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In supersymmetric models with light higgsinos (which are motivated by electroweak naturalness
arguments), the direct production of higgsino pairs may be difficult to search for at LHC due
to the low visible energy release from their decays. However, the wino pair production reaction
WiEZy — (WEZ1 ) + (WEWF) also occurs at substantial rates and leads to final states including
equally opposite-sign (OS) and same-sign (SS) diboson production. We propose a novel search
channel for LHC14 based on the SS diboson plus missing Er final state which contains only modest
jet activity. Assuming gaugino mass unification, and an integrated luminosity > 100 fb~!, this
search channel provides a reach for SUSY well beyond that from usual gluino pair production.

PACS numbers: 12.60.-i, 95.35.4+d, 14.80.Ly, 11.30.Pb

The recent discovery of a Higgs-like resonance at my, ~
125 GeV by the Atlas and CMS collaborations|l1, 2] com-
pletes the identification of all the states in the Stan-
dard Model (SM). However, the existence of fundamen-
tal scalars in the SM is problematic in that they lead
to gauge instability and fine-tuning issues. Supersym-
metric (SUSY) theories stabilize the scalar sector due
to a fermion-boson symmetry, thus providing a solution
to the gauge hierarchy problem[3]. In fact, the mea-
sured Higgs boson mass m; =~ 125 GeV falls squarely
within the narrow range predicted[4] by the minimal su-
persymmetric Standard Model (MSSM); this may be in-
terpreted as indirect support for weak scale SUSY. In
contrast, the associated superparticle states have failed
to be identified at LHC, leading the Atlas and CMS
collaborations|5, |6] to place limits of mg 2 1.4 TeV (for
mg =~ mg) and mg 2 0.9 TeV (for my < mg) within the
popular mSUGRA /CMSSM model[7].

In many SUSY models used for phenomenological anal-
yses, the higgsino mass parameter || is larger than the
gaugino mass parameters |Mj o|. In the alternative case
where |p| < | My 2|, the lighter electroweak chargino W,
and the lighter neutralinos ZLQ are higgsino-like, while
(assuming |Ma| > |M;i]) the heavier chargino and the
heaviest neutralino 24 is wino-like, and 23 is bino-like.
Electroweak W5Z4 production which occurs with SU(2)
gauge strength then leads to a novel WEW=*+ Er sig-
nature via the process shown in Fig. [I We examine

prospects for observing this signal in the 14 TeV run of
the CERN LHC.

Models with light higgsinos have a number of theoret-
ical advantages, and have recently received considerable
attention. To understand why, we note that the mini-
mization condition for the Higgs scalar potential leads to

FIG. 1: Diagram depicting same-sign diboson production at
LHC in SUSY models with light higgsinos.

the well known (tree-level) relation,
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where m?, and m?, are the tree-level mass squared pa-
H, Hy

rameters of the two Higgs doublets that are required to
give masses to up- and down-type quarks, and tan 3 is the
ratio of their vacuum expectation values. The value of
Mz that is obtained from () is natural if the three terms
on the right-hand-side (RHS) each have a magnitude of
the same order as M2, implying p?/(M%/2) is limited
from above by the extent of fine-tuning one is willing to
tolerate. The lack of a chargino signal at the LEP2 col-
lider requires |u| 2 103.5 GeV [8], so that light higgsino
models with low fine-tuning favour |u| ~ 100 — 300 GeV
(in fact, u? was suggested as a measure of fine-tuning in
Ref. |9]). When radiative corrections to () are included,
masses of other superpartners (most notably third gen-
eration squarks) also enter on the RHS, and large cancel-



lations may be needed if these have super-TeV masses.
Models favouring low values of |u| include:

e the hyperbolic branch/focus point (HB/FP) re-
gion of minimal supergravity model (mSUGRA
or CMSSM)[10] or its non-universal Higgs mass
extension|11],

e models of “natural SUSY” (NS)[12-{15] which have
u ~ 100 — 300 GeV, top- and bottom-squarks with
mg, ,,» mp, S 500 GeV and my S 1.5 TeV, and

e radiative natural SUSY (RNS)[16], where again
p ~ 100 — 300 GeV and where m3; is driven
to small values ~ —M?2 via the large top quark
Yukawa coupling.

The HB/FP region of mSUGRA[7] remains viable[17]
but suffers high fine-tuning due to large top squark
masses. The NS models as realized within the MSSM
also seem to be disfavoured because much heavier top-
squark masses are required to lift my up to 125 GeV and
to bring the b — sy branching fraction into accord with
measurements|15]. Models of NS with extra exotic mat-
ter which provide additional contributions to m; would
still be allowed|18]. The RNS model allows for top- and
bottom-squarks in the 1-4 TeV range, and with large mix-
ing can accommodate m; ~ 125 GeV and BF (b — sv)
while maintaining cancellations in () at the 3-10% level.

Another potential advantage of models with light hig-
gsinos is that if the lightest supersymmetric particle
(LSP) is higgsino-like, then it annihilates rapidly in the
early universe, thus avoiding cosmological overclosure
bounds. In this case, the higgsino might serve as a co-
dark-matter particle along with perhaps the axion|19].

Although the production of charged and neutral hig-
gsinos may occur at large rates (pb-level cross sections for
i~ 150 GeV at the LHC), detection of these reactions
is very difficult because the mass gaps My, — Mz and
my —mgz are typically small, ~ 5 — 20 GeV, resulting
in very low visible energy release from W1 and Z de-
cays. Thus, higgsino pair production events are expected
to be buried beneath SM backgrounds|20]. We examine
instead signals from the heavier gaugino-like states focus-
ing on the wino-like states W5 and Z,, whose production
cross sections will be fixed by essentially just the wino
mass parameter Ms if first generation squarks are heavy.

As an illustration, we show sparticle production cross
sections for a model line from the RNS model, which can
be generated from the two-extra-parameter non-universal
Higgs model (NUHM2) |21] with parameters

mo, Mmy/2, Ao, tanB, p and ma. (2)

The independent GUT scale parameters m3; and mj;,
have been traded for convenience for the weak scale pa-
rameters p and my. We take mg =5 TeV, Ag = —1.6my,
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FIG. 2: Plot of various sparticle pair production cross sections
from the RNS model line at LHC with /s = 14 TeV.

tan B = 15, u = 150 GeV, ma = 1 TeV, and allow m, /o
to vary between 300 — 1000 GeV. The large negative Ag
value allows mp, ~ 125 GeV|22] and at the same time
limits the cancellation between the terms in () to no
better than 3.5%. We use Isajet[23] for spectrum gener-
ation, branching fractions and also later for signal event
generation.

The cross sections for various electroweak-ino pair pro-
duction are shown versus m;/, in Fig. @I for pp colli-
sions at /s = 14 TeV, where we have used Prospino[24]
to obtain results at next-to-leading-order in QCD. The
difficult-to-detect Wfr Wi, WiZ; and Z1 Z2 higgsino pro-
cesses dominate sparticle production with a cross sec-
tion ¢ ~ (2 —4) x 10 fb. The corresponding curves
are nearly flat with m,/, variation since u is fixed at

150 GeV. The charged and neutral wino-like states W2
and Z4 are mainly produced via W2 Z4 and W2 W2 reac-
tions with cross sections that begin at ~ 1000 fb but fall
slowly with increasing m, /o because their masses increase
with my 5 (since my, > mg My ~ 0.8my/3). Cross
sections for mixed gaugino-higgsino production reactions
such as WoZs, W1Z3 ete. fall more rapidly with my/2
and become subdominant. The gluino pair production
cross section (‘+’s on the red curve) starts at ~ 1000 fb,
but drops rapidly as my/ (alternatively mg ~ 2.4m, o)
increases.

To understand the final states, we show in Fig. [3] the
dominant W2 branching fractions versus m;/, along the

same model line. Here, we see that VV2 — W1+ Z and
Zy Wt at about 25% each while Wt — Z; W is in-
creasing with m; /o to also approach ~ 25%.

In Fig. @ we show the Z4 branching fraction versus
my 2, and here find Z4 — WfLW + W1 W™ occurring

at ~ 50%, followed by Zy — ZoZ and Z1h occurring at
~ 15—20% level; several other subdominant decay modes
are also shown.



o NUHM2, m=5 TeV, Ag=-1.6m, tanB=15, u=150 GeV, mp=1 TeV
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FIG. 3: Branching fractions of Wg along the RNS model line.
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FIG. 4: Branching fractions of Z4 along the RNS model line.

Combining the Wzi 24 production reaction with decay
modes, the following potentially interesting signatures
emerge:

o« WiZy— (WW~—, WZ, ZZ and WEW=) + By,

(The WTW~, WZ and ZZ plus Er signals also arise
from chargino and neutralino production in models such
as mSUGRA/CMSSM.) The WTW ~ signal will likely be
buried beneath prodigious SM backgrounds from W W~
and tt production, while the ZZ signal is likely to be
rate-limited at least in the golden four lepton mode.
There may also exist some limited LHC14 reach for the
WZ — 3( signal as in Ref. [25]. However, same-sign di-
boson production- WE*W*+ Er— is a novel signature,
characteristic of the light higgsino scenario. Assuming
leptonic decays of the W bosons, we expect events with
same-sign (SS) dileptons + Fp accompanied by modest
levels of hadronic activity arising from initial state QCD
radiation and from hadronic decays of W7 or Z where
the usually soft decay products might become boosted to
create a jet. The SS dilepton signal emerging from wino-
pair production is quite distinct from that expected from

gluino pair production|26] since in the latter case several
very high pr jets and large B are also expected.

The SM physics backgrounds to the SS diboson signal
come from vu — WHTW*dd or dd — W =W ~uu produc-
tion, with a cross section ~ 350 fb. These events will be
characterized by high rapidity (forward) jets and rather
low Fr. WEW pairs may also occur via two over-
lapping events; such events will mainly have low ppr W
and possibly distinct production vertices. Double parton
scattering will also lead to SS diboson events, at a rate
somewhat lower than the q¢ — W¥W*¢'¢’ process[27].
Additional physics backgrounds come from # production
where a lepton from a daughter b is non-isolated, from
ttW production, and 4t production. SM processes such
as WZ — 3¢ and ttZ — 3¢ production, where one lepton
is missed, constitute reducible backgrounds to the signal.

To estimate background, we employ a toy detector sim-
ulation with calorimeter cell size An x A¢ = 0.05 x 0.05
and —5 < n < 5. The HCAL (hadronic calorimetry) en-
ergy resolution is taken to be 80%/v/E ® 3% for |n| < 2.6
and FCAL (forward calorimetry) is 100%/vVE @® 5% for
In| > 2.6, where the two terms are combined in quadra-
ture. The ECAL (electromagnetic calorimetry) energy
resolution is assumed to be 3%/vE @ 0.5%. In all these,
E is the energy in GeV units. We use the cone-type
Isajet [23] jet-finding algorithm to group the hadronic fi-
nal states into jets. Jets and isolated leptons are defined
as follows:

e Jets are hadronic clusters with || < 3.0, R =

VAR? + A¢? < 0.4 and Er(jet) > 40 GeV.

e Electrons and muons are considered isolated if they
have |n| < 2.5, pr(l) > 10 GeV with visible activ-
ity within a cone of AR < 0.2 about the lepton
direction, X E$°!s < min[5,0.15pr(1)] GeV.

e We identify hadronic clusters as b-jets if they con-
tain a B hadron with Er(B) > 15 GeV, |n(B)| <
3.0 and AR(B, jet) < 0.5. We assume a tagging ef-
ficiency of 60% and light quark and gluon jets can
be mis-tagged as a b-jet with a probability 1/Rp,
with R, = 150 for Er < 100 GeV, R, = 50 for
Er > 250 GeV, and a linear interpolation in be-
tween.

We require the following cuts on our signal and back-
ground event samples:

e czactly 2 isolated same-sign leptons with pp(¢1) >
20 GeV and pr(fs) > 10 GeV,

e n(b— jets) = 0 (to aid in vetoing ¢t background).

At this point the event rate is dominated by WZ and tt
backgrounds. To reduce these further, we construct the
transverse mass of each lepton with B/ and require:

o M = min [my(¢1,8r), mr(l2,Hr)] > 125 GeV,



Int. lum. (fb~")[my/5 (GeV)|mg (TeV)|mg (TeV) [g3]]

10 - - 1.4
100 680 1.6 1.6
300 840 2.1 1.8
1000 1000 24 2.0

TABLE I: Reach of LHC14 for SUSY assuming various inte-
grated luminosity values. The reach is given for m;,, along
the RNS model line, and also for the equivalent reach in mj
assuming heavy squarks. The corresponding reach in mg from
g searches is also shown for comparison.

since the signal gives rise to a continuum distribution,
while the background has a kinematic cut-off around
mBn ~ My, (as long as the Fr dominantly arises from
the leptonic decay of a single W). After these cuts, we
are unable to generate any background events from tt
and W Z production, where the 1 event level in our sim-
ulation was 0.05 fb and 0.023 fb, respectively. The domi-
nant SM background for large m®i® then comes from Wtt
production for which we find (including a QCD k-factor
k = 1.18 extracted from Ref. |28]) a cross section of 0.019
(0.006) fb after the harder cuts, m®" > 125 (175) GeV
and B > 200 GeV that serve to optimize the signal reach
for high my /o values.!

The calculated signal rates after cuts along the RNS
model line from just W Z, and WFW5 production are
shown vs. my/, in Fig. Bl where the upper (blue) curves
require mp™ > 125 GeV and the lower (orange) curve re-

quires m%li“ > 175 GeV. The Wgzl and WQWQ Cross sec-
tions are normalized to those from Prospino|24]. For ob-
servability with an assumed value of integrated luminos-
ity, we require: 1) significance > 50, 2) Signal/BG> 0.2
and 3) at least 5 signal events. The LHC reach for SS
diboson events for integrated luminosity values 100, 300
and 1000 fb~! is shown by horizontal lines in Fig. [l and
also in Table [l For just 10 fb~! of integrated luminos-
ity there is no LHC14 reach for SS dibosons, while gg
production gives a reach of mz ~ 1.4 TeV[29]. However,
for 100 fb~! the LHC14 reach for SS dibosons extends
to my /3 ~ 680 GeV corresponding to mgz ~ 1.6 TeV in a
model with gaugino mass unification. The direct search
for gg gives a projected reach of myz; ~ 1.6 TeV [30],
so already the SS diboson signal offers a comparable
reach. For 300 (1000) fb~! of integrated luminosity,
we find the LHC14 reach for SS dibosons extends to
my /o ~ 840 (1000) GeV, corresponding to a reach in mg
of 2.1 and 2.4 TeV. These numbers extend well beyond
the LHC14 reach for direct gluino pair production|29).

I We have ignored detector-dependent backgrounds from jet-
lepton misidentification in our analysis, but are optimistic that
these can be controlled by the mp'™ and Bt cuts.

NUHM2: m0=5 TeV, AO=-1.6m0, tanf=15, y=150 GeV, mA=1 TeV
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FIG. 5: Same-sign dilepton cross section (fb) after cuts vs.
my /2 along the RNS model line from just W;Z and WziW;
production with ¢tW background and calculated reach for
100, 300 and 1000 fb~!. The upper solid and dashed (blue)
curves requires mA™® > 125 GeV while the lower solid (or-
ange) curve requires mp™ > 175 GeV. The signal is observ-
able above the horizontal lines.

We emphasize here that the SS diboson signal from
SUSY models with light higgsinos is quite distinct from
the usual SS dilepton signal arising from gluino pair pro-
duction, which is usually accompanied by numerous hard
jets and high Fr. For instance, recent CMS searches for
SS dileptons from SUSY[31] required the presence of two
tagged b-jets or large Hr in the events; these cuts re-
duce or even eliminate our SS diboson signal. Likewise,
the cuts n; > 4 high pr jets along with 7 > 150 GeV
required by a recent Atlas search for SS dileptons from
gluinos|32] would have eliminated much of the SS diboson
signal from SUSY with light higgsinos.

Summary: In SUSY models with light higgsinos, as
motivated by electroweak naturalness considerations) the
production of wino pairs gives rise to a novel same-sign
diboson plus modest hadronic activity signature. For an
integrated luminosity of 100 (1000) fb~! this SS diboson
signal should be observable at LHC14 for wino masses up
to 550 (800) GeV. Assuming gaugino mass unification,
this extends the LHC SUSY reach well beyond that of
conventional searches for gluino pair production in the
case where squarks are heavy.
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