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In the minimal supersymmetric standard models, neutralino dark matter with mass of m,, ~m /2 ~45 GeV
and m, ~m;/2 ~ 62 GeV can have the thermal relic abundance ©, h* = 0.120 via the Z- and Higgs-
resonant annihilations, respectively, while avoiding all the current constraints. Phenomenology of such
scenarios is determined only by three parameters, bino mass M, Higgsino mass u, and tan /3, in the limit
that all other supersymmetric particles and heavy Higgs bosons are decoupled. In this paper, we
comprehensively study the constraints and future prospects of the search for such Higgs- and Z-resonant
neutralino dark matter. It is shown that almost all the parameter space of the scenario will be probed
complementarily by the LHC search for the chargino and neutralinos, the direct detection experiments,

and the Higgs invisible decay search at the ILC.
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I. INTRODUCTION

The identity of the dark matter (DM) is one of the
biggest mysteries in particle physics, astrophysics, and
cosmology. Among various DM candidates, the lightest
neutralino in the supersymmetric (SUSY) extension of
the standard model (SM) is particularly attractive, since it
can have the desired thermal relic abundance with a weak
scale mass.

The discovery of the 125 GeV Higgs boson [1,2] and no
signal of physics beyond the SM so far at the LHC run I
might imply that the SUSY particles, in particular the scalar
partners of SM fermions (sfermions), are much heavier
than O(0.1 — 1) TeV. After the Higgs discovery, therefore,
such heavy sfermion scenarios have attracted attentions
(see, e.g., Refs. [3]).

If all sfermions are heavy, the lightest neutralino can
have the correct thermal relic abundance, €2, = 0.120 [4,5],
only in limited cases. For instance, the pure wino
DM with a mass of =3 TeV can explain the DM
density [6,7], which may be probed by indirect
detections [8]. The (almost) pure Higgsino with a mass
of =1 TeV is also an attractive candidate [7,9]. In
addition, the coannihilations among gauginos [10,11]
and the well-tempered bino-Higgsino mixing [11-13]
can lead to the desired DM density, with various phenom-
enological implications (see, e.g., Refs. [14,15] and refer-
ences therein).

In this paper, we study another viable corner of the
neutralino parameter space in the heavy sfermion scenario,
i.e., the Higgs- and Z-resonant neutralino DM. When the
mass of the lightest neutralino is close to the Higgs- or
Z-resonance, m,, ~ nmy/2 or mz/2, it can have the correct
thermal relic abundance while avoiding the constraints
from the direct detection and other experiments. Aspects of
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such Higgs- and Z-resonant neutralino DM have been
investigated e.g., in Refs. [13,16-18]."

We revisit this Higgs- and Z-reonant neutralino
DM scenario and extend previous studies by comprehen-
sively investigating the current constraints and future
prospects. We include the following constraints and
prospects.

(i) relic abundance Q)(h2 =0.120 [4,5].

(i1) DM direct detection.

constraints on the spin-independent (SI) scattering
cross section from the LUX [20], and on the
spin-dependent (SD) scattering cross section from
the XENON 100 [21].
prospects of the XENON 1T for the SI [22] and SD
[23] scattering cross sections.
(iii) Higgs invisible decay.
current constraint from global fit [24,25].
expected sensitivity of the HL-LHC [26,27], and of
the ILC [28].
(iv) chargino/neutralino search at the LHC.
expected sensitivity at 14 TeV for 300 fb~! and
3000 b= [29].
Other constraints are also briefly discussed. Constraints
from the LHC run I [30] is discussed in Appendix B.
We use a simplified model with only three parameters,
the bino mass M, the Higgsino mass y, and tanp,
assuming that all other supersymmetric particles and heavy
Higgs bosons are decoupled. As we will see, the “blind
spot” [15] of the Higgs-neutralino coupling plays an
important role also in the Higgs- and Z-resonant neutralino

'Higgs- and Z-resonant DMs are also realized in non-SUSY
models with a singlet Majorana fermion and a SU(2)-doublet
Dirac fermion. See e.g., Refs. [19].
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Constraints and future sensitivity of the Higgs- and Z-resonant neutralino DM, for tan # = 2 and 3, and for u < 0 (left) and

u > 0 (right). The black lines show abundance Q, = 0.120. The gray shaded region is excluded by current constraints; the LUX bound
on oy (blue dashed), the XENON100 bound on 5P (green dashed), and the Higgs invisible decay (magenta dashed). The light yellow
region will be probed by future experiments; the XENON 1T via Sl-scattering (blue solid) and SD-scattering (green solid), the Higgs
invisible decay at the HL-LHC (magenta dot-dashed) and at the ILC (magenta solid), and the search for the chargino and neutralinos at
the 14 TeV LHC, at 3000 fb~! (red solid). In particular, the light orange region within the red dotted lines will be reached at 300 fb=".

See text for details.

DM scenario. It is shown that there is still a large
viable parameter space, and almost all the parameter
space of the scenario will be covered complementarily
by the future experiments. Our results are summarized in
Figs. 1-5.

II. MODEL

We assume that all SUSY particles but bino and
Higgsino multiplets are (much) heavier than 1 TeV, and
the only scalar particle at the electroweak scale is the
SM-like Higgs boson with the mass of 125 GeV.” In this
limit, the wino component is decoupled, and the neutralino
mass matrix becomes a 3 x 3 matrix,

’In the minimal SUSY SM, the Higgs mass is raised by the
stop-loop [31] and the 125 GeV Higgs mass implies stop mass of
O(1 —10) TeV or heavier, depending on tan and the A-term
[32]. For simplicity, we set the Higgs mass 125 GeV and do not
consider the heavier particles’ effects.

Ml —MyzSwy COSﬁ mySwy Sinﬂ
M, = | —mgzsycosp 0 —u ,
mySwy Sinﬂ —HU 0

in the basis of bino and down-type and up-type Higgsinos,
(B,HY, HY). Here, M, and u are the bino and Higgsino
masses, respectively, tan f = (H,)/(H ) is the ratio of the
vacuum expectation values of the up- and down-type
Higgs, and sy = sin@y. In this work, we assume that
there is no CP-violation in the neutralino sector, and take
M| > 0 and p = real. Then, the mass matrix is diagonal-
ized by a real orthogonal matrix O, as

0,M,0] = diag(e;m,, ,e;m,,, e3m,,), (2)

where ¢; = +1 and 0 < m, <m, < m, . Analytical and

approximate formulas for the masses m, and the mixing
matrix O, are given in Appendix A. The lightest neutralino
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FIG. 2. The same as Fig. 1, but for tan 8 = 4, 5 and 6. For u < 0, the blind spot A" = 0 is shown with a brown dotted line.

1 is the DM candidate. In the chargino sector, there is
only one light chargino with mass m,. = [u|. We assume
m,= > 100 GeV to avoid the LEP bound [4].

In the following, we only consider a light bino,

M, <80 GeV. (3)

The lightest neutralino then becomes binolike, and its
coupling to the SM is given by the following Lagrangian,

1., 1 _
EQ(I—SM = Eﬂhhllflllfl - Eﬂzzyllfl}’”ysll/l, (4)

where h, Z, and y denote the fields of the SM-like Higgs
boson, Z-boson, and the lightest neutralino, respectively.

The DM thermal relic abundance, its direct and indirect
detections, and the Higgs and Z invisible decay rates are all
determined by the DM mass m,, and the two couplings YL
and A%. The couplings are given by

= ge (0)()1,}_73((0)()1,[:1[, cos f} — (0;()1,1~Ju sinf), (5)

M = %QZ(_KO;()L]TI‘/]Z + [(O){)l,ﬁ ]2)’ (6)

*We have used the relation in the decoupling limit of the Higgs
sector, @ = # — /2 with a being the mixing angle of the Higgs
sector. We also neglect radiative corrections by heavier particles.
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where g, = g/ cos Oy = ¢/ sinfy, and g and ¢ are the
SU(2), and U(1), gauge couplings, respectively.

In terms of O(mysy/u) expansion, they are approx-
imately given by (cf. Appendix A)

sin2f + M mySw 3
M= ge, <”72 ﬂMz lmst—l-O( z W> ) (7)
Ho— My H

From Eq. (7), the DM-A coupling vanishes when
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mx; [GeV]

The same as Fig. 1, but for tanff =7, 8 and 9.

M, = —pusin2p. 9)

This leads to a “blind spot” [15], where the Higgs resonant
annihilation, the spin-independent DM scattering for the
direct detection, and the Higgs invisible decay are all
suppressed.4 This suppression of A" results in a parameter

*“In Ref. [15], all blind spots relevant to spin-independent and
spin-dependent scattering are identified, and their phenomeno-
logical implications are investigated in the region of heavier
neutralino DM, m,, 2 my. In the present scenario, only the one
of Eq. (9) is realized among those blind spots. In this work, we do
not consider the case of tan # = 1, which would lead to another
blind spot for SD-scattering. The result for tanf =1 will be

similar to the case of tan # = 2 except for the SD scattering.
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FIG. 4. The same as Fig. 1, but for tan = 10, 15 and 20.

region that is not probed by the direct detection nor the
Higgs invisible decay, which is important especially for
the Z-resonant region m, ~mz/2. On the other hand,
the DM-Z coupling is almost independent of tanf for
tan # > 1, and has only a mild dependence on tan f as far
as tanf = 2.

At the LHC, searches for charginos and neutralinos
can probe this scenario, which will be discussed
in Sec. IIID. The relevant interaction Lagrangian is
given by

3
L=W; > wir(WiePL + MicPrwe + He.
i=1

+ZﬂZW},ﬂ(/{IZ‘ijPL + A& Pr)W;

i<j

+ hz%(/{fijPL + /ll’éijPR)l//j,

i<j

(10)

where
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1
Lic _ﬁgni<0)()ifl,,’ (11)
Y
A = (i)™
¥ — sign(u) —= gr; — L gnin1(0,),5((0,) 1, <03
ARic = SIgn(u)Egn,- (0)): i1, (12) =59mn; (V%) 3\,
—(0y); 5 sinf) + (i < j). (14)
7 _
Ay = — (k)"
1 . 5 . .
= 592771"7,‘(—(0)(),-,;1‘,(0;()],;,51 +(0,):11,(0) 11,)s Here, 7 = ¢;, and y¢ denotes the chargino field which is

defined to have a mass term —L = sign(u)uwcy ¢ and to
(13) have a positive charge.
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ITII. CONSTRAINTS AND PROSPECTS

Our main results are shown in Figs. 1-5, where the
constraints and prospects listed in Sec. I are presented in the
(mxl,mxi)—planes for 2 <tanf < 50. In the figures, we
show only the region with 30 GeV <m, <70 GeV,
because the relic density is always too large outside this
region for m,- > 100 GeV and M; <80 GeV. In the
following subsections, we explain each of the constraints
and prospects in turn. We also briefly mention other

possible constraints in Sec. III E.

A. Thermal relic abundance

We assume that the present energy density of DM is
dominantly given by that of the thermal relic of the lightest
neutralino. In the present scenario, the lightest neutralino
can only annihilate into a pair of SM fermions, and the
annihilation cross section is given by

(i —’fJ_[) =o(pyin = —’fJ_[)
+o(r = 2" = ff). (15

where

0()(1)(1—’h*—’ff)

Lo _4m)2(| 1 S5 N

= e G D
(16)

(v = Z* = ff)

~ (1Z2)\2 _4m}2(1 1 2 N

P = g G 2 D)

(17)

and there is no interference term. Here, we have neglected
the terms proportional to (m;/m,, )* < 1, where m is the
mass of final state fermion. The DM abundance is calcu-
lated by solving the Boltzmann equation

dy,

dt = _nS<UUrel>(Y Y)z(l eq) (18)

where the thermal average of the annihilation cross section
times the relative velocity (with Maxwell-Boltzmann equi-
librium distribution) is given by [33],

fdspld3p267E]/TeiE2/T6Urel
fd3p1d3p2€_El/T€_E2/T
1 oo
2
/ o(s)v/s(s — 4my,)

~ 8m? T[Ky(my TP Jame

£1

x K, (\/s/T)ds. (19)

<O-Urel> (T) =

PHYSICAL REVIEW D 93, 055009 (2016)

n, (eq)/Ns» Ns = (272 /45)g,sT? is the en-

is the DM number density, n =

tropy density, n,, v1eq
2(m2 T/2a*)Ky(m,, /T) = 2(m, T/2x)3/* exp(—m,, /T)

is 1ts equilibrium value, and 7 and T are the cosmic time
and the temperature, respectively.5 K, are the modified
Bessel functions of the first and second kind. The final
relic abundance is given by Q, =m, Y, /(p./s), where
(p/s)y = 3.65h* x 10~ GeV is the critical density divided
by the entropy density at present, with 2z = 0.67 being the
scale factor for Hubble constant [4].6

In Figs. 1-5, the contours of relic DM density Q, h* =
0.120 is shown in black lines. The contours have clear
peaks at the Z- and Higgs-resonances, m, ~ my/2 =
45 GeV and m, ~m;,/2 =062 GeV. In these regions,
the chargino mass m,- can take a large value, correspond-
ing to small DM-Z and DM-Higgs couplings, 1% and A".

In the Z-resonant region, m, ~ my/2, the relic abun-
dance shows a universal behavior for all tan # > 1. This is
because the DM-Z coupling 4# is almost independent of
tan g for tan > 1, as shown in Eq. (8). In this region,
the chargino mass m,: is always bounded from above as
m,- < 450 GeV [18], which corresponds to [4Z| 2 0.0034
[cf Eq. (8)].” This upper bound on the chargino mass is
crucial for the LHC search discussed in Sec. III D.

In the Higgs resonant region, m,, ~ m,;/2, the behavior
of the relic abundance in the (m, ,m i) -planes strongly
depends on tanf as well as the sign(ux). This is also
understood in terms of the DM-Higgs coupling, A", in
Eq. (7). As can be seen in Figs. 2, for u <0 and
4 <tanf < 6, there are two regions corresponding to
Q, h* <0.12. This is because of the blind-spot behavior

discussed in Sec. II. The coupling A" has opposite signs in
the two separate regions, and it becomes zero in between.
For y < Oand tanf 2 7, the region of large m,+ disappears

Here, Y nleq) =

because a sufficiently large || can no longer be obtained
there. For both 4 <0 and x> 0 and for all tanf, the
maximal chargino mass corresponds to || = 0.0052. For
tan # 2 10, the upper bound on the chargino mass is as

small as m,. <400 GeV for <0 and m, < (500 —

800) GeV for u > 0. As we shall see in Sec. III D, these
regions can be probed by the 14 TeV LHC. For small tan 3,
however, a much larger chargino mass is allowed, e.g.,
m,= < 2.5 TeV for tan f = 2 and p > 0. Although such a

heavy chargino is out of the 14 TeV LHC reach, the direct

°T and ¢ are related by dt/dT = (HT)™'[1 + (1/3)d(In g,5)/
d(InT)], where H = (%g,/90)'/>T?/M is the Hubble param-
eter with the reduced Planck scale Mp = 2.44 x 10'8 GeV. For
the effective degrees of freedom g, (7T) and g,5(T), we have used
the fitting formula in [34].

We have also calculated the DM abundance with micrO-
MEGASs [35], and checked that the results agree within a few %.

This is consistent with the analysis of generic Z-portal DM in
Ref. [36].

055009-7
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detection experiments can cover most of the region, as we
will see in the next subsection.

B. Direct detection

In the present scenario, the spin-independent (SI) and
spin-dependent (SD) scatterings between the DM and
nuclei are induced by Higgs-exchange and Z-exchange,
respectively. As we shall see, the former gives a strong
bound and high future sensitivity, while the latter plays a
complementary role in the blind spot regions for u < 0.

1. Spin-independent scattering

The SI scattering cross section of DM per nucleon is
given by

aN——/l ( +m—)_2, (20)

21

where my is the nucleon mass and Ay is the effective
coupling between the DM and nucleons, L =
ZNZMANWU/INN. In our scenario, the coupling is
induced by the Higgs exchange, and given by (cf. [35,37])

_i myfn
N om2 2my /g’
N
- S (- ) e
q=u,d,s q=u.d,s

where f (TIZ> =
default values of f(T"7 ) adopted in micrOMEGAs 4.1 [35],

fT = 0.0153, fT = 0.0191, and fT = 0.0447, which

leads to fy = 0.284.% Therefore, the SI scattering cross
section is given by

(N|m,qq|N)/my. In our analysis, we use the

-2
o3 =52 % 10743 . (1) (1 + Z”) em?. (22)
1

X

In Figs. 1-5, we show the constraint obtained by the
LUX [20] (90% CL limit) and the future prospects for the
XENON 1T [22] with blue dashed and solid lines,
respectively. The results are understood in terms of the
coupling 4" in Egs. (5) and (7). As can be seen in the
figures, for u > 0, the region with m .+ < 120 — 400 GeV
(150-400 GeV) are excluded by the LUX, for m, ~ my
(m,, ~my). The XENON 1T can cover most of the

$Note that the strange quark mass fraction f 7. is already small.
If we use the result of the lattice calculation in Ref. [38], which is
further smaller as f(Tp =0.009, it leads to f = 0.256, resulting

in 20% smaller SI scattering cross sections. We have also
calculated the SI cross section with micrOMEGAs 4.1 [35],
and checked that the results agree within a few %.

PHYSICAL REVIEW D 93, 055009 (2016)

viable parameter space for u > 0, except for the peak of
the Higgs-resonance, where A" = 0.0052 (cf. Sec. Il A)
and o3 = 1.4 x 107" cm?, and the Z peaks for tan > 30.
Note that the SI cross sections in these peak regions are just
below the sensitivity shown in Ref. [22]. Therefore, it is
expected that future experiments with higher sensitivity
[39] can cover the whole parameter region for y > 0.

For u < 0, because of the cancellation in Eq. (7), the
constraint and the sensitivity are significantly reduced in
terms of the chargino mass m,-. In the Higgs-resonant
region, the parameter regions with the correct thermal relic
abundance, Q, h? = 0.12, will still be mostly covered by
the XENON 1T. This is because both of Q, h? and oy are
determined by the same coupling, A". The correlation is
clearly seen, e.g., in Fig. 2, for 5 Stanf < 6. In the
Z-resonant region, however, €, h? and 0'15\,1 are determined
by different couplings, 2% and A", respectively. This results
in a large parameter region which gives correct Q, 4 but
very small o3/, as can be seen in Figs. 3-5. Since A can be
zero at a certain value of y, there always remains a region
which cannot be probed by the SI scattering. Some of
these regions are probed by SD scattering discussed in the
next subsection, and the search for the chargino and the
neutralino at the LHC, discussed in Sec. III D, will be a
very sensitive probe in these regions.

2. Spin-dependent scattering

Now let us discuss the SD scattering. The SD nucleon-
DM scattering cross section is given by [35,40]

12 my\ 2
aZSVD:;gﬁ,m§V<1+m—N> , (23)

21

where &y is the axial-vector effective coupling between the
DM and the nucleons, £ =Y y_, .ExW17 7w Ny y"N.
In our scenario, the coupling is induced by the Z exchange,
and given by (cf. [35,40])

_ ¥, 3 73ay (24)

4mzq u.d.s

where AE,M parametrize the quark spin content of the
nucleon. In our analysis, we use the default values adopted
in micrOMEGAs [35], A =AY =0.842, AP = AV =
—0.427, and AP = A" = —0.085. Therefore, the SD
nucleon-DM scattering cross section is given by9

*We have again checked the SD cross section with micrO-
MEGASs and the results agree within 1%.
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Map) \
P =23(3.0)x 10737 - (%) 1+ —2]  cm?.
n(p) m,

(25)

In Figs. 1-5, we show the constraint on the SD neutron-
DM scattering cross section o3 from the XENON100 [21]
with green dashed lines.'® As can be seen from the figures,
this bound gives the strongest current constraint in some of
the small m, - regions for y < 0. The bound on the chargino
is about m,+ < 100 — 140 GeV, and it has only very mild
dependences on tanp, m, , and sign(u). This can be
understood from Egs. (8) and (25), which lead to the

following approximate formula,

300 GeV\\* 2\ 2
oD = 1.4(1.8) x 1074 (T2 22V) (1
o m i

X (cos2)? cm?. (26)

In the figures, we also show the prospect of the XENON 1T
for the o3P, studied in Ref. [23], with green solid lines. It
reaches the chargino mass of about 280-350 GeV, which
will cover a large part of the blind spot for 4 < 0.

C. Higgs and Z invisible decays

Form, < m,/2 the Higgs boson can decay into a pair of
DMs, which lead to a invisible decay. The branching ratio is
given by

F(h—>2(1)(1)
h—SM)+T(h—=yiy)’

Br(h — yy1) = i (27)

where

ﬂhZ 4m2 3/2
= ) = S lm (1= 220 )
T my,

We have used I'(h - SM) = 4.07 MeV [4] in our calcu-
lation. The constraint on the Higgs invisible decay has
been obtained by global fits to Higgs data [24,25]. In
our numerical calculation, we adopt the one in Ref. [25],
Br(h — invisible) < 0.19 (95% CL).

As for the future prospects, we consider the high-
luminosity (HL) LHC and the ILC. The sensitivity of
the HL-LHC depends on the systematic uncertainties. Here,
we use the estimated future sensitivity of searches for
Higgs decaying invisibly using ZH channel in Ref. [26],
Br(h — invisible) < 0.062 (95% CL) for 3000 fb~!,

1%See also Ref. [23]. The constraint on proton-DM scattering,
037, is much weaker. The LUX has not published constraints on
SD scattering cross section. If we adopt the constraint on SD
scattering cross section in Ref. [41], which is based on the LUX
data, the bound on the chargino mass becomes about 20%—-30%
stronger.

PHYSICAL REVIEW D 93, 055009 (2016)

adopting the value of the “realistic scenario” for the size
of systematics. In the “conservative scenario” the estimated
sensitivity becomes Br(h — invisible) < 0.14. In the
Higgs working group report of the 2013 Snowmass [27],
the 95% CL limit (for 3000 fb~') is estimated as
Br(h—invisible) <0.08 —0.16 for ATLAS and 0.06-0.17
for CMS. For the ILC, we use the value in [28],
Br(h — invisible) < 0.004 (1150 fb~! at \/s = 250 GeV).

The constraint and prospects for the Higgs invisible
decay are shown in Figs. 1-5 with magenta lines. As can be
seen in the figures, a large parameter space is covered by
the Higgs invisible decay search. For y > 0, the whole
Z-resonant region will be covered by the ILC. The blind
spots are again clearly seen for u <0, where Higgs
invisible decay becomes very small due to the suppression
of 2" in Eq. (7).

Before closing this subsection, let us comment on the Z
invisible decay. For m, < mz/2, the Z can decay into a

x
pair of DMs, with a partial decay rate

/12 2 4m2 3/2
F(Z_’)(l)(l)_%mz<l_ é(l) . (29)
72 mz

The bound from the LEP, I'(Z—y,x,) <2.0MeV (95% CL)
[42], corresponds to 47 < 0.041 x (1 —4m2 /m%)~%/2. In
our setup, this is always weaker than the bound on ¢°P from
the XENONI100 [21] for m,, Z 30 GeV (see Sec. IIIB),
and hence we do not show the bound in the figures.

D. Search for the chargino and neutralinos
at the LHC

As we have seen in Sec. III A, the requirement that the
thermal relic abundance of y; explains the observed DM
density, Q, h* = 0.12, gives upper bounds on the chargino
mass m,- in the present scenario. The chargino mass is
O(100 GeV) except for the Higgs resonance peak for small
tan #. In particular, in the Z-resonant region, the chargino
mass m,+ is always bounded from above as m,+ <
450 GeV [18]. The heavier neutralinos, y, and ys, also
have masses m,, . = m,«. These O(100 GeV) chargino and
neutralinos are within the reach of the LHC experiments.

In this work, we consider the following production and

decay channels at the LHC,
PP = xasxt = ZnWhy = éntvy,  (30)

which leads to a signal with three leptons and missing
energy, and gives a high sensitivity in the present scenario
[43]. The sensitivities of the SUSY searches at 14 TeV,
including the high luminosity run of 3000 fb~!, is studied
by ATLAS [29] and CMS [44]. In this work, we reinterpret
the ATLAS study [29] of the search for the channel in
Eqg. (30), for 300 fb~! and 3000 fb~'. The constraints from
the LHC run I [30] are discussed in Appendix B.
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In the ATLAS analysis [29], the results for the three-
lepton process (30) is presented assuming a simplified
“pure wino” model with three states; two neutralinos
1> x> and one chargino y*, with degenerate masses
of the chargino and the heavier neutralino, m,- = m,,
and 100% branching ratios of Br(y, - y;Z) =1 and
Br(y* — W) = 1. There are several differences in the
present setup. (i) There are two heavier neutralinos y,
and y;. (i) The sum of the production cross sections of
chargino-neturalino pair is a factor =1/2 smaller, since the
ATLAS analysis assumes winolike chargino-neutralino
pair production. (iii) The neutralinos y, and y; have

|
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generically sizable branching fractions to the Higgs as
well, Br(y,3 = x1h) = O(1) and Br(y,3 = x1Z) = O(1).
(iv) Although their masses m,, , are close to the chargino
mass m,+, the difference can have a non-negligible effect
on the productlon cross section, especially for small |u|.
Therefore, the results in Ref. [29] cannot be directly
applied to the present model and reinterpretations are
necessary.

In the ATLAS analysis, several signal regions (SRs) are
defined by various kinematical cuts. We calculate the
expected number of events in each signal region (SR)
X as

Nsrx = Z ZUNLO(PP = x*x;) Br(r* - WY = yiv) -Br(y; - 1ZY = y16€)Aspx '/Edh (31)

J=23

where [ Ldt denote the integrated luminosity, and Agg x is defined by

# of events which pass the cuts of SR-X

ASR—X =

# of generated events in pp — y¥y; —» Wy, ZWy, = Cuy, 6y,

(32)

where £ denotes e, 4 and 7. For simplicity, we discard the hadronic decays of W and Z. The branching fractions are given by

(when kinematically allowed)
Br(y* - W — £v)

Br(y; = x1Z = ¢¢)

=Br(y* - y,W) - Br(W = 4v), (33)

=Br(y; = x1Z) -Br(Z - ¢7), (34)

where the chargino branching fraction is Br(y* — y; W) = 1, while the neutralino branching is given by

Uiy = Zx)

Br(y; = Zy,) =
1
C(y; = Zy) = T6n |/1L1,| ( + 6¢€; r + (r ) —2(r§)2+
Plej = ) = Tor i 1221, P (1 + 21657 + (r})? —

where r} = m, /m,, 15 =mz/m,, rt =my,/m, and the
couphngs are glven by Eqgs. (13) and (14).

In the numerical calculations, we generate the events
with MadGraph5_ AMC@NLO 2.2.3 [45] in combination with
PYTHIA 6.4 [46]. We generate the events at LO and rescale
the acceptance with the NLO cross section calculated by
Prospino 2.1 [47] with CTEQ6L1 [48] parton distribution
functions (PDFs). DELPHES 3[49] is used with the ATLAS
parameters card"' given in the MadGraph5_ AMC@NLO 2.2.3
package for the fast detector simulation.

llb—tagging efficiencies and lepton isolation criteria are
arranged as used in the ATLAS analysis [29].

I (;(j —>Z)()—|—Fj0(j - hy)’

(35)

O (1 = 20— 4 02, )

() (1 = (rf = P21 = (r) + 1)), (37)

There are three (four) SRs considered to probe the signal
of Eq. (30) for 300 (3000) fb~!, denoted as SRA-SRC
(SRA-SRD). In our analysis, after electrons, muons, and
jets are selected following the ATLAS analysis [29], the
following cuts are applied.

(1) There should be exactly three leptons in each event,
and at least one same flavor opposite sign (SFOS)
lepton pair is required to have invariant mass
|mspos — Mz| < 10 GeV.

(i) Events with b-tagged jets are discarded.

(iii) The three lepton py should be larger than
50 GeV.
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(iv) Then, the events are divided into SRs depending on
the missing transverse energy ET'S and the trans-
verse mass my, where my is calculated with the
missing transverse energy and the lepton which does
not form the SFOS lepton pair whose mass is closest
to the Z-boson mass.

As a validation of our analysis, we have calculated the
expected numbers of events in each SRs for the “pure
Wino” model points with (m,,,m, ) = (400,0), (600,0),
(800,0), (1000,0) GeV, which are studied in the ATLAS
analysis [29]. They are in good agreement with the ATLAS
analysis.

In the ATLAS analysis [29], the expected 95% exclusion
limit is shown in the (m,,,m, )-plane by combining
disjoint versions of SRs. We have analyzed the same
parameter space as a validation. In our analysis, the
expected exclusion line is obtained as follows. (i) For each
SR, the expected upper limit on the number of beyond-the-
SM events is calculated from the number of the background
events given in [29], using Zy = 1.64 [50] for 95% CL
exclusion. (ii) At each model point, the expected number of
signal events in each SR is calculated. (iii) The model point
is excluded if and only if it is excluded in at least one of the

SRs. The obtained expected exclusion line, m,+ < 800

(1100) GeV for m,, < 100 GeV at 300 (3000) fb~!, agrees
with the ATLAS result within an error of m,~ =20 GeV.

Next, we apply the same analysis in the present scenario,
i.e., the Higgs- and Z-resonant neutralino DM. The cross
sections and acceptances are calculated as follows.
For |u| = 100,110, ...1000 GeV, the cross sections are
calculated at (tang,sign(u), M) = (2,+,80 GeV) and
(50, +,30 GeV).12 Then, the cross sections normalized
by the coupling, o"'0/(|(0,); 7 [*+(0,); 5 *), are
interpolated. The acceptances are calculated by varying

mye, m, —m,: and m, by (Am=, A(m, —m,-),Am,, )=
(20,10,5)GeV  for 100 GeV < |u| < 300 GeV  and
(Amys, A(my, —m+), Am,, ) = (20,10, 10) GeV for

300 GeV < |u| < 1000 GeV, while the couplings are fixed
as the ones of tanf = 5, M| = 50 GeV, u = 200 GeV, for
simplicity.”” Here, we do not consider the region of
m, —m, < mg, for simplicity.

Results are shown in Figs. 1-5 with red lines. The
expected exclusion region at 300 fb~! is shown in light
orange region with red dotted lines. One can see that the
Z-peaks in the whole parameter space, including the blind
spot, will be probed at 300 fb~!. For tan 8 > 30, the Higgs
peaks can also be covered. The small m,- region is not
covered because of the small mass differences between y; 3,
yT and y,.

These points are chosen since they give the smallest, medium
and largest value of m, —m,-.
We have checked that the acceptance does not depend much
on these parameters.

PHYSICAL REVIEW D 93, 055009 (2016)

At 3000 fb~!, much larger parameter space will be
probed, up to m,~ ~ 800 GeV. The Higgs-resonant regions
are covered for tanf 2 15 (tanf > 6) for u > 0 (u < 0).
Though the small m,- region cannot be covered even at
3000 fb~!, combination with other experiments such as
the direct searches can probe almost all the parameter
region of the present scenario.

As can be seen in the figures, the expected reach for the
chargino mass, m,+ ~ 800 GeV, is almost independent of
tan and m, . This can be understood as follows. In the
large m,+ region, the cross section is mainly determined
by |p| because the masses are almost degenerate as
m,, =m, =m, = |u|, and the coupling with W-boson
is universal for |u|> m, [cf. Egs. (11), (12), (A12),
(A13)]. In addition, because of the large mass hierarchy

My, = M= 3> m, , Mz, My, the acceptance is determined

almost only by |u|. Thus, from Eq. (31), Ngg.x becomes

Ngpx = ZGNLO(PP = 1) Br(yt = W = i tv)

){i
'ASR—X /ﬁdtZBr(X] _)/le —)lef), (38)

j=223

The first line of this equation is determined almost only
by |u|. The second line can be expanded in terms of

O(mzsy/p) as

Br(y, = Zy;) = = (1 + sin2p) +%(1 — sin? 23)

+ O(mzs‘”)z, (39)

u

N[ =

(1 —sin2p) —%(1 — sin? 23)

+0 (mzsw> ’ (40)

u

N[ =

Br(y; = Zy,) =

From this expression, Br(y, = Zy;) + Br(ys = Zy,) =1
for | > m, and it is almost independent of tan # and m,, .

E. Other constraints

Let us briefly comment on other possible constraints on

the present scenario.

(1) indirect search. The DM annihilation in the present
Universe can lead to cosmic rays such as photons,
positrons, and anti-protons. In the present model,
however, the annihilation cross section in the present
Universe is suppressed by the velocity, (6v,) ~ 12,
as shown in Egs. (16) and (17). In the limit of v — 0,
the leading term in the amplitude comes from the
Z-exchange diagram and is proportional to the mass
of the final state fermion. The annihilation cross
section is approximately given by
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<O-Urel>0 = <O-7jrel()(1)(1 - bl;’ T%)>0
_ 2(42)2 Smi +m2
327 m5

~2.8x 1072 (2%)? cm’/s

2\ -2
~1.8%x10730 <M>4<1 _m_)él>
|l H

x (cos2f)? cm? /s, (41)

(Urel - 0)

where we have used running bottom quark mass

mll\,/ls(lOO GeV) =3 GeV (cf. [51]) in the third line,

and Eq. (8) in the last line." Therefore, it is at most

O(10728) cm? s7!, and much smaller in most of the

parameter space, which is smaller than the con-

straints such as the Fermi-LAT bounds in Ref. [52].
(i1) neutrinos from DM annihilation in the Sun.

Pair annihilations of DMs which are captured in
the Sun generate neutrinos, and there have been
searches for such neutrinos. In the present scenario,
the DM annihilation rate in the Sun is proportional
to the following effective SD scattering cross
section [53]

AP — Db (/T T - fo), (42)

where 63P is given in Eq. (25), T'eyp. and Ty, are the
capture and annihilation rates of DM in the Sun,
respectively, and ., is the age of the solar system. If
\/Teaplann * Io > 1, the capture and annihilation
rates are in equilibrium. In the present case, it is
given by [53]

&SP 1/2
\/ FcapFann Iy = 1.3x (m)

(ovm)o \V/2 /50 GeV /4

“\10™® cm?/s m ’
X1

(43)

and hence the annihilation rate is not completely
saturated by the scattering rate. Currently the
Super-Kamiokande gives the strongest bound [54]
in the mass range of our interest, which are given by
o3 Br(r7) < (1-2) x 1074 cm? and &3°".
Br(bb) < (2-3)x 107 cm? for m,,, = (30-70) GeV."
Here’ BI‘(X) = <6Urel()0(_)X)>O/<Gvrel<)0(_)au)>0
represent the branching fractions of the annihilation

“We omitted the correction around the region of
|m, —mz/2] STz, where (ovy), is further suppressed. We
have also checked by the micrOMEGAs, and the results agree
within O(1%) and O(10%) for 77 and bb modes, respectively.

The constraints from the IceCube [55] is weaker than those
from the Super-Kamiokande in this mass range.

PHYSICAL REVIEW D 93, 055009 (2016)

channels, which are given by Br(z7) ~ m2/(3m3 +
m?) and Br(bb) ~3m?/(3m2 + m?) in the present
scenario. As a result, we found that the bound from
the neutrinos are weaker by a factor of 10 than the
bound on ¢°P from the XENON 100 [21] for m,, =
(30-70) GeV (see Sec. III B).

(iii) monojet and monophoton. Monophoton events could
be produced at the LEP, via eTe™ = yZ* = yy 111,
but it is expected that the constraint is very weak (see,
e.g., Ref. [56]). The monojet events at the LHC,
pp — jZ* = jyix1, also gives only a weak con-
straint on AZ compared to the other bounds. (See, e.g.,
a study on generic vector mediator in Ref. [41].)

IV. SUMMARY

In this paper, we have investigated the Higgs- and
Z-resonant neutralino DM scenario. The phenomenology
of this scenario is determined only by three parameters,
bino mass M, Higgsino mass u and tan # when all other
SUSY particles and heavy Higgs bosons are decoupled. In
this scenario, the binolike neutralino DM can have the
correct thermal relic abundance via the Higgs- and
Z-resonant annihilations. We have investigated the current
constraints and future prospects comprehensively for
essentially all the parameter space.

As constraints, we have included: (i) relic abundance
Q){h2 = 0.120 [4,5], (ii) direct detection constraints on the
spin-independent (SI) scattering cross section from the LUX
[20] and on the spin-dependent (SD) scattering cross section
from the XENON 100 [21], (iii) constraint on the Higgs
invisible decay from global fit [24,25]. For future prospects,
we have investigated: (i) prospects of the XENON 1T for the
SI [22] and SD [23] scattering cross sections of DM direct
detection, (ii) expected sensitivity of the HL-LHC [26,27]
and of the ILC [28] for the Higgs invisible decay, and
(iii) expected sensitivity of the LHC chargino/neutralino
search at 14 TeV for 300 fb~! and 3000 fb~! [29].

The results are summarized in Figs. 1-5. It was shown
that there is still a large viable parameter space, and almost
all the parameter space of the scenario will be covered
complementarily by the LHC search, the direct detection
experiments, and the Higgs invisible decay search.

In the Z-resonantregion, the thermal relic abundance leads
to a universal upper bound on the chargino mass,
m,- < 450 GeV, independently of the sign(x) and tanf.
This region will be covered by the chargino/neutralino
searches at the LHC at 300 fb~! except for light chargino
region m,+~ < 200 GeV. For p > 0, almost all the Z-resonant
region is probed by both of the XENON 1T and the Higgs
invisible decay search at the ILC. For u < 0, due to the blind
spot, there are parameter regions which are not covered by the
XENON 1T and/or the Higgs invisible decay search at the
ILC, depending on tan f and m,,,.

In the Higgs resonant region, the upper bound on the
chargino mass depends on sign(x) and tan . For u > 0,
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larger tanf leads to smaller upper bound on m,:, e.g.,
m,= <25 TeV for tanff=2 and m,= <500 GeV for
tan# = 50. The XENON IT will cover almost all the
region, and the ILC can probe the Higgs invisible decay for
the small m,+ region. For u < 0, the allowed region has a
nontrivial behavior due to the blind spot. In both of the two
cases 4 > 0 and u < 0, the LHC at 3000 fb~! can cover the
region of m + < 800 GeV.

Itis interesting that, depending on tan /3, sign(u), m,, , and

m,, , different combinations of positive and negative signals
from different experiments may appear. It is also encour-
aging that, in the mass range of Higgs- and Z-resonant DM,
the direct detection experiments may be able to determine
the DM mass within certain uncertainty [22,57,58].

In this paper, we considered a simplified model where all
SUSY multiplets except for the bino and Higgsino multip-
lets are decoupled and CP is conserved. It is interesting to
construct a SUSY breaking model to realize such a
spectrum and to study the effects of heavier particles
and possible CP violation, which are left for future work.
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APPENDIX A: MASSES, MIXINGS,
AND COUPLINGS

The masses and mixing angles in Eq. (2) are given by

1 2
ml:§M1+%u\/ﬁcosai (l: 1,2,3), (Al)
22
- L . (A2)
\/ (12 —=m)? + (4 +m} +4umicys p)ing
HSp+m;cp
(Op)im, = ﬁ mz(0,); - (A3)
—pucyg — m;Sy .
(0)()1',1:1“ = # Z(O)()i,i?’ (A4)
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where m; = e;m,, cg=cosp, sz =sinp, my = mysy,

Z’
and
2w 4
{aj, .03} =Ja,a+—.,a+—7,
3 3
—larccos 27q
a—3 2p3/2

1
p=1+3ri+r7

2 2 1
q= _§r1 +27 rl —|—2rzc/;sﬂ+3r1rz,
M
}"1271, rzzﬂ. (AS)
H H

In terms of O(rm,/u) expansion, the masses and mixings
are approximately given by

2c855 + 1
my =M, — fﬁirl Z//l+(9(rz) (A6)
1
1+ rf + 4cpspry
(Oy)15=1 —ﬁé L O(rp)?, (A7)
1
Sg+ ¢ ry
(O, = ﬂlirﬂrz—l-(?(rz) , (A8)
1
—C A }"1
(0)()1,;1“ = %rz + O(ry)3, (A9)
1
and
+s
ijﬂ:/l<1+< /(3 ﬂ>) rz+0<rz) )’ (AIO)
Fcp—s
(0y) ;5= \f(ﬂlzprﬂ) ry+ O(rz)3, (A11)
1
o) Ly 25— TG s
X7 j.Hg \/j 4\/5(12‘2;&1)2 7
+0(”Z)3, (A12)
0,), 5 = :FL—I— 2¢p(Ecp +5p) + (—cj+s5)n 2
X/j.H, \/§ 4\/2(1:Fr1)2 7
+0(rz)*, (A13)

where j = 2, 3 depending on the sign(y) and tan 3.

APPENDIX B: CONSTRAINTS
FROM THE LHC RUN I

As discussed in Sec. III D, search for the chargino and
neutralino at the LHC is sensitive to the present scenario. At
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the LHC run I, the process (30) is searched for by ATLAS
[30] and CMS [59] based on 20.3 fb~! and 19.5 fb~! data
at /s = 8 TeV, respectively. Here, we investigate the
constraints from the ATLAS analysis [30] in the present
scenario.'® For this analysis, the CheckMATE program [60] is
used to evaluate the bounds.!” As in Sec. III D, the events
are generated with MadGraph5_AMCe@NLO 223 [45] in
combination with PYTHIA 6.4 [46].18

In the 8 TeV ATLAS analysis [30], many SRs are
considered depending on the target model. Among them,
we consider the SROza, which is sensitive to the channel of
Eq. (30) (as well as models with light sleptons). The SROza
is composed of 20 disjoint bins, SROral — SR0za20
defined by different kinematical cuts. Among them,
SROzal6 gives the severest constraint in most of the
parameter region [30].

First of all, we show the cut flows of some SRs as a
validation of our analysis based on the CheckMATE program
[60]. We check the following two model points which are
validated by the CheckMATE collaboration [64];

(m, ,m,.: m)n) = (175,175, 100),

Xz b 2/ b
(350,350.50) GeV. (B1)

in the “pure wino” models. Here, we assume
Br(y* — y1W) =Br(y; > x1Z) =1 for kinematically
allowed region, and Br(y* —y,W* — y,£v) =Br(W —¢v)
and Br(y; = y1Z* = y,£¢) = Br(Z — ¢¢) for kinemati-
cally forbidden region.

In Table I, we show the cut-flow validation for these
model points, and compare them with the CheckMATE
validation [64] and the ATLAS cut-flow [30,65]. The
initial event number is normalized to the one of [64]. At
first, leptons, jets and missing transverse energy are defined
as in [30]. One of the triggers in [30] should be satisfied.
Then, the following cuts are applied.

(1) Exactly three isolated leptons with no taus are

required.

(ii) Atleast one pair of same flavor opposite sign (SFOS)
leptons should exist. Among the SFOS pairs, the
SOFS mass which is closest to the Z-boson
mass should be in the range defined in each SR,
e.g. mgpos = 60 — 81.2 GeV for SROza9 — 12 and
mgros = 81.2 — 101.2 GeV for SROzal3 — 16.

(iii) Events including the b-tagged jets are vetoed.

(iv) The events are further divided into four bins depend-
ing on the missing transverse energy EF* and the

16Reinterpretation of the ATLAS analysis in the Higgs- and
Z-resonant neutralino scenario has been done in Ref. [18]. See
discussion below.

CheckMATE uses DELPHES 3 [49)], Fastlet [61], and the anti-k;
jet algorithm [62].

We have also checked our results by generating the events
with HERWIG++2.7 [63]. The results by using MadGraph5+PYTHIA
and HERWIG++ agree within statistical uncertainties of Monte-
Carlo events.
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transverse mass my (see Table I), where my is
calculated with missing energy and the lepton which
does not form the SFOS lepton pair whose mass is
closest to the Z-boson mass.

(v) In some SRs, additional requirement on the trilepton

mass, |ms, — Myz| > 10 GeV, is applied.
As can be seen in Table I, although in some SRs the
intermediate cut-flows are different, the overall acceptances
agree well with the ones of [64]. In particular, in the
SROzal6, which gives the severest constraint in most of the
parameter region [30], the acceptance in our analysis agrees
very well with the one in [64].

Second, in Table II, we compare the cross section
and the acceptance of our analysis with those of the
ATLAS analysis for the “pure wino” model points
(m,,m, ) = (200,50), (200, 25) and (150,37.5) GeV."
Here, the acceptance Aggrpmie 1S defined as in
Eq. (32), and the effective acceptance of the ATLAS
corresponding to Eq. (32) is calculated as ALI-A% =
[A - €5MbAS - Br(Z — £¢)"'Br(W — ¢v)~!, where the
acceptance times the efficiency [A - e]gitA% is taken from
HepData [65].20 Compared to the ATLAS analysis [30,65],
the estimated acceptance is about 20% smaller. The cross
sections are well reproduced within 1%-2%.

We have performed the same analysis in the (m,,,m, )-
plane, and show the exclusion contour in Fig. 6. Here,
all the 20 SRs (SROzal —20) are taken into account.
The ATLAS result [30] is shown in the black line. The red
line denotes the result of our analysis. Although the
shape near the kinematical edge is slightly different, the result
of our analysis is in good agreement with the ATLAS analysis.

Next, let us reinterpret this analysis to the present
scenario. In Table III, we show (i) the masses of heavier
neutralinos m,, ., (ii) the NLO production cross sections
>0 O(pp = x*x;), (iii) the branching ratio of the
WZ mode Br(WZ) = Br(y, — 11Z),?\(iv) the acceptance
Agrozaie Of SROzal6, and (v) the expected number of signal
events Ngroraie N SROzal6, for the following 12 model
points in the present scenario.

(m,=,m, ) = (200, 50), (200,25), (150,37.5) GeV,

ARt

tan g = 5,40, sign(u) = +. (B2)
The masses, mixing angles, and branching ratios are calcu-
lated at tree level. For comparison, we also show the case
of “pure wino” models with Br(y, — »,Z) = 1. As shown
in the Table III, the acceptance in the present scenario is

slightly better than the “pure wino” case, and larger m,,, , lead

These model points are chosen because the efficiency, the
acceptance, and the production cross section for the “pure wino”
case in the ATLAS analysis are available at [65].

In our simulation, the contributions from the hadronic decays
of W and Z are negligibly small.

*'Note that Br(y* — y, W) = 1.0.
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TABLE I. Cut-flow validation. The errors are statistics of Monte-Carlo events only.
Point m,, = m,: = 175 GeV, m,, = 100 GeV
Source ATLAS [30,65] CheckMATE [64] Our analysis
Generated events 20000 50000 50000
Initial events 897 £0 897 £0 897 +£0
3 isol. lep., no tau 148 +£2.4 142+ 1.5 138 £ 1.6
SFOS, mgpog = 60 — 81.2 GeV 78 £1.8 739+ 1.1 67.7+ 1.1
b-veto 75+£1.8 71.1 £1.1 65.8 +1.1
SROza9 EDss = 50 — 75 GeV 20 +£0.94 19.4 £0.58 17.7 £ 0.56
my = 0— 80 GeV 13 £0.76 13.5+0.49 12.4 £0.47
|ms3, — my| > 10 GeV 10 £ 0.67 9.45+0.41 8.16 +0.38
SROzal0 ERiss = 50 — 75 GeV 20 £0.94 19.4 £0.58 17.7 £ 0.56
my > 80 GeV 7+£0.56 5.95+0.33 5.47+0.31
SROzall EPss > 75 GeV 19+ 091 18.8 +0.57 16.7 £0.55
my = 0—100 GeV 15£0.81 15.7£0.53 13.9 +0.50
SROzal2 ETS > 75 GeV 19 £0.91 18.8 £0.57 16.7 £ 0.55
my > 100 GeV 44042 3.07+£0.23 2.93+0.23
Point my,, = m,= = 350 GeV, m, =50 GeV
Source ATLAS [30,65] CheckMATE [64] Our analysis
Generated events 20000 50000 50000
Initial events 49240 492 +0 492 +0
3 isol. lep., no tau 11£0.14 11.9 £ 0.094 11.7+0.11
SFOS, mgpos = 81.2 —101.2 GeV 10£0.14 9.87 £0.088 9.47 £ 0.097
b-veto 10£0.14 9.39 £0.086 9.11 £ 0.095
SROzal3 ERiss = 50 — 90 GeV 1.1 +£0.051 1.03 + 0.031 1.03 £0.032
my =0—110 GeV 0.6 +0.038 0.673 £0.026 0.671 £0.026
|ms, — mz| > 10 GeV 0.6 +0.038 0.665 £ 0.025 0.665 £ 0.026
SROzal4 EPs > 90 GeV 8+0.13 7.87 £0.081 7.63 £ 0.0866
my =0—110 GeV 2.4+ 0.075 2.53 +0.049 2.34+0.048
SROzal5 EPss = 50 — 135 GeV 2.9 +0.082 2.78 +£0.051 2.66 £0.051
my > 110 GeV 1.6 +0.062 1.29 £ 0.035 1.25+0.035
SROzal6 ERiss > 135 GeV 7+£0.12 6.12 +0.073 6.00 + 0.077
my > 110 GeV 5+0.11 4.4 +0.063 4.40 £ 0.066
to larger acceptance. However, the production cross section,
ijzsaNLo(;(i)(j),isabo.utoneha.lfofthe“purewino”cas.& e
Furthermore, the branching fraction of the WZ mode is 1
smaller for (m)(i, m, ) = (200, 50) and (200,25) GeV. As a
result, the expected number of signal events in SROzal6, S 100 | 1
NsRroza16, becomes less than about 40% and 65% of the “pure é
< ]
E 50 L o 4
TABLE II. Comparison of the cross section and the acceptance ]
of our analysis with those of the ATLAS analysis [65] for the
“pure wino” models. (0] N P
100 150 200 250 300 350 400
oNLO  GATLAS
My My, XX XX myx; [GeV]
[GeV] [fb] [fb] Asrorals X 107 AGeals x 10°
200. 50 788 302 155402 18.5 FIG. 6. Reinterpretation of the ATLAS analysis [30] using
200, 25 738 302 203 +0.1 240 the CheckMATE program [60]. The black line shows the
150’ 375 2427 2452 > 26 10 67 > 7'1 ATLAS result given in [65]. The red line denotes the result of

our analysis.
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TABLE III.  The masses of heavier neutralinos m,, ,, the NLO production cross sections o(y*y;) = > <6NC(pp — y*x;), the
branching ratio of the WZ mode Br(WZ) = Br(y; — x,Z), the acceptance Aggg,,16 of SROza16, and the expected number of signal
events Ngrozaie in SROza 16, for the model points of Eq. (B2). For comparison, we also show the results for “pure wino” models. Agrozais
are calculated as in Eq. (32), and their errors are statistics of Monte-Carlo events only. Nsgo.a16 is calculated by using Eq. (31). N§8..16
is the expected number including all the production and decay channels. The masses and the cross sections are in units of [GeV] and [fb],
respectively.

mys, m, tan 3, sign(p) Ve m, o(rx;) Br(WZ) AsRoeats X 10° Nsrorals N&Roeats
5, + Ve 202.3 192 0.958 16.9 +0.2 2.08 +0.02
73 208.8 171 0.328 18.74+0.2 0.70 = 0.01 291 4+0.10
5, — Ve 203.9 185 0.697 18.0+0.2 1.554+0.02
X3 205.3 183 0.819 18.2+0.2 1.82 £0.02 375 +£0.12
200, 50 40, + X2 203.6 188 0.919 17.7+£0.2 2.05 £0.02
X3 206.7 177 0.490 18.1 0.2 1.05 £ 0.01 3.25 +0.11
40, — e 204.0 186 0.902 18.0 +0.2 2.01 +0.02
73 206.0 179 0.538 18.54+0.2 1.19 £ 0.01 3.534+0.12
“pure wino” X 200 788 1.0 155+0.2 8.15 +0.09
5, + )2 202.6 191 0.902 224 +0.2 2.58 £0.02
X3 207.6 176 0.405 24.1 +£0.2 1.14 £ 0.01 3.84 +0.12
5, — 2 203.3 188 0.761 23.3+0.2 2.23 4+ 0.02
73 205.9 182 0.657 23.7+0.2 1.89 +£0.02 449 +0.13
200, 25 40, + v 2040 186 0.822 23.1402 235 +0.02
X3 205.7 180 0.572 23.4+0.2 1.61 £0.01 4.18 £0.13
40, — Ve 204.4 186 0.792 22.8 +0.2 2.24 +0.02
X3 205.2 182 0.618 23.1+0.2 1.74 +0.02 447 +0.13
“pure wino” X2 200 788 1.0 20.3 +0.1 10.7 £ 0.1
5, + V) 153.0 575 1.0 2.76 +0.07 1.06 £+ 0.03
X3 161.7 474 1.0 3.67 =0.09 1.16 £0.03 241 £0.16
5, — X2 155.1 545 1.0 3.06 = 0.08 1.11 £ 0.03
X3 157.0 536 1.0 3.15+£0.08 1.13 +0.03 2.46 +0.17
150, 37.5 40, + Ve 154.7 558 1.0 3.08 +0.08 1.15+0.03
X3 158.8 503 1.0 3.42 +0.08 1.154+0.03 2.68 £0.17
40, — X 155.2 553 1.0 3.23 +0.08 1.19 £0.03
X3 158.0 513 1.0 3.49 +0.08 1.19 £ 0.03 243 1+0.16
“pure wino” X2 150 2427 1.0 2.26 +0.07 3.66 = 0.11

TABLE IV. The expected number of signal events in SROzal4, 15, and 16 of the ATLAS analysis [30] for the model points of
Eq. (B2). N»_is the observed upper limits at 95% CL on the number of beyond-the-SM events for each signal region [30].

obs

(m,m,) (200, 50) [GeV] (200, 25) [GeV] (150, 37.5) [GeV]

tan # 5 5 40 40 5 5 40 40 5 5 40 40

sign(u) + — + — + — + - + - + — Na [30]
N eata 7277 79 81 77 82 82 81 219 229 222 224 65
NS s 69 82 75 79 72 78 74 80 192 210 212 210 27.6
Noeais 20 38 33 35 38 45 42 45 2.4 2.5 2.7 2.4 5.2

wino” case for (m,«,m, ) = (200,50/25) GeV and (150,  in SROzal6, N§k..ie. are shown in the last column of
37.5) GeV, respectively. Table I11.%2 They are at most about 15% larger than Ngroza16-
So far, we have considered only the production and decay =~ We have checked that the additional contributions mainly
modes in Eq. (30). In order to check the contributions from  come from the production channel pp — y,x3.
the other channels, we have generated all the possible pair In Table IV, we show the expected number of signal
production channels, pp — y.x, xix™ x'x~. (i, j=1,2,3)  events in SROzal4, 15, and 16. Here, we have included
and also included the decay into the Higgs boson,
X23 = hyy, as well as the hadronic decays of W and Z.

22 .
The resultant overall expected number of signal events We have generated 3,000,000 events for each model point to

All
calculate Ngrp,a16-
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all the production and decay channels discussed above. We
compare them with the observed upper limits at 95% CL
on the number of beyond-the-SM events for each signal
region, Nggs [30]. In the other signal regions, SROzal — 13
and 17-20, the signal events are less than about
10% and 25% of the upper limits for (m,,m, )=
(200,50/25) GeV and (150, 37.5) GeV, respectively. We
find that none of these model points are excluded.

We have performed the same analysis in the parameter
space of Figs. 1-5 ,” and found that the parameter regions

The cross sections are calculated at tanf =2, 5, 50,
sgn(u) =+, and M; =30,40,...80 GeV  for |u|=
100, 110, ...200 GeV, and at (tan 3, sign(u), M) =
(2,+,80 GeV), (50, 4,30 GeV) for |u|=200,210,...400GeV.
Then, the cross sections normalized by the coupling,
N 0/(1(0,) ;i P +1(0,);,I7), are interpolated. The accep-
tances are calculated by varying the masses by
(Amys, A(m,, —m,-), Am,, ) = (10,10, 5) GeV, while the cou-
plings are fixed as the ones of tanf =5, M; =50 GeV,
1 =200 GeV, for simplicity. (We have checked that the accep-
tance does not depend much on these parameters.)

PHYSICAL REVIEW D 93, 055009 (2016)

allowed by the other constraints are not excluded by
the 8 TeV LHC constraints. This result does not agree
with the previous work [18] where m . <250 GeV is
excluded depending on tanf and m, 2* We should
emphasize that the expected number of signal events and
the observed upper limits are the same order in a large
region of the parameter space, and hence O(10%) change
of the event numbers would drastically change the bounds
on the parameter space. We have checked that our
analysis would lead to similar bounds as in [18] if the
event numbers are increased by about 50%. A large part of
the parameter region in Figs. 1-5 is in any case still viable,
and will be probed in future experiments as discussed in
this paper.

*We have also analyzed the pMSSM scenario studied in the
ATLAS [30], and obtained a weaker constraint.
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