with χ̃01 being
binolike, χ̃�1 and χ̃02 being winolike, and χ̃�2 ; χ̃

0
3, and χ̃04

being Higgsino-like, with a sizeable gap between mχ̃�
1
≃

mχ̃0
2
and mχ̃0

1
.

In this case, the charged wino dominantly decays via
χ̃�1 → Wχ̃01, this being the only two-body decay accessible
to it. There are no two-body decays to a Z or to h. This is in
sharp contrast to the situation shown in Fig. 2 where we saw
that the wino state χ̃�2 decayed intoW, Z and h plus a quasi-
invisible Higgsino with branching ratios of about 50%,
25%, and 25%, respectively.
Turning our attention to the neutral wino state χ̃02, we

note that the decays χ̃02 → hχ̃01 and χ̃02 → Zχ̃01 are both
kinematically accessible for TeV scale winos. Note, how-
ever, that the χ̃02 − h − χ̃01 coupling can only occur due to
the Higgsino component of χ̃01 or χ̃

0
2, and so is suppressed

by a small mixing angle ∼mZ=jμj. In contrast, since the Z
couples to neutralinos only via the Higgsino components of

FIG. 12. The 95% CL exclusion limit of HL-LHC from wino
pair production as a function of m1=2, with other parameters as in
Eq. (3), after combining the eight discovery channels detailed in
the text. The upper panel shows the reach with statistical errors
alone while the lower panel shows the reach assuming an
additional 25% systematic error common to all the channels.
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both the neutralinos (gauge invariance precludes a coupling
of Z to neutral gauginos), the coupling to Z is suppressed
by 2 factors of the small mixing angle. As a result, in
models with jμj ≫ M2 ≃ 2M1, the neutral wino decays
almost exclusively via χ̃02 → χ̃01h; i.e., the branching ratio
for χ̃02 → χ̃01Z is dynamically suppressed.13

The upshot of this discussion is that in large jμj models
(at least those with gaugino mass unification) there cannot
be a signal from wino production in those channels
involving an identified high pT Z boson, whereas in
models with light Higgsinos, these signals must be present.
Of the eight channels introduced in Sec. V, the channels 1,
20, and 6 clearly have an identified Z boson in them, where
20 here denotes channel 2 with 80 GeV < mbb < 100 GeV.
Moreover, W�W� þ =ET events required for events in
channel 8 occur only if winos can decay into Higgsinos.
A signal in channels 1, 20, 6, and 8 is thus a clear indication
of light Higgsinos, assuming that the signal from the eight
channels originates in the production of wino states at the
HL-LHC.
To quantify this, we show in Fig. 13 the statistical

significance of the signal above SM expectations as a
function of the wino mass. The upper curve shows the
result obtained by combining all eight channels, while
the lower curve shows the result obtained including the
channels with a clearly identified Z boson (channels 1, 20,
6, and 8). These are labeled as light Higgsino specific
channels on the figure. A systematic uncertainty of 25% is
included in this figure. We see that while the discovery
reach of the HL-LHC with 3000 fb−1 extends to 1100 GeV,
we interpret the lower curve as indicative of about 3σ
evidence for the existence of light Higgsinos out to a wino
mass of 1200 GeV if we attribute the signal to arising from
winos of supersymmetry.
We mention here that events with same sign dileptons

could also arise from same-sign wino production via
W�W� → χ̃�2 χ̃

�
2 scattering: these events would be charac-

terized by the presence of energetic jets in the high jηj
region. Also, high pT Z bosons could arise in models with
large jμj from heavy Higgsinos decaying to the lighter inos,
or even from gluino and squark cascades as pointed out
more than three decades ago [78]. Note that in either of

these cases, Higgsino states are necessary to get a Z boson
daughter in the signal.14 It is clear, however, that the event
rates from heavy Higgsino cascades to winos would be
much smaller than the corresponding rates expected from
wino production in natural SUSY models. Gluino and
squark events would be distinguished by very different
event topologies from wino events studied in this paper.
Events with high pT Z bosons, together with l�l� þ =ET

events with limited jet activity, will provide indirect
evidence for the existence of light Higgsinos, should a
wino signal be found at the LHC.
Instead of comparing with the SM as we do in Fig. 13,

we considered a comparison of the natural SUSY model
with an NUHM2 model with large μ so that the bino is the
LSP. In this case, the gaugino mass unification assumption
reduces the wino-LSP mass gap from that in the natural
SUSY model with μ ¼ 250 GeV. Setting the bino-LSP
mass to be 250 GeV, however, takes us close to the region
currently excluded by the LHC for winos up to about 1 TeV.
A comparison with the SM, keeping only the light
Higgsino specific channels, seems to be the cleanest
way to test for light Higgsinos.

FIG. 13. The statistical significance for wino pair production as
a function of mχ̃�

2
, with other parameters as in Eq. (3), after

combining the eight discovery channels detailed in the text (upper
curve), and combining only the light Higgsino specific channels
with an identified Z boson (lower curve) including an additional
25% systematic error common to all the channels.

13We note that because of the gaugino mass unification
assumption, the bino mass can never be neglected in the
computation of the wino decay widths. As a result, neutral wino
decays into the longitudinally polarized Z boson are not as
enhanced as for the case of the Higgsino LSP discussed in
Ref. [59] [see Eq. (B.61b) of Ref. [77] ], and the branching ratio
for χ̃02 → χ̃01Z decays remains small. We have checked that
Bðχ̃02 → χ̃01ZÞ, which also depends on mixing angles, is typically
below ∼5% (10%) for a wino mass of 1.7 (3) TeV. This situation
may be different in models without gaugino mass unification if
the weak scale bino mass parameter is much smaller than the
wino mass parameter.

14In principle, high pT Z bosons can also occur via decays of
heavy sfermions if there is large intrageneration mixing [77], or if
the super-GIM mechanism is not operative. Decays of heavy
Higgs bosons, e.g., A → hZ could also lead to high pT Z bosons
in an event. Both sfermion events as well as heavy Higgs boson
events involving Z would be readily distinguishable from wino
events.
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Another point of concern may be that this evidence
dwindles for wino masses not much above the current
bounds from the LHC. While this is true for the HL-LHC,
we believe that an examination of these light Higgsino
specific channels is nonetheless important because the soft
dilepton plus monojet signature which can produce direct
evidence for light Higgsinos at the HL-LHC is very
sensitive to the mass gap between χ̃01 and χ̃02. In contrast,
the signal with high pT Z bosons is insensitive to the size
of the mass gap, and could prove important at a future
hadron collider with larger energy and/or luminosity than
the HL-LHC. At the very least, it provides complimentary,
albeit indirect, evidence for the existence of light
Higgsinos. It goes almost without saying that electron-
positron colliders with sufficient center-of-mass energy
would provide the most unambiguous evidence for light
Higgsinos [79–83].

VIII. SUMMARY AND CONCLUDING REMARKS

In this paper we have continued our exploration of the
reach of the HL-LHC for superpartners in natural SUSY
models, characterized by a value of the electroweak fine-
tuning measure ΔEW < 30. In these scenarios, Higgsinos
are expected to be below ∼350 GeV while other super-
partners, including top squarks, could well be in the multi-
TeV range, well beyond the reach of the LHC. While
experiments at the HL-LHC may indeed be able to directly
probe Higgsino signals via the monojet plus soft dilepton
channel, the prospects for discovery are sensitive to the
Higgsino mass gap and their discovery is not guaranteed for
the entire range of SUSY parameters [84]. Indeed, discov-
ery of natural SUSY is guaranteed only at future colliders,
e.g., an electron-positron collider with a center-of-mass
energy high enough to produce Higgsinos, or a high energy
pp collider with an energy in excess of 27 TeVassuming it
can accumulate an integrated luminosity of 15 ab−1 [51].
While it is not known whether either an eþe− or a hadron
collider with the required energy will ever be constructed,
there are clear plans to increase the luminosity of the LHC
by an order of magnitude, and operate this machine to
accumulate 3000 fb−1 of integrated luminosity over a
decade. In this paper, we examine the discovery potential
for winos of supersymmetry at the HL-LHC within the
natural SUSY framework.
For winos in the 1–2 TeV range, the cross sections for

wino pair production range between Oð1Þ fb to
Oð0.01Þ fb, as discussed in Sec. III. For heavy sfermions,
these cross sections are determined by the SUð2Þ ×Uð1Þ
gauge interactions and so are essentially fixed by the wino
mass, independent of the SUSY model. However, wino
decay patterns—and hence the signatures—depend on the
nature of the LSP, and so are very different in natural SUSY
from the more well-studied case of a bino LSP. Assuming

that matter sfermions and the additional Higgs bosons are
significantly heavier than the wino, in natural SUSY heavy
charged and neutral winos decay to on shell W, Z and h
bosons and an associated Higgsino with branching frac-
tions in the ratio ∼2∶1∶1; see Fig. 2. In contrast, in models
with a binolike LSP, the charged wino essentially always
decays to a W boson and an LSP, while the neutral wino
decays to an h boson and an LSP. Since the Higgsino mass
gap is typically 4–15 GeV in natural SUSY models, the
visible decay products of the daughter Higgsinos are too
soft to be detected (without special effort) at hadron
colliders, and wino pair production is signaled by VV,
Vh, and hh plus =ET events in natural SUSY models.
To facilitate our study of winos in natural SUSY models,

we have identified eight experimentally distinct channels
via which it would be possible to search for wino pair
production in Sec. V. These channels depend on how the
high pT W, Z and h boson daughters of the TeV scale winos
decay. For each of these channels, we identify cuts that
enhance the signal relative to SM backgrounds from tt̄, tt̄V,
tt̄h, VV, hh, VVV, hhV, V þ jets, and Vh parton level
processes. For each channel, we then plot one of the mT ,
mT2, or LT distributions for various signal cases and for SM
backgrounds: these are shown in Figs. 3–10.
In Sec. VI we use these distributions to map out the 5σ

discovery and the 95% CL exclusion region for winos at the
HL-LHC obtained after combining the signal from all eight
channels. Table I shows the relative importance of each of
these channels. Our final results for the HL-LHC reach and
exclusion are summarized in Figs. 11 and 12, respectively.
The upper panel shows the results with statistical errors
alone, while the lower panel shows how these are affected if
we assume a common systematic error of 25% for each of
the eight channels. While experiments at the HL-LHC may
be able to discover (exclude at 95% CL) wino masses up to
1.1 TeV (1.4 TeV), this is unfortunately a small part of the
range allowed by natural SUSY. This should not be
surprising because wino masses are relatively weakly con-
strained by naturalness considerations alone, and their
discovery at the energy of the LHC would have to be
somewhat fortuitous. While the HL-LHC can probe only a
small part of the natural SUSY parameter space via wino
searches, our discussion in Sec. VII shows that if a natural
SUSY wino signal is seen at the LHC, it could potentially
also provide indications for the existence of light Higgsinos:
see Fig. 13. The point is that there are several Higgsino-
specific channels (labeled 1, 20, 6, and 8 in the text) where
instead there would be only a tiny signal from wino
production in any model with a bino LSP. While the range
of parameters where this may be possible at the HL-LHC is
small, we find it very interesting that the presence of light
Higgsinos may reveal itself at a hadron collider via signals
from wino pair production alone. This could be critical if the
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next accelerator facility is a higher energy/luminosity
hadron collider and the Higgsino mass gap is too small
for the monojet plus soft dilepton signal from Higgsino pair
production to be observable. At the very least, the signal
from winos yields an indirect confirmation of the existence
of light Higgsinos.
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