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We present a new strategy to uncover light, quasidegenerate Higgsinos, a likely ingredient in a natural
supersymmetric model. Our strategy focuses on Higgsinos with interstate splittings of O(5 — 50) GeV that
are produced in association with a hard, initial-state jet and decay via off-shell gauge bosons to two or more
leptons and missing energy, pp — j + £ + 27£. The additional jet is used for triggering, allowing us to
significantly loosen the lepton requirements and gain sensitivity to small inter-Higgsino splittings.
Focusing on the two-lepton signal, we find the seemingly large backgrounds from diboson plus jet, 7 and
Z/y* + j can be reduced with careful cuts, and that fake backgrounds appear minor. For Higgsino masses
m,, just above the current LEP Il bound (u = 110 GeV) we find the significance can be as high as 3¢ at the
LHC using the existing 20 tb~! of 8 TeV data. Extrapolating to LHC at 14 TeV with 100 fb~! of data, and
as one example M; = M, = 500 GeV, we find 5¢ evidence for m, < 140 GeV and 20 evidence for
m,, < 200 GeV. We also present a reinterpretation of ATLAS/CMS monojet bounds in terms of degenerate
Higgsino (6m, < 5 GeV) plus jet production. We find the current monojet bounds on 2, are no better than

the chargino bounds from LEP II.
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I. INTRODUCTION

Higgsinos, the superpartners of the Higgs doublets, are a
key element in a natural supersymmetric model. The
Higgsino mass is controlled by the u parameter which,
via supersymmetry, directly enters into the tree-level mass
matrix for the Higgs bosons M%. In order for electroweak
symmetry breakdown (EWSB) to occur at the correct scale
without unnatural cancellations, the y parameter must lie at
the weak scale, ~100 GeV [1]. The Higgs mass matrix is
also influenced by other supersymmetric particles—squarks,
gluinos, winos, etc.—at loop level but the Higgsinos are the
only superpartners whose effect on M? enters at tree level.
The fact that Higgsinos play such an important role in the
delicate process of EWSB in supersymmetric theories makes
them a desirable target at the LHC. Studying Higgsinos at a
hadron collider, however, is easier said than done.

One way to produce Higgsinos is to produce more
massive, strongly coupled particles (i.e. squarks) that sub-
sequently decay to Higgsinos. The benefits of this approach
are the larger cross section for colored objects and the fact
that there are lots of different colored sparticles to produce
which can decay to Higgsinos (resulting in a multiplicity
factor, essentially). The downside of this method is that it
depends on the details of the supersymmetry spectrum
through the masses and branching fractions of the colored
sparticles. Furthermore, the easiest colored sparticles to
produce are the first generation squarks,1 but they couple

'Gluino production can also be large, but gluinos do not talk to
electroweakinos directly.
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weakly to Higgsinos due to their small Yukawa couplings.
The amount of information light-flavor squarks can yield
on the Higgsinos depends on the mixing among u, M, and
M,. A further problem with using light-flavor squarks as a
Higgsino source is that they play little role on the Higgs
sector and can therefore naturally have masses well beyond
the reach of the LHC.

Unlike light-flavor squarks, top squarks do couple
strongly to Higgsinos, but they are more difficult to pro-
duce. The current stop bounds are roughly 700 GeV [2-7]
assuming a massless lightest supersymmetric particle
(LSP)* while the projected exclusion limits for same stop
scenario after 3000 fb~! of luminosity at a 14 TeV LHC are
only ~1.1 TeV [9]. While these extrapolations are rough
and not tailored towards capturing Higgsinos from stop
decays, the relatively small increase in limits given a huge
increase in luminosity is a powerful indication of how hard
top squarks are to produce and detect. Clearly, at masses
not much higher than the current limits, top squarks cease
to be a useful source for Higgsinos and we must look for
directly produced Higgsinos instead.

Direct Higgsino production has the benefit that it is much
less sensitive to the details of the rest of the spectra. How-
ever, direct production of any electroweakinos (wino, bino,
Higgsinos) occurs through weak interactions, so the rates
are much smaller than the production of colored super-
partners. Traditionally, directly produced electroweakinos

’In Ref. [8], we reinterpreted existing stop/sbottom searches in
a setup with Higgsino-like LSP, and found the limits were not
dramatically different, m; 2 700 GeV.
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are searched for in trilepton plus missing energy final states,
37+ Er (which we will refer to simply as trilepton
searches). Trilepton searches target heavier electroweaki-
nos that decay to the lightest electroweakino by emitting a
W/Z.3 Typically, the largest contributing process is
pp = xixy =3¢+ E;. A drawback to the trilepton
search is that it is only sensitive when there is a large
O(my, my) splitting among the electroweakinos. As the
interstate splitting decreases, the intermediate gauge bosons
in the decay chain go off shell and the leptons they emit
become too soft to trigger on efficiently; the electroweakino
signal is simply lost.

Both ATLAS and CMS have searched in the trilepton
channel using a “simplified model” approach [10,11].
These searches have cut a swath through parameter space,
though, as expected from the argument above the limits
rapidly degrade as the interelectroweakino splitting drops
below ~myy. This limitation is set by kinematics and is not
dependent on the composition of the LSP or nearby
electroweakinos. The insensitivity to small splitting will
not be easily remedied with more data or higher energy.
Projections from the ATLAS and CMS collaborations
[9,12,13], albeit preliminary, show the same blind spot
that is present in the existing limits.

This blind spot exactly corresponds to the electro-
weakino spectrum one expects in natural supersymmetry,
provided the gravitino is not the LSP. There, the Higgsino
must be light from the naturalness arguments presented
earlier, while the wino and bino masses (M, and M|,
respectively) can be much heavier. How much heavier is
determined by the one-loop corrections to the Higgs
potential, where one finds that M, <1 TeV provides a
comparable contribution to the fine-tuning as p <
200 GeV [1]. The result is a dominantly Higgsino LSP
accompanied by one charged and one neutral state, both
O(m3, /M, m%/M,) ~5—50 GeV heavier than the LSP.
The push for natural supersymmetry—in light of the ever-
increasing bounds on the first and second generation
squark (and gluino)—combined with the problematically

3Leptons can also be produced from chargino/neutralino
decays to sleptons, but this requires that the sleptons are lighter
than the electroweakinos. Our focus is on spectra with electro-
weakinos much lighter than all other superpartners, so we will
ignore the slepton possibility here.

*The ATLAS and CMS collaborations both use lepton triggers
for these events. The CMS analysis uses a dilepton trigger
requiring pr > 17 GeV for the leading lepton, and p; >
8 GeV for the subleading lepton. The ATLAS analysis uses a
combination of single- and double-lepton triggers, with thresh-
olds depending on the lepton flavor: pr, > 25 GeV for single
leptons, pr, > 25 GeV, pry, > 10 GeV (pr,, > 14 GeV) for
the asymmetric (symmetric) dielectron trigger, pr, >
18 GeV, pr s, > 10 GeV (pr,, > 14 GeV) for the asymmetric
(symmetric) dimuon trigger, and py, > 14GeV, py, > 10 GeV
(pr, > 18 GeV, pr, > 10 GeV) for the mixed dilepton trigger.
At the analysis level, both ATLAS and CMS require p7, >
10 GeV for all three leptons in the event.
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split electroweakino sectors these models possess, make
new search strategies for nearly degenerate Higgsinos a
high priority as we prepare for the 14 TeV LHC run. Even
neglecting the UV motivation for y < M, M,, degenerate
Higgsino searches are well motivated simply because
there is no LHC bound: there are bounds approaching
800 GeV on first and second generation squarks in the
limit of a heavy gluino [14,15] and ~1.7 TeV if my ~ M;
[15], stop/sbottom squark bounds are similar m; ~ m; ~
700 GeV [2-7,14], and gluinos produced in a heavy
squark limit must be heavier than 1.3 TeV [15-17].
Meanwhile, as we will show, the best limit on degenerate
Higgsinos still comes from LEP II, m, 2 103 GeV [18]. If
the Higgsino is absolutely stable, the lightest neutral
Higgsino could be dark matter. Given the mass hierarchy
we consider, 4 < M, M,, the annihilation rate is large,
causing the thermal abundance of the Higgsino to be well
below the cosmological abundance. While safe from
cosmological bounds, there are many ways to obtain a
higher abundance without significantly affecting our
signal.

In this paper we propose a new search aimed directly at
quasidegenerate Higgsinos. Unlike the trilepton search, our
search targets Higgsinos that are produced in association
with a high-p7 jet: pp — yy + j, where y is any state in the
Higgsino multiplets. By producing this final state rather
than Higgsinos alone, we have another object in the event
that can be triggered upon. Using the hard initial-state
radiation (ISR) for triggering, we gain the freedom to
significantly relax the lepton energy requirements and push
to smaller splittings, first explored in Ref. [19]. Some other
recent, alternative studies on electroweakinos can be found
in Refs. [20-22], though these studies do not use the yy + j
channel in the manner we propose.

The layout of the rest of this paper is as follows: We
begin with an exploration of the parameter space and
properties of nearly degenerate Higgsinos in Sec. II. Next,
in Sec. III, we detail our strategy using a monojet final
state by looking for two soft leptons, pp — j+ Er + £7.
The backgrounds for this process are sizable at first,
though they can be reduced with cuts. We exploit the fact
that the signal leptons are softer than the background
leptons, which come predominantly from the decays of
on-shell gauge bosons yielding a distinct m,, spectrum.
Given the small signal and low-p; objects we are
targeting, Sec. III B is devoted to a study of fake back-
grounds, both from jets that fake leptons and double-
parton scattering events that mimic a single hard collision.
In Sec. IV, we reinterpret the monojet plus missing energy
signal into a bound on Higgsino production (the details of
our reinterpretation are given in the Appendix). We find
the reinterpreted LHC bound is no better than the LEP II
bound, though it would be interesting to pursue an
optimized search at the 14 TeV LHC [23]. Finally, we
conclude with a discussion in Sec. V.
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II. THE PARAMETER SPACE
OF DEGENERATE HIGGSINOS

We wish to study supersymmetric scenarios where the
Higgsino multiplets consisting of two neutral Weyl fer-
mions and one electrically charged Dirac fermion are much
lighter than the other electroweak fermionic superpartners
(the winos and the bino). In terms of supersymmetry mass
parameters, this means we are interested in the hierarchy

//l<< M], Mz. (1)

As our focus is entirely on the electroweakino sector of
supersymmetric theories, we will assume throughout this
work that all other superpartners—the squarks, sleptons,
heavy Higgses, and gluino—are effectively decoupled.
Once electroweak symmetry is broken, the Higgsinos
mix with the neutral bino, and both the charged and neutral
components of the wino multiplet. This mixing splits the
Higgsino multiplets, giving slightly different masses to the
two neutral Higgsino states »?, v9 and the charged state y{
and endowing these three states with a small wino or bino
component. The size of the splitting and the hierarchy
among the three states depend on the size of M; and M,
relative to each other and to u. Note that, had we chosen the
bino or wino to be the lightest electroweakino, the number
of light states would be different: one neutral state for a
light bino, or one neutral and one charged state for a light
wino.

To get some idea for the typical splitting size and
parametric dependences of the mass splitting, we first
proceed analytically and look in two simple limits, M| >

> |u| and My > M, > |ul. Throughout this study we
w111 take M| and M, to be strictly positive. > The neutralino
mass matrix in the minimal supersymmetric standard model
in the (B®, WO, 9, w9) basis is

Ml 0 —thgwc/; mleWS/;
0 M My ¢ —mys
Mo = 2 wCp wSp ’
—mwl‘gWCﬁ mWC/; 0 —HU
myty, Sg  —MySg —U 0
2
while the chargino mass matrix is
M ( M2 \/Esﬁmw ) (3)
c = )
\/Ecﬂmw U

where for simplicity we neglect all CP phases.

>This choice is purely for simplicity. There is interesting,
relevant parameter space with M, < 0, see [24,25].
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A. Case I: M > M, > |u|
In this case, the heavy bino can be integrated out.
Depending on the sign of u, the mixing angle between
W and y? = S5yl — ] or WO and y = S5yl + )
can be enhanced as M, approaches +u. When my, < M, Fp,
the splittings between the mostly Higgsino states are

mW<1:FS2/J)
\mﬁ| |m)r?| 2M, ) “)
Imyol = mz| iy (1 £ 529)
2 2(M; — |ul)
m3y (|52 + Ms)
gl = Imyg| w = 22 5)
(M3 = |u]?)

where the + index corresponds to when yu is positive or
negative, respectively. As M, approaches |u| the wino
fraction in the lightest neutralino increases, while the wino
fraction in the next-to-lightest neutralino remains approx-
imately constant. From Egs. (4) and (5) it is clear that the
lightest neutralino and chargino are more degenerate than the
second neutralino and the lightest chargino.

B. Case II: M| > M, > u scenario

In this case, the heavy wino component can be
integrated out. Similar to the previous scenario, depending
on the sign of u, the splittings between the lightest
neutralinos and the chargino are

m%‘,l‘gw(l :l: S2ﬁ)

+ , 6
O R 7 T) ©
o] = o | W’%W(l:FsZﬁ)
2 o 2(My + |ul) -
m3, 12 (£|ulsry + M
‘m0| |m0| WHW( |/4| 28 1) )

(M = |uf?)

Since 75, = 0.5, the mixing between the (heavy) bino and
the Higgsino is smaller than the mixing of a (heavy) wino
and the Higgsino of the first case, leading to a smaller
overall splitting between the neutralinos and the chargino.
Furthermore, unlike the first case, the splitting between !
and y7 is greater than between x93 and yi.

1. Numerical scan of the bino-wino parameter space

In Fig. 1 we show the inter-Higgsino splitting more
generally, as a function of both M| and M,. The regions of
low M, and p are constrained by the LEP 1II limit m, £ b
103.5 GeV [18] when the splitting between the llghtest two
states is larger than 3 GeV (that is true throughout the
parameter space we consider).

Several observations can be made from the results of
Fig. 1. One observation is the mass hierarchy: My = Ny is
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FIG. 1 (color online). Difference in ;(g - ;(‘1) masses (left plots) and ;(li - ;((1) masses (right plots) and for 4 = 110 GeV (top panels) and

1 =150 GeV (bottom panels). In all plots, tan g = 10.

greater than My = Myn throughout the parameter space.

For M, M, <1 TeV, My —myo > 10 GeV, while the
splitting between the lightest chargino and lightest neu-
tralino is > 10 GeV only for M, M, <500 GeV (for
u =110 GeV). As M; or M, are lowered, the splitting
increases, with a steeper gradient in the M, direction. This

is especially true for m,- — myp which, because the bino

mass does not affect the chargino sector, is largely
independent of M;. The size and sign of u also affects
the interstate splitting, as we can see by comparing the top
and bottom panels in Fig. 1 [and from Egs. (5) and (7)].
Clearly, changes in u have a larger effect on the inter-
Higgsino splitting when either M; or M, is small.
Additionally, larger u increases the available M;, M,
parameter space by elevating the lightest chargino above
the LEP bound. Regarding the sign of p, for the |u| and
tan # values we are considering, the net effect of flipping
the sign of u is a small increase (decrease), <5 GeV in

Mye = M0 (mxg - mx‘f) for all M, M,. Given that the shift
from positive to negative y is small, and that our results are
not tied to any particular UV setup, we assume u > 0 for
the remainder of this work.

Another key ingredient in Higgsino phenomenology is
how the heavier yf and ;(g decay. For the chargino, there is
only one option: yi — W*¥!. For most mass splittings we
are considering, the W* branching ratios are essentially the
same as for on-shell W. The exception is when the y* — )((1’
mass difference is below ~2 GeV—where the W* —
¢s(cs) and W* — t%v decays become kinematically
squeezed, causing a slight increase in the branching
fractions to lighter states. For the y9 state there are three
options: (i) decay to »" via an off-shell Z*, (ii) decay to y;
via an off-shell W*, and (iii) loop-level decay to a photon
and »Y. The breakdown between the three options depends
on composition of x9, ¥, which determines the couplings,
and kinematics. Since x5 can decay to either sign chargino,

075007-4



HUNTING QUASIDEGENERATE HIGGSINOS
BR(X2—>XIZ*) #=110 GeV, 14=10

1000

900

800

700

M>(GeV)

600

500

400

200 400 600 1000

M (GeV)

800

FIG. 2 (color online). Contours of the branching ratio ;((2) -7

fraction 5 — W*yi{ is approximately given by 1 — BR(yS — Z*y

one might expect the branching fraction to W* to be larger
than Z*. However, the decays to chargino are more sup-
pressed kinematically, since we see from Fig. 1 that my =
s is smaller than My — M. The 49 decays to charginos
are also suppressed when M is lighter and there is a non-
negligible bino component in the neutral y, since the bino
does not interact with electroweak gauge bosons. This can
be contrasted with the situation when M, is light. There the
Higgsinos mix with the wino, an electroweak triplet that
possesses stronger couplings to gauge bosons, generating a
larger 9 — W*»? branching fraction. These tendencies are
verified in Fig. 2 below, where we plot the 3 — Z*»" and
73 — W*yi branching ratios for M;, M, < 1 TeV wrth
u = =110 GeV, tan = 10. We find the two-body decay
25 = 7x" only makes up O(1%) of the total width due to
the extra power of a., it requires.

We have seen that the inter-Higgsino mass splittings

my — ml? m,: —my are O(10 GeV) for a wide range of
M, M, > |,u| parameter space. Splittings of this size are

substantially smaller than what the trilepton searches are
sensitive to, so all three states 9, x93, i are effectively
invisible for this search—a “LSP multiplet.” At the same
time, the mass splittings are large enough that the y9 and y{
decays are still prompt. Thus, we return to the question
posed earlier: with trilepton searches insensitive, how do
we directly look for nearly degenerate Higgsinos? One way
to proceed is to continue trilepton searches but to look for
the heavier electroweakinos, the mostly bino or mostly
wino states with mass ~M; or ~M,, respectively. These
states are heavy, so the leptons from their cascade decays

®The loop-factor suppression in the two-body decay is com-
parable to the suppression in the three-body decays from extra
phase space factors, so the difference between the two- and three-
body modes is primarily the extra coupling powers.
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down to the LSP multiplet will carry sufficient energy to
efficiently pass analysis and trigger cuts. However, there
are many subtleties one must consider when extrapolating
trilepton searches to the scenario we are studying here. To
understand the subtleties, first consider the situation where
the lightest state above the Higgsino multiplet is mostly
bino. Since it is neutral, we will denote this state as ;(g. A
pure bino state does not interact with electroweak gauge
bosons, so production at the LHC must proceed via the
small Higgsino/wino component of 3. This mixing renders
%3 pair production completely negligible, leaving associ-
ated production ¥, ¥30, X%xi as the only possibility.
None of these associated production modes, however,
lead to a trilepton signal; the x9, 9, yi arm of the
production is invisible, while the »3 can only produce
one [ = WE(€v)yE] or two [ — Z(£0)x0, Z(£€)x)]
leptons. The situation is different when the state above the
Higgsino multiplet is a wino. In this case, there is an
extra charged state y3 accompanying the neutral state )((3)
and both states possess full-strength (not suppressed by
mixing) couplings to electroweak gauge bosons. In this
case, trilepton signals are possible, i.e. pp — ;(g;g -
W(v)Z(£€)x"y), but the branching ratio is not straight-
forward. One complication is that y7 is effectively invis-
ible, so some ;(3 decays only give one lepton rather than
two, and some y5 decays give two leptons rather than one.
A more substantial complication is that ¥, y5 decays to
Higgs bosons coming from the Higgsino-wino-Higgs
vertices become important. Since the majority of Higgs
decays are hadronic, any 3, y5 decays to a Higgs boson
reduce the trilepton rate. This role of Higgs decays from
heavier electroweakinos, including prospects for using the
Higgs decays as a discovery mode, was discussed recently
in Ref. [21]. Given these various subtleties, it is far from
clear how much of the degenerate Higgsino parameter
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space can be carved out by trilepton searches for the heavier
states (3, x5), even at a 14 TeV LHC and high luminosity.
Alternative strategies are thus warranted for all |u| < M|,
M, values. In the following sections we will forget the
heavier (9, y5) electroweakinos and explore new ways to
directly probe the Higgsino LSP multiplet.

III. HUNTING QUASIDEGENERATE
HIGGSINOS: pp — j + Ey + £¢

In this section we exploit the small, but nonzero splitting
between 7, 9, and »! that we outlined in the previous
section. As already emphasized, the problem with small
inter-Higgsino splitting is that there are no objects in the
pp — yxy final state that are energetic enough to trigger
upon efficiently. A simple fix for this conundrum is to look
at associated production pp — yy + X, rather than pp —
xx alone. There, the associated object X can be used for
triggering, turning a previously “invisible” event into
something that can be retained for study. There are many
possibilities for what triggerable object can be produced in
association with Higgsino pairs—jets, photons, W/Z,
etc.—however yy + j has the highest rate. As rate is a
precious commodity when looking at electroweak-strength
production, we focus on this possibility, effectively search-
ing for a Higgsino signal in a monojet-triggered event
sample.

Monojet searches have been performed by both the
ATLAS and CMS collaborations [26,27]. Their results are
usually cast in the parameter space of extra-dimensional
models, and, more recently, in terms of operators control-
ling dark matter (DM) pair production [28-31]. There are
two possibilities. If the inter-Higgsino mass splitting
My = M0, My = My = om, <5 GeV, then the basic
monojet ET +J 51gnal is the only option to search for
such highly degenerate Higgsinos. We defer consideration
of this possibility to Sec. IV, where we reinterpret the
existing bounds in terms of Higgsino production.

On the other hand, when the intra-Higgsino mass
splitting is larger, 6m, ~ 5 — 50 GeV, we propose looking
(off-line) for the soft leptonic decay products created as
heavier Higgsinos decay to the lightest state via off-shell
W/Z. Depending on the Higgsinos that are produced, a
xx + j event can have between zero and four soft leptons.
While we briefly discuss the one and three lepton pos-
sibilities later in Sec. III C, here we focus on the signal with
two isolated leptons pp — j+ Er + 7.

There are several possible Higgsino production proc-
esses that can contribute to the j + £, + £¢ final state:

(Wpp = xixl +J— 7 vy + .

Q)pp =29+ = 7+,

B)pp = 23+ = i+
= + )
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where we have omitted 5y + j production since it has a
very small cross section. By adding several subprocesses
the total signal is enhanced, though the actual enhancement
depends on the cuts imposed and on the size of the yf — 49
and )(2 ;(1 mass splittings. The dominant backgrounds for
this final state are #7, Z/y*(t"77)+ j with both taus
decaying leptonically, and diboson plus jet. All diboson
plus jet processes that contribute to ¢ + E; + j are
included (Wt (Zv)W—(¢v) +j, Z(w)Z(¢¢)+ j, and
Z(w)y(€€) + j), though WW + j is by far the dominant
contribution.

To study and compare the signal and backgrounds, we
turn to Monte Carlo. We simulate the hard processes for the
signal in Eq. (8) and the major backgrounds with
MadGraph 5 [32].” The neutralinos and charginos are fully
decayed in MadGraph 5, and therefore the spin correlation
is always retained. The background processes include
JE€T ¢ vo (dominated by WW + jet), jzz in the dileptonic
decay channels (dominated by j + Z, Z — 77), and (7 in the
dileptonic channels. The parton-level events are then
showered and hadronized with PYTHIA 8 [33]. In order
to estimate the effect of experimental resolutions, which is
important especially for the jet momentum and missing
momentum measurements, we group the particles in
0.1 x 0.1 calorimeter cells on the (n,¢) plane, roughly
corresponding to the hadronic calorimeter granularities.

The event is reconstructed by first finding the isolated
leptons that satisfy the following criteria: the sum of all
tracks’ py within AR = (.2 around the lepton is less than
1.8 GeV. No smearing is applied to the isolated leptons.
The isolated leptons are then removed from the calorimeter
cells which are used for jet clustering. Jet clustering is done
with FastJet 3 [34,35] using the anti-k, algorithm (R =0.4).
After obtaining the jets, we calculate the missing transverse
momentum by summing over the momenta of all isolated
leptons and jets. We then apply the following cuts, which
we find effectively differentiate signal from background.

(i) Large E7. All signal events end in two massive LSP

neutralinos. When both neutralinos are forced to
recoil against another hard object in the event—a jet
in the case here—they lead to a large £; signature.
We require £7 > 100 GeV.

(ii) Exactly one hard jet: The topology we are interested
in is a nearly invisible Higgsino system recoiling
against initial-state radiation, so a single hard jet will
suffice. The ¢f background, on the other hand, is
characterized by at least two hard jets. By restricting
the number of final state jets to a single light-flavor
(anti-b-tagged) jet, we can remove the vast majority

"We generate events using the following parton-level cuts:
pr; >80 GeV, ;| <50, Er>80GeV, pr,>5GeV,
[ns| <2.5, and AR,_, > 0.1. We set AR;_, > 0.4 for all back-
grounds except W + y* + j, where we use AR;_, > 0.1. These
cuts are slightly softer than the analysis-level cuts.
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(iii)

(iv)

of the f7 background without affecting the signal.
The diboson and Z/y* backgrounds are also insen-
sitive to the jet restriction. In practice, we require
exactly one jet (jets with py less than 30 GeV are not
counted), pr; > 100 GeV, |n;| <2.5. We use
100 GeV to satisfy ATLAS/CMS single-jet or, in
combination with the E; cut above, the jet + £
trigger requirements, at least at the 8 TeV LHC. If
the jet is b tagged, the event is vetoed. We will
assume a b-tag efficiency of 80% and neglect the
possibility of light jets faking b’s. Reinstating b
fakes would have a very minor impact on our results,
since the signal and the dominant WW + j back-
ground would both decrease by the same small
amount. Actually, given that the jet composition of
the signal and dominant background are so similar, a
more aggressive tagging/fake point may be even
better—for example, a 10% fake rate may be
tolerable if we could remove 90% of the 7r—but
we did not attempt any such optimization in this
work.

Two isolated leptons: If more than two isolated
leptons are found, the two leading ones are used in
the following steps. We use a lower transverse
momentum threshold of 7 GeV (regardless of the
lepton flavor), and require all leptons to lie within
the tracker |,| < 2.5. The lower limit of 7 GeV is
comparable to the off-line lepton identification
thresholds in ATLAS/CMS [36-38]. More precise
values of the thresholds depend sensitively on the
particular detector and detection region (e.g. in 7), as
well as the desired purity of the lepton sample. This
level of precision is beyond the scope of this paper,
however we emphasize that the off-line lepton
identification thresholds are the primary limitation
to considering even smaller Higgsino mass splittings
(larger M, M,).

Reconstructed m,, > 150 GeV. The dilepton plus
E; that arises from the Z/y*(z"77) background,
unlike in the signal, originates from a single particle.
If we assume the intermediate tau leptons from Z/y*
are highly energetic, we can approximate their
leptonic decays as collinear. This assumption allows
us to reconstruct the two pairs of tentative neutrinos
in any 7t — £¢ + Er event, and from there we can
reconstruct the would-be m., distribution.® Specifi-
cally, we assume the missing energy is due to four
neutrinos, each pair with momentum collinear to a
lepton: p,; = & Pr1s P2 = &2P¢ - Using the mea-
sured £ one can solve for &, &, which can then be

¥The collinear approximation notoriously does not work when

Number of events / 10GeV

FIG. 3 (color online).
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The reconstructed m,,, as defined in the

T7°

text, for the backgrounds and a typical signal mass point:
u =110 GeV, M; =200 GeV, M, = 1000 GeV(stacked). The
last bin contains the overflow for all events with m_, > 500 GeV.

)

used to reconstruct p,; or p.; = py; + p,;» which
we combine to form m,,.. The Z/y* background
should have a narrow peak in m,, while the signal
distribution should be fairly featureless. Cutting out
the Z region using this variable, we can reduce the
Z/y* substantially—an absolute necessity given the
enormous cross section of the jZ — jrz process. In
practice we find that a broad, one-sided cut m,, >
150 GeV is better than a cut focused right around the
Z peak. The m,, distributions for the backgrounds
and a sample signal point are illustrated in Fig. 3,
where we can clearly see the reconstructed Z peak in
the jrz background. Note that we have to use a
logarithmic scale for the number of events in order to
see the small contributions from the signal and the
other two backgrounds.

Finally, we cut on the dilepton invariant mass, ...
The leptons from the cascade decays yif —
WH(v) N, xS — Z(€€)y) are soft, limited by the
inter-Higgsino splitting, while the leptons in the
diboson plus jet background come predominantly
from on-shell gauge bosons and are more energetic.
The softness of the signal leptons can be seen in
individual lepton distributions like pr ., but it also
shows up in observables constructed, such as m,,
m4’,, etc. that are constructed from both leptons in
the event. By focusing on low values for py 4, my,,
etc. we can reject a large fraction of the diboson
plus jet background while retaining the signal. The

*While the spatial momenta is scaled with &, we scale the
energy by || to prevent unphysical negative energy for the
neutrinos if & < 0 (and negative energy for the parent z; if

the taus are back to back. As we are always interested in
Z/y* + j, so the tau-tau system is always somewhat boosted,
this limitation is not an issue here.

&, < —1). Large negative &; occur if the missing energy vector
points opposite to a lepton and |E7| > |pr .|—a fairly common
configuration for the signal or WW + j background.
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TABLE L.

PHYSICAL REVIEW D 89, 075007 (2014)

Cross sections (in fb) after each cut, for the major backgrounds, and the signal for tan f = 10, M| = M, = 500 GeV, and

equal to 110 or 150 GeV. The cuts in the first row include the b-jet veto and a veto on events with a second jet with py > 30 GeV. Also,
the 7t cross section has been scaled by a factor of 0.2, the probability to fail to tag a b jet.

o (fb) at 8 TeV

o (fb) at 14 TeV

jetw 1t jrt

Signal (u = 110 GeV) jéfww tt  jit

Signal (u = 110 GeV) Signal (u = 150 GeV)

P]}, E; > 100 GeV  19.0 9.6 1304 5.2
Two isolated leptons 17.8 8.8 46.5 0.8
m, > 150 GeV 173 86 3.7 0.6

48.4 30.8 339.0 14.0 5.8
45.2 28.0 120.9 22 0.9
439 27.6 9.7 1.7 0.7

optimal size of the m,, window for capturing signal
and rejecting background depends on the Higgsino
mass splittings.

To show the relative size of the processes we are dealing
with, in Table I we show the background cross sections at
various stages of the analysis, up to the final m,, cut. We
also show the cross section for a few example parameter
choices. The cross sections used in Table I and in all plots
are the leading-order (LO) values. The signal and the
WW —+ j background are initiated by the same partonic
subprocess and have similar production kinematics (as
U~ my), so we expect the higher-order corrections for
these processes (K factors) to be nearly identical [39].10
Including higher-order corrections would therefore
increase the S/ \/E by ~\/E. However, our analysis has
also neglected several experimental details, such as lepton
momentum smearing. Therefore, in an effort to compensate
for the crudeness of our analysis and present a conservative
result, we use the leading-order cross sections.""

A. Results

Having outlined the search strategy and identified the
important backgrounds, we are ready to present our results.
We break up our search for quasidegenerate Higgsinos into
three regions corresponding to the three parameter sets
discussed in Sec. II,

(1) Case I: M;> M, > |u|. We fix u=110 GeV,

M, =1 TeV, and vary M, from 150 GeV to 1 TeV.

(2) Case II: My> M, > |u|. We fix u= 110 GeV,

M, =1 TeV, and vary M from 150 GeV to 1 TeV.
(3) Case III: M{~M,>u. We fix M{=M,=
500 GeV and vary g from 110 to 200 GeV.

The u value is fixed to 110GeV for the first two cases to
ensure that there is ample parameter space safe from the
LEP II bound, and we will assume that x# > 0. Unless
otherwise stated, we assume tan # = 10. From Egs. (5) and
(7) we see that all splittings scale as (1 & s555) or (1Fs25)

1ONext-to-leading-order diboson plus jet for non-vector boson
fusion topologies is currently only known to leading order.

"The K factor for 7t is O(2) [40] and potentially larger than
the signal or WW + j. However given that it is a minor back-
ground (and the only one subject to b veto and related
uncertainties), we retain the leading-order cross section.

which asymptote to 1 for large tan 3. Finally, the effect of
raising |u| is captured by case IIL

We start from case I, where M, is allowed to vary with
M, fixed to 1 TeV. Depending on the M, value, there can be
a sizable mass gap between the Higgsino states. A larger
inter-Higgsino splitting means the leptons in the final state
are more energetic so the efficiency (and therefore rate) for
the signal events is higher. However, more energetic leptons
also increase m,,, making this distribution more similar to
the background. Fixing u = 110 GeV, M; =1 TeV the
stacked my,, distributions for two different M, values are
shown in Fig. 4. As we will show in detail in Sec. III B, the
fake backgrounds are <10% of the diboson plus jet
background and have similar shape. We expect the back-
ground uncertainties (both theoretical and experimental)
are at least at the 10% level, therefore we will neglect the
fake lepton contribution in Fig. 4 and in all subsequent m .,
plots. The my,, distribution for the signal in the left-hand
panel is clearly similar to the background, while in the
right-hand panel the signal my,, is clumped at lower
values. The splittings in corresponding scenarios are
Mye = Mo = 5.4 GeV, My — nyo = 51.1 GeVfor the
left-hand plot and My — My = 5.7 GeV, My — o =
21.1 GeV in the right-hand plot. Note that when the two
leptons in the final state come from different Higgsino
decays the dilepton mass is no longer bounded by the inter-
Higgsino splitting. This explains the tail of signal events
in the right-hand panel of Fig. 4 that stretches out to
~40 GeV.

The other prominent feature of the m,, plot is the peak in
the diboson background at m,, = my, which comes from
pp — Z(wo)Z(¢¢) + j. This feature will be cut out once
we select an my,, window to determine the final sig-
nificance, but in practice it may be useful as a control
sample, i.e. to pin down the diboson plus jet background
normalization.

The my, distributions at 8 and 14 TeV look almost
identical, as we will show explicitly later on. This is easy to
understand; Higgsino production, diboson production, and
Drell-Yan y*/Z all require a quark-antiquark initial state.
Once we ask for an additional jet, the dominant partonic
subprocess (at the LHC) for all three of these processes is
gluon plus quark, so the change in parton luminosity
moving from 8 to 14 TeV will affect all three processes
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FIG. 4 (color online).

Example m,, distributions after all other cuts, for case I, 20 fb~
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I"at the 8 TeV LHC. Note that the parameter

choices in the left side figure result in a chargino that is slightly lighter than the LEP II bound, which we show to illustrate the change in

the m,, distribution as M, is lowered.

in the same way. The scale of the signal is slightly different
than the background, since 2m, ~2u > 2my > my.
However, all of these scales are small compared to the
beam energy, so the difference between the signal and
background scales has negligible effect. The 7t background
is primarily initiated by gluon-gluon collisions, so it will
rescale slightly differently as the collider energy is
changed.

Moving to case I, M varies while M, = 1 TeV is fixed.
We show the my,, distributions for two sample M, values
below in Fig. 5, with u =110 GeV, M, =1 TeV,
tanf = 10. For the two cases, the splittings are
Mys = m o—188GeV mo—mo—259GeV for the
left spectrum and Mys — m)(o = 64 GeV, My = My =
12.3 GeV for the nght As in case I, there is a clear
separation between signal and background when my, is
small (right-hand panel), but this distinction evaporates as
the splitting increases (left-hand panel). The difference in
the signal mff spectrum between case Il and case I can be
traced to the )(2 branchlng ratios shown in Fig. 2. When M,
is light, as in case II, y) decays predominantly to Z*. The

M1=150GeV, M2=1000GeV, u=110GeV, tanf=10

N
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signal
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FIG. 5 (color online).

two leptons in the case come from a common mother
particle, so the m,, in this case is bounded above by the
mass of the Z*. For the right-hand spectrum in Fig. 5 this
maximum value is ~12 GeV, and indeed we see that the
majority signal events fall below this value. In case I, M, is
light and ) — W**y T dominates, so the two leptons in the
final state often come from two different particles; either
each Higgsino in the event gives a lepton, or the two leptons
come from two successive decays of y9, y5 - W**(£v)xT,
27 = W*F(¢v),". Either way, the m,, distribution is more
spread out, since the dilepton mass is not fixed to be below
the inter-Higgsino splitting.

The difference between cases I and II brings up a
question about the signal, namely the breakdown between
same-flavor and unlike-flavor events. If both leptons in the
event come from a single Z* then they will have the same
flavor, while if the leptons come from two different decays,
either two separate y* — W*y{ decays, a single y9 —
Wiyt - Ww* )((1) decay, or some other combination, they
will only have the same flavor 50% of the time. The
percentage of the signal coming from same-flavor decays

M1=350GeV, M2=1000GeV, u=110GeV, tanf=10

signal
=jtt
=1y
il vv

Number of events / 2GeV

00
TI T [T I T[T T T[T T T[T T T[T T T [TTT[T
| I I I I I

10 20 30 40 50 60 70 80 90 100
my, (GeV)

o

Example m,, distributions after all other cuts, for case II, 20 fb~! at the 8 TeV LHC.
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pu=110GeV, fraction of opposite-sign same-flavor dileptons
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FIG. 6 (color online). Contours of the fraction of the signal
events j + £; + £¢ in cases I and II with an opposite-sign, same-
flavor lepton pair after all analysis cuts (except the m,, window
cut) have been applied. In this figure 4 = 110 GeV for LHC
operating at 8 TeV, though the contour fractions are very similar
for larger u as well as for LHC operating at 14 TeV considered
elsewhere in the paper. Note that for this particular value of y, the
region below M, <450 GeV is excluded by LEP II.

fory = 110 GeV, tan f = 10 is shown below in Fig. 6. The
fraction is shown for a range of M;, M, and includes all
cuts except the final m,, window—this is important to
remember since the efficiency for an event with two leptons
from a single Z* is generally not the same as the efficiency
for an event where the leptons come from two different
decays. In principle this lepton-flavor information could be
used to further diversify and optimize our search. For
example, the same-flavor fraction of the WW + j and ¢
backgrounds (precuts) is only 50%, significantly less than
the signal. Since the Z/y* + j comes from 7 decays, it will
also have a nearly 50% same-flavor fraction. The only
background with an ~100% same-flavor lepton fraction is
the QCD resonance background that we will discuss in the
next section. Therefore, by requiring unlike-flavor leptons,
we can create a QCD-free and nearly signal-free control
region that can be used to verify background modeling. At
the same time, the same-flavor fraction is more signal rich,
but suffers from smaller statistics and potential low-energy
QCD backgrounds, though as we will demonstrate in
Sec. III B we believe these to be small for our analysis.
Furthermore, breaking the signal down further into indi-
vidual lepton flavors may also be useful given that QCD
fake leptons are much more likely to be electrons. We have
not attempted a detailed signal breakdown here, but this is
an interesting direction to pursue more thoroughly in the
future.

PHYSICAL REVIEW D 89, 075007 (2014)

Having summarized the key distributions and properties
of the signal, we now want to turn these distributions into
an estimated significance. The significance is determined
by taking an m,, window and counting the number of
signal and background events inside. The size of the
window is chosen to optimize S/+/B for the given set of
inputs y, M|, M,, tan 8. For scenarios with relatively small
splitting, such as the right-hand panels of Figs. 4 and 5, the
optimal window size is small. As the Higgsino mass
splitting grows and the my,, spreads out, we are forced
to take larger windows that let in more background. The
resulting significance for cases I and II is shown below in
Fig. 7. We show the significance for two different scenar-
ios: (i) using the current data set, 20 fb=! at 8 TeV, and
(i) assuming 100 fb~! of 14 TeV LHC running. When
calculating the significance we require at least five signal
events in the m, window.'* We will argue in Sec. III B that
the background containing low-mass QCD resonances is
small, however one way to reduce this background even
further is to veto the m,, events in the region of J/y
and below, m,, <4 GeV, as well as the Y region,
8 GeV < myp < 12 GeV." The significance including this
cut is labeled as “MMWR” in Fig. 7, which stands for
“meson mass window removed.”

Finally, we move to case III, where M, M, are fixed to
500 GeV and u is allowed to vary. In Fig. 8, we show the
my, distributions after all other cuts have been applied for
u = 110 GeV. The left-hand panel of Fig. 8 shows the m,,
distribution at a 8 TeV center-of-mass LHC, while the same
distribution for a 14 TeV collider is shown in the right-hand
panel; the shapes of the distributions at the two different
energies are nearly identical, as expected from earlier
arguments. Interestingly, in this case, almost all signal
events are concentrated in a few low m,, bins, where the
backgrounds are relatively small. Therefore, it is clear that
we should cut off all events with higher m,, to maximize
the significance. Due to the low efficiency for the leptons to
pass the momentum threshold, the event rate is below five
events at the \/s = 8 TeV LHC with 20 fb~! of data when
u ~ 2140 GeV. On the other hand, at the /s = 14 TeV
LHC, the statistics is good enough to reach an ~5¢
discovery with a good S/B ratio when u <135 GeV.
For example, for p = 120 GeV, choosing the mass
window as 0 < my, < 12 GeV, we obtain 103 signal
events and 197 background events for 100 fb~!, yield-
ing S/v/B=173.

When M, and M, are held at 500 GeV and
100 < u < 200 GeV, the mass splittings remain almost
unchanged. Therefore the above discussion applies for the
whole region. However, the event rate drops rapidly when

2For small numbers of events, the uncertainties are not
quite Gaussian. We ignore this difference and stick with S/v/B
as a rough measure of significance.
Since events were binned in 2 GeV bin sizes, we did not
attempt to optimize the MMWR region further.
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FIG. 7 (color online).
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at LHC, /s = 8 TeV. Right: 100 fb~! at the /5 = 14 TeV LHC.

u is increased. The S/ /B values for this case are shown in
Fig. 9 below assuming 100 fb~! at the /s = 14 TeV LHC.

We summarize the reach of the LHC for y = 110 GeV
and u = 150 GeV in Fig. 10. We see that for u = 110 GeV,
the 8 TeV LHC can only probe the signal at 20, while the

M=M»=500GeV, tanf=10
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14 TeV LHC can discover the signal at the 5¢ level on the
entire (M, M,) plane, except for the low M, region which
has already been ruled out by the LEP. For u = 150 GeV,
we have 20 sensitivity for most parts of the parameter space
with 100 fb~!, which of course can be improved with larger

integrated luminosity.
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FIG. 9 (color online).

of my, is removed.

Significance for case III. As in Fig, 7, the
dashed lines show the significance if the QCD resonance region

B. Additional backgrounds: Fake leptons
and double-parton scattering

While the dominant backgrounds were identified in the
previous section, here we consider other processes coming
from the reality of the LHC environment, i.e. the limited
ability to distinguish different types of particles and the fact
that collisions occur amidst a soup of multiple soft-QCD
interactions. Given that our signal cross section is quite
small and contains relatively low-p7 objects, it is especially
] important to verify these “environmental” backgrounds are
E under control. All cross sections in this section are
calculated at leading order using MadGraph 5 at /s =

8 TeV using the default parton-distribution functions and

scale choices. These numbers should be taken as rough
estimates given that environmental backgrounds come with

multiple sources of uncertainty.
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contour for 20 tb~! at the 8 TeV and 5¢ contour for 100 tb~! at 14 TeV. Right: 4 = 150 GeV, 26 contour for 100 fb~! at 14 TeV. As in
Fig. 7, the dashed lines show the significance if the QCD resonance region of m,, is removed. Higher significance is obtained by

moving in the direction of the arrows shown on the figures.

One frequent source of environmental background is jets
that fake leptons. We performed two studies to estimate the
background from jets faking leptons; one study focused on
light-flavor jets (and gluons) faking leptons, and a separate
study on heavy-flavor jets. A separate, heavy-flavor study
is motivated because b/c quarks can promptly decay
to leptons and are therefore far more likely to fake an
isolated lepton than light jets are. The most likely way fake
leptons can mimic our final state is from W(¢v) + jets
(W(¢v) + bb, ¢c for heavy flavor]. In this case, the £ and
one of the required leptons come from the decay of the W,
one of the jets is hard and central enough to satisfy our
analysis cuts, and the second (or higher multiplicity) jet in
the event fakes a lepton.

Focusing on the W+ light-flavor jet case first, the
starting point is the cross section for W(£v) + j after
requiring exactly one hard jet (p7; > 100 GeV, |5;| < 2.5)
and E; > 100 GeV. At 8 TeV, we find o(pp —
W(EV) + )jerfyeus = 38 Pb. We generate events with this
topology, with showering/hadronization as before, and
clustering the output into jets. Extra radiation emitted
during the showering will often cause the W + j events
to appear to contain multiple jets. The jet multiplicity
breakdown of the events postshowering/hadronization
depends on the jet definition, which we choose to be
pr > 7 GeV, [n;| <2.5, identical to the lepton require-
ments. To get an estimate of the efficiency these W + j
events would have should one of the jets fake a lepton, we
randomly remove one of the subleading jets and call it a
lepton, then feed the modified event into the rest of the

analysis chain. This is only an approximation. In reality the
fake rate depends on the kinematics (pz,n) of the jet,
however we will ignore this for now and assume the fake
rate is constant. Treating one of the jets as a lepton, we find
the cross section after all cuts (except m,,) is 6.8 pb X €,
where ¢ is the fake rate. We can make this approximation
more accurate by accounting for the fact that there is
sometimes more than one soft jet around capable of faking
a lepton. In our sample of W(£v) + hard jet events, we find
the breakdown is 60% events with one candidate jet, 30%
events with two candidate jets, and 10% events with three
candidate je'[s.14 Including a factor of € for every candidate
jet, the modified rate becomes 6.8pbx1.5¢=10.2pbxe. To
gauge the total impact of the fakes, we need a fake rate.
Curtin et al. [41] recently performed a detailed study
containing several parametrizations of the lepton fake rates
extracted from comparison with CMS data."” At low pr,
where the bulk of our fakes lie given our lepton p; cut, they
quote fake rates of 0(0.6-3 x 107>). Using these numbers,
the background from light-jet fakes is O(%) of the
dominant background. Even if we use a more conservative
fake rate of 10~*—motivated perhaps by the low lepton

“To be clear, all events have one jet by construction, so this
breakdown refers to how many events have two jets (pr; >
7.|n;] < 2.5) vs three jets vs four. We find that roughly 1/3 of
all W + j events have at least one extra jet given the parton-level
cuts and jet definition used here.

Their numbers are also consistent with ATLAS studies such
as [42].
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FIG. 11 (color online). The dilepton invariant mass distribution
at the 8 TeV LHC, after all cuts, for the W/Z + bb fake-lepton
background (pink) compared with the distribution from the
diboson (¢ + X) plus jet contribution (blue). Additionally,
the my, from three-lepton diboson plus jet events
[WZ/y*(3¢ 4+ v) + j] is shown in green. The WZ/y* + j events
can mimic our signal final state if one of the leptons is lost. All
three backgrounds have similar m,, shape.

threshold—the fake background is only 6% of WW + j.
Given the size of our signal, a minor O(5%-10%)-level
background could still be problematic if it had an m,,
shape similar to the signal. However, we find this is not the
case here, as the m,, distribution from W + j events with a
fake lepton is shifted to higher m,, values than the signal.
The W + j events still have one energetic lepton from the
decay of the on-shell W, and the angular separation
between the “real” and “fake” leptons is typically large.16
Both features push the my,, distribution for the fake
background out of the signal region.

To study the effect of fake leptons from heavy quarks, we
looked at a more flavor-enriched sample, W(£v) + bb. To
estimate the fake rate here, we generated W + bb events
and fed them through our established isolation, clustering,
and analysis chain, treating the events as any other (non-
environmental) background. This directly tests how often
leptonic decay products contained in jets originating from b
jets pass the lepton isolation requirements described in
Sec. III. At 8 TeV, we find the cross section after all cuts
except mzp is O(1 1b), ~5% of WW + j. As in the study of
fake leptons from light-flavor jets above, we must check
that the W(£v) + bb fake signal has a m,, distribution that
is distinct from the signal. The m,, distribution from the
fake background is shown in Fig. 11 below. While the m ,
distribution from W(£v) + bb fakes is not as broad as the

"“The lepton from the W decay typically points away from the
ISR jet, while the second “lepton” (= soft jet) is often close to (in
AR) the ISR jet—the result of soft/collinear-enhanced radiation
that happened to be far away enough from the original jet to be
classified as a separate object.
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my, distribution for WW + j, there are few events in the
signal region.

Another environmental background we must consider is
double-parton scattering (DPS), two hard collisions within
the same colliding protons. Specifically, if a W/Z + j
collision occurs at the same place as a second collision that
yields soft leptons, the resulting final state is the same as
our signal. The cross section for a DPS event is

0A0B
Ot = —, &)
Oeff

where 64 and op are the cross sections for the two sepa-
rate processes, and o is an effective total cross section.’
From Tevatron measurements [43,44] and DPS theory (see
Ref. [45] and references therein), 6. ~ 12 mb. DPS has
also been measured at the LHC [46,47] finding similar o.
The cross section for W/Z + j is large, even after we apply
pr,; and Eg cuts, and there are many QCD and EW
processes that generate soft leptons, so the rate for both
processes occurring simultaneously is not obviously neg-
ligible. We must investigate further, looking at the various
sources of soft leptons.

(i) One source of soft leptons is Drell-Yan (DY)
production: pp — £~ +X. At 8 TeV, the
leading-order cross section after enforcing
pre>1GeV, |ny| <2.5is ~1.1 nb. The K factor
for DY is large, roughly 1.5 [48,49], but let us round
that up to 2 to account for potential difference in
acceptance between the LO and higher-order proc-
esses. Combining the DY rate with the cross section
for Z+j:o(pp = Z(v0) +j), pr; > 100 GeV,
E; > 100 GeV =50 pb at 8 TeV, we find

2nb

=50pbx [0
opps =20 P X<12x106nb

) ~ 1075 pb =102 fb,
(10)

a rate much smaller than either the signal or the
dominant background.

(i) QCD resonances are a second source of low-energy
leptons, ie. pp - Y — £7¢~. Because they are
formed from colored constituents, these resonances
have a large, strong-production sized cross section.
For example, the LHC has measured pp - Y + X
at 7 TeV to be ~7.4 nb [50]. However, the branching
ratios for these resonances into leptons is rather
small, O(2%). Doubling the 7 TeV rate and using
BR(Y — £1¢7) = 5% to be conservative and ac-
count for the increase of energy from 7 to 8 TeV, we
find the net pp - Y + X —» £7¢~ + X =0.74 nb,

""This is only an approximation, as this expression neglects
correlations among the two subprocesses and cannot hold in all
corners of phase space.
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less than the DY number quoted above and without
considering any kinematic cuts on the leptons. We
saw that the DY rate was an order of magnitude too
small to be a concern, so this smaller DPS source is
certainly negligible.

(iii) The final source of low-energy leptons we consider
is continuum heavy quark production pp — bb,
¢c + X followed by semileptonic decays. The rate
for these processes is orders of magnitude larger
than resonance production, but the final states they
produce are much dirtier. To account for the fact that
the leptonic decay products only inherit a fraction of
the parent quark’s momenta and must lie within the
tracker rapidity in order to be recognized, we
estimate the continuum heavy quark production
by pp—bb+X with cuts pr, > 20 GeV,
Inp| < 2.5. Including a factor of 2 for charm quarks
and another factor of 2 to (conservatively) account
for higher-order effects, we have pp — bb, ¢c +
X =4 x 10° nb (8 TeV). In order to fake our signal,
these heavy quarks must decay to isolated leptons.
This can either be thought of as a one-step process—
the b/c jet faking a lepton, or as two steps—
semileptonic decay of a b/c quark that happens
to pass all lepton isolation criteria. Assuming a
very conservative b/c fake rate of 1% [equivalent
to an isolation fake of ~10% on top of the
~10%BR(b/c — ¢ + X)], the net cross section
drops to 0.4 nb, again below the DY rate. Taking
a more aggressive fake rate and incorporating all
kinematic cuts, the rate will drop further.

We conclude that, unless o is significantly smaller than
current measurements indicate, DPS is a negligible back-
ground for the final state configurations we are focused on.
It is worth pointing out that the hard jet and £ require-
ments play a key role in suppressing these potentially
hazardous backgrounds. Reducing the jet (and £7) cut to
50 GeV, the signal and dominant background would
approximately triple, however the DPS background would
increase by a factor of 6 since the cross section for Z + j is
a steeper function of the jet p; than diboson plus jet. More
dramatically, had we been looking in trileptons, rather than
two leptons plus a hard jet, the DPS background would be
(pp = W* + X) (pp — soft leptons), approximately 200
times larger. Finally, while the numbers we have quoted
come from studies using 8 TeV LHC, we do not expect the
conclusions to change for 14 TeV.

The final environmental background we consider comes
from leptons that are lost due to detector inefficiencies or
simply by falling outside the fiducial detector volume. By
losing a lepton, a background that normally generates three
or more leptons will fall into our final state. The most
obvious candidates for this type of background are
W(ev)Z(¢€)+j and W(Cv)y*(€€) + j. To test the size of
this contribution we generated pp — W(£v)Z/y*(€€) + j
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and applied the analysis chain described earlier. The m,,
distribution for these backgrounds is shown in Fig. 11,
where we also plot pp — j + £¢ + v for comparison. The
lost-lepton background is clearly negligible.

C. Other lepton multiplicities

So far we have concentrated on the two-lepton signal,
though other lepton multiplicities may be useful in different
regimes of the electroweakino parameter space [19]. A natural
question to ask at this point is what are the prospects for
pp — j+ E7 plus n # 2 leptons? If we require only one
lepton, the final state is pp — j+ Er + ¢ and we face
an immense background from W(<v)+ j. At 8 TeV,
o(W*(¢v) +j), pr;>100GeV, ;] <25 and Er >
100 GeV, the cross section is ~40 pb, over 500 times
larger than the signal. In the W 4 j events, the transverse
mass formed from the lepton and the neutrino m? =
2Erpr (1= COS(¢ET—f)) has a kinematic edge at My, so
by requiring my > My, one can dramatically reduce this
background. However, the signal we are after also typically
has small my, so a large my cut is ineffective. Since the £
may be large in the signal and there is no kinematic constraint
on the £ — E7 system (such as a parent particle), one might
expect the signal to have large 7. The reason for small signal
my is that the signal leptons—whose p7’s enter directly into
the transverse mass definition—are soft. Given the size of the
W + j background and the lack of handles to distinguish it
from the signal, this possibility looks very challenging.

The three-lepton signal pp — j + £7 plus n > 3 leptons
does not suffer from large backgrounds, however after paying
the price of a hard ISR jet and leptonic branching ratios, the
rate is quite low. In addition, each extra lepton in the event
must pass a minimum py cut, so the more leptons present the
more times we pay an efficiency price. Looking for signals
with two same-sign leptons (SSL) is another interesting, low-
background option, though for the spectra we are interested
in the only source of SSL is trilepton events. Since the SSL
signal pp — j+ Er + ¢ only requires two leptons
rather than three, the lepton efficiency is higher than for
the trilepton final state. Therefore, the SSL rate may be high
enough to be viable in some regions of parameter space,
though a thorough study of this possibility is necessary.

IV. HUNTING DEGENERATE HIGGSINOS:
MONOJET LIMITS

We now turn to hunting for quasidegenerate Higgsinos
with the most difficult case, where M, M, are so large that
the splitting among the Higgsinos is < few GeV and the
particles emitted in the decay cascades are so soft that they
cannot pass ATLAS/CMS object identification require-
ments, let alone the trigger requirements. For all intents
and purposes, the entire Higgsino sector is invisible in this
case; pp = x{x1. pp = xix%. pp = x5 all look the
same and can be combined into a single process pp — yy.
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FIG. 12 (color online).
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14 TeV, MSTW2008lo, ug = pp = my,

o (pp— xx +Jj) (pb)

pr.j > 100 GeV

0.001 ¢
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pr,j > 300 GeV
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pr.j > 500 GeV
1075
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Leading-order Higgsino plus jet cross sections at 8 (left) and 14 TeV (right) as a function of the Higgsino mass
for several different jet py cuts. The factorization/renormalization scale was taken to be m,,/0.5m,,/2m

., in the solid/dashed/dotted

lines of each color, and all calculations use MSTW2008lo parton-distribution functions. Note the “kink™ in the plot near m,, = 70 GeV

is due merely to numerical sampling.

The degree of degeneracy is limited by the fact that the
Higgsino decays need to be prompt in order for pp —
xx + j to mimic a monojet signal. If the Higgsino decay
lengths become macroscopic, additional search strategies
that rely on displaced tracks or stubs can be used [51]. The
requirement of prompt decays sets a lower limit on the
inter-Higgsino splitting of ~0.3 GeV.

Pair production of degenerate Higgsinos looks just like DM
pair production, except the mediator y, W, Z is light, the
couplings are EW strength, and the Lorentz structure is
dictated by the weak interaction: vector-vector and axial-axial
operators only. To get an idea for the typical Higgsino plus jet
rates, the cross sections for o(pp — yy + j) for several
different jet p; are shown in Fig. 12 as a function of the
Higgsino mass. The signal cross sections were calculated
assuming an exactly degenerate multiplet of Higgsinos, i.e.
the four states pair up into two Dirac fermions, one charged
and one neutral. These cross sections were calculated at
leading order using MSTW?2008lo [52] parton-distribution
functions and a factorization/renormalization scale of
p* = m7,, the invariant mass of the Higgsino pair system.

We cannot rescale bounds from existing monojet searches
since Higgsino pair production proceeds through a light
mediator (W/Z) rather than a contact interaction. In order to
reinterpret  CMS/ATLAS monojet bounds in terms of
Higgsino pair production, we redo the existing analysis on
Higgsino plus jet events and compare with the observed
number of events in each bin. However, because Higgsinos
are not produced from a contact interaction, we do not need to
worry about large jet-p cuts invalidating our effective theory.

While the details of the CMS and ATLAS monojet
searches differ slightly, they have the same basic strategy:

clean events containing a single hard jet and substantial
missing energy divided into various pr ; and E7 bins, then
compared with the standard model expectation in each bin.
The standard model background comes predominantly
from W(Zv) +j and Z(vp) + j events. To get a rough
idea of the current bounds, we apply the same analysis cuts
(shown in full detail in the Appendix) the experiments use
to parton-level Higgsino plus jet events. Assuming the
states are sufficiently degenerate, the Higgsino plus jet
cross section and the cut efficiency only depend on the
Higgsino mass m,. The cross section and cut efficiency e
combined with the luminosity gives us the s;, the total
number of Higgsino events in a particular signal region.

(1D

By comparing s;(m,) to s;9s5, the 95% C.L. limit on the
number of allowed in a particular channel, we get a bound
on m,. The 95% C.L. limit is calculated as

0.05 = fdfGaus(f, 5bl) X POiS(nilbi(l + 5) + si,95)
T T [déGaus(E.6b;) x Pois(n;|b;(1 + &)
(12)

where 7n; is the number of observed events in bin i, and b; is
the expected SM contribution to that bin. The number of
background events is modulated by a Gaussian centered at
zero with width db;, where 6b; is the fractional uncertainty
in bin i quoted by the experiment. This modulation is done
in an effort to incorporate the effects of systematic
uncertainties, which are often large in monojet searches.
To derive the expected limit on s;, rather than the observed
limit, one would replace n; with b; in the formula above.

si(m;() =Lx 6(pp _’)()(-I'])(m;() X €(m;()'
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Reinterpreting the limits from the ATLAS/CMS latest
monojet searches [26,27] we quote the most stringent

expected limit on m,,:

ATLAS: m, > 73 GeV(SR3),
CMS: m, > 80 GeV(SRS). (13)
The observed limits are slightly different:
ATLAS: m, > 103 GeV(SR4),
CMS: m, > 73 GeV(SR5), (14)

presumably originating from a slight downward (for
ATLAS) or even slighter upward (for CMS) fluctuation
in the data. Full details of the bounds in all signal regions
are shown in the Appendix. This study was done by taking
the lowest-order cross section and using parton-level
events. Incorporating parton showering, hadronization
and detector effects will only loosen the bound, so we
believe our estimate is optimistic. It would be interesting to
see more detailed monojet studies including these details,
but this is best left to the ATLAS and CMS collaborations.

These limits are no better than the LEP bound of
~103 GeV [18]. While it is likely that the experimental
collaborations will exceed our estimates once further studies
help reduce the systematic uncertainties on backgrounds,
additional search channels will only improve the situation.

V. DISCUSSION

In this paper we presented a novel search for electro-
weakinos y based on yy production in association with hard
initial-state radiation. This search targeted regions of
supersymmetry parameter space where u << M, M,,
implying that the lightest electroweakino states are pre-
dominantly Higgsino and are quasidegenerate [splitting
of O(m%/M,m%2/M,) ~5—50 GeV]. This electroweak
spectrum is characteristic of natural supersymmetry, where
the role of the Higgsino mass parameter on the Higgs sector
and EWSB demands that u is at or near the weak scale.

The production of Higgsinos in association with a hard jet
has a smaller rate than producing Higgsinos alone, but it
comes with extra handles. In particular, the ISR jet can be
used for triggering, which allows us to significantly relax the
energy requirements on other final-state particles, making the
xx + j search sensitive to small inter-Higgsino splittings
om, < my. We focused on the final state with two leptons,
pp — j+ Ep+ ¢¢. This final state has a priori large
backgrounds, but we find these can be reduced with cuts.
In particular, the 7r background can be suppressed by
requiring only one light-flavor jet, while Z/y*(z +77) + j
can be reduced by forming an effective m,, out of the £ +
L7 system and cutting out the Z peak. The dominant
remaining background, W (£v)W~(£v)+], typically gen-
erates harder leptons than the signal since the W are on shell,
so we can find a signal-rich region by focusing on small 71,,.
We have also performed a thorough study of the fake-lepton
and double-parton backgrounds, finding them to be under
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control. We find that evidence for light Higgsinos—meaning
right at the edge of the LEP II bound—could be uncovered
just by applying our search to the existing 8 TeV data set.
Specifically, we can achieve 2¢ evidence for y = 110 GeV
if M; =1 TeV and 200 GeV <M, <750 GeV or M, =
1 TeV, M; <550 GeV. Moving to 14 TeV, we find 5o
discovery is possible after 100 fb~! of data for u = 110 GeV
and nearly all M, M, <1 TeV. Increasing u the signal rate
decreases. However, we find 50 discovery is possible (at
100fb~!, 14 TeV) for u <140 GeV with 26 evidence
possible for Higgsinos as heavy as 200 GeV (M, =
M, =500 GeV). Though it may take high energy and high
luminosity, this search does shed light into a region traditional
electroweakino searches simply cannot reach.

We emphasize that the search strategy we proposed is
complementary to the many other existing searches for
gauginos. For example, the trilepton plus £ search can be
combined with our proposed search to cover a much larger
portion of the full electroweakino parameter. Additionally,
the cuts and discrete choices in the pp — yy + j search
(i.e. the number of leptons) should also be varied to extend
the range of the search. For example, one could imagine
decreasing the ISR jet requirement but increasing the pr
requirement on the leading lepton. Diversifying even
further, one can imagine an ensemble of electroweakino
searches spanning from monojet to trilepton with a variety
of final-state py cuts and lepton multiplicities.

We conclude with what we perceive to be the critical
elements for the LHC collaborations to increase the signal
and improve the search for quasidegnerate Higgsinos:

(i) The lowest possible j -+ E trigger to maximize the

rate to search for off-line low-p; leptons.

(i) A dedicated (or adapted) trigger for quasidegenerate
electroweakinos. For example j 4 ¢ + £, with a low-
pr < 10 GeV lepton, and a jet/missing energy thresh-
old that is lower than the trigger without the lepton.

(iii) The lowest possible off-line lepton identification p;
to maximize the number leptons that can be found in
the triggered event samples.

(iv) Fully explore the dilepton invariant mass into the
QCD resonance region, m,, < 12 GeV, where the
signal significance is maximized when the Higgsi-
nos are quasidegenerate.

(v) Explore additional signals where Higgsinos are
recoiling against other objects, i.e. y + £, or
W/Z + E; signatures [53,54].
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Note added.—As this paper was being completed,
Ref. [55] appeared that also discussed strategies for
electroweak production of compressed gauginos.

APPENDIX: MONOJET SEARCH DETAILS

1. ATLAS monojet, 10 fb~!, 8 TeV [26]

Trigger:
(i) Er > 80 GeV
Basic cuts:

(i) one jet with py; > 120 GeV, [n;| < 2.0. If there
is a second jet in the event with pr > 30 GeV,
|| < 4.5, veto the event

(i) E7 > 120 GeV

(iii) in events with a second (soft) jet,
A¢ET~,/'2 > 0.5
(iv) veto any event with an isolated lepton satisfying p; >
20 GeV, || < 2.47 (electrons) or pr > 7 GeV, || <
2.5 (muons).
Analysis:

(i) Surviving events are binned into four signal regions:
Er, prj> 120, > 220, > 350, and > 500 GeV.

The expected and observed limits in each of the four

signal regions are shown below in Table II.

demand

TABLEII. Limits on the mass of a degenerate Higgsino multiplet
coming from ATLAS monojet searches.

Channel Observed limitExpected limit Description
ATLAS SR1 50 GeV 52 GeV  prj, £7 > 120 GeV
ATLAS SR2 70 GeV 69 GeV  prj, £7 > 220 GeV
ATLAS SR3 67 GeV 73 GeV  pr;, Er > 350 GeV
ATLAS SR4 103 GeV 63 GeV  pr;, £7 > 500 GeV
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2. CMS monojet, 19.5 fb~1, 8 TeV [27]

Trigger:

(i) one jet, pr > 120 GeV or the combination of £; >
105 GeV and one jet py > 80 GeV, || < 2.6

Basic cuts:

(i) onejet with py; > 110 GeV, |n;| < 2.4. If there is a
second jet in the event with pry > 30 GeV, veto
the event

(i) Er > 250 GeV

(iii) in events with a second jet, demand A¢; ; > 2.5
(iv) veto any event containing a lepton: py > 10 GeV,
|n] < 2.5 (electrons/muons) or p; > 20 GeV, |p| <
2.3 (taus)
Analysis:

(1) Surviving events are binned according to their E7:
E; > 250, > 300, > 350, > 400, > 450, > 500 and
> 550 GeV.

(i) Notice that only the FE; is incremented in the
binning, while the py ; cut is constant.

The expected and observed limits in each of the seven

signal regions are shown below in Table III.

TABLE III. Limits on the mass of a degenerate Higgsino
multiplet coming from CMS monojet searches.

Channel Observed limit  Expected limit Description

CMS SRI1 64 GeV 60 GeV Er > 250 GeV
CMS SR2 68 GeV 63 GeV Er > 300 GeV
CMS SR3 70 GeV 68 GeV Er > 350 GeV
CMS SR4 71 GeV 71 GeV E; > 400 GeV
CMS SRS 73 GeV 80 GeV Er > 450 GeV
CMS SR6 71 GeV 74 GeV Er > 500 GeV
CMS SR7 68 GeV 68 GeV Er > 550 GeV
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