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Abstract

There are many models beyond the standard model which include electroweakly
interacting massive particles (EWIMPs), often in the context of the dark matter. In
this paper, we study the indirect search of EWIMPs using a precise measurement of
the Drell-Yan cross sections at future 100 TeV hadron colliders. It is revealed that this
search strategy is suitable in particular for Higgsino and that the Higgsino mass up
to about 1.3 TeV will be covered at 95 % C.L. irrespective of the chargino and neu-
tralino mass difference. We also show that the study of the Drell-Yan process provides
important and independent information about every kind of EWIMP in addition to
Higgsino.
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1 Introduction

There are many models that extend the standard model (SM) by introducing electroweakly
interacting massive particles (EWIMPs). One motivation to introduce them is the existence
of the dark matter (DM) in our universe. For example, an electroweakino in the minimal
supersymmetric (SUSY) extension of the SM can be the lightest supersymmetric particles
(LSP) and are natural DM candidate. In particular, there are well motivated scenarios where
the LSP is Higgsino or wino, which transform as doublet and triplet under the weak SU(2)L
gauge symmetry, respectively; light Higgsino is preferred to reduce the amount of the fine-
tuning of the electroweak scale as in the “natural SUSY” set up [1–4], while the so-called
“mini split” spectrum [5–10] with anomaly mediation [11, 12] makes wino LSP. Another
example is the “minimal dark matter” (MDM) scenario [13–15], in which an additional
EWIMP is introduced, whose stability is ensured due to the large SU(2)L charge assignment.
In particular, 5-plet fermion and 7-plet scalar with hypercharge zero are good DM candidates
that escape from the DM search experiments so far.

In order to search for EWIMPs, several different approaches are adopted. One approach
is the direct production at the large hadron collider (LHC). The main strategy is to use
the disappearing charged track, which indicates a long-lived charged particle, the charged
components of the EWIMP in the current case. Both ATLAS and CMS collaborations
announced a result of this method with the data of

√
s = 13 TeV LHC [16–18]. The current

lower bound on the mass of the pure Higgsino-like (wino-like) state is 152 (460) GeV at 95 %
C.L. We can obtain a similar bound for the MDM using the same method [19]. In this
method, however, the bound strongly depends on the lifetime of the charged component,
which is sensitive to the mass difference between the charged and the neutral components.
In particular, it is often the case in the SUSY model that the Higgsino-like LSP and its
charged counterpart possess a non-negligible fraction of wino, which significantly enhances
the mass difference compared to the pure Higgsino case. In such a case, the lifetime of the
charged component is extremely short, making the disappearing track method challenging.
There is another option called mono-X search to search for a new physics signal in general.
However, the corresponding bound is usually very weak due to the large SM background and
no bound is imposed on Higgsino at

√
s = 14 TeV LHC [20].

Another way of probing EWIMPs is DM search experiments, assuming that the EWIMPs
are the dominant component of the DM. Firstly, there exist several direct detection experi-
ments that utilize a scattering between the DM and the nucleon [21–23]. Wino is the most
promising target of these experiments, whose spin independent scattering cross section with
nucleon is almost mass independently given as σSI ' 2.3 × 10−47 cm2 [24–28], which is still
an order of magnitude below the current experimental limit. It is unlikely to detect Higgsino
DM in this way since its small SU(2)L charge makes scattering cross section comparable to
or below the neutrino floor [25]. The detection of MDM may also be difficult [29] since its
possibly larger mass of O(10) TeV weakens the sensitivity of direct detection experiments.

Secondly, a lot of effort is devoted to detecting cosmic rays resulting from DM annihi-
lation, namely the DM indirect detection [30–33]. Although the results suffer from some
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astrophysical uncertainties, they have already excluded, for example, wino with mass less
than 400 GeV and also around 2 TeV [34]. On the other hand, the corresponding Higgsino
bound is weaker and it has been probed only up to 350 GeV [35] again due to the smallness
of its SU(2)L charge. For the MDM, 5-plet fermion is analyzed as an example in [36] and
the mass less than 2 TeV and several narrow regions are excluded. Note again that the
EWIMPs must be the dominant component of the DM for these approaches to be sensitive.

In order to acquire somewhat stronger bounds on the EWIMPs, independent of the decay
product or the lifetime and whether they are the dominant component of the DM or not, it
has been discussed that indirect search of EWIMPs at collider experiments is useful [37–41].
It utilizes the EWIMP loop effect on various observables. We pursue this possibility and
study the effects of EWIMPs on the oblique correction to the electroweak gauge bosons.
In particular, in this paper, we study the prospect of the indirect search method at future
100 TeV hadron colliders such as FCC-hh at CERN [42–44] or SppC in China [45, 46]. We
concentrate on the Drell-Yan process that has two leptons in the final state since it provides
a very clean signal without any hadronic jets at least from the final state particles. We
will show that it provides a comparable or better experimental reach for Higgsino compared
to the direct production search of EWIMPs at future colliders [47–49]. This method also
provides independent and additional information about wino and the MDM.

The rest of the paper is organized as follows. In Sec. 2, we summarize the systematic way
of calculating EWIMP effect on the Drell-Yan process. In Sec. 3, we describe our statistical
procedure to determine the bounds and show the corresponding results. We also briefly
comment on the mass determination of EWIMPs. In Sec. 4, we summarize our results.

2 EWIMP effect on the Drell-Yan process

We assume that all the beyond SM particles except for EWIMPs are much heavier than
O(1) TeV. Then, new physics affects the Drell-Yan process only through the vacuum polar-
ization of the electroweak gauge bosons with EWIMPs in the loop. After integrating out
EWIMPs,#1 this effect can be expressed as

Leff = LSM + C2W
a
µνf

(
−D

2

m2

)
W aµν + C1Bµνf

(
− ∂

2

m2

)
Bµν , (1)

where LSM is the SM Lagrangian, D is a covariant derivative acting on W aµν , m is the
EWIMP mass,#2 and W a

µν and Bµν are field strength associated with the SU(2)L and U(1)Y

#1Contrary to the usual effective field theory approach, our prescription can also be applied to the energy
scale Q & m since we do not perform a series expansion of the loop function f in Eq. (1).

#2Here we neglect a small mass splitting among SU(2)L n-plet.
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gauge group, respectively. The function f(x) is a loop function defined as

f(x) =


1

16π2

∫ 1

0

dy y(1− y) ln(1− y(1− y)x− i0) (Fermion),

1

16π2

∫ 1

0

dy (1− 2y)2 ln(1− y(1− y)x− i0) (Scalar),

(2)

where the first (second) line corresponds to a fermionic (scalar) EWIMP, respectively. The
coefficients C1 and C2 for an n-plet EWIMP with hypercharge Y are given by

C1 =
κ

8
nY 2g′

2
, (3)

C2 =
κ

96
(n3 − n)g2, (4)

where g′ and g are the U(1)Y and SU(2)L gauge couplings, and κ = 1/2, 1, 4, 8 for a real
scalar, a complex scalar, a Weyl or a Majorana fermion, and a Dirac fermion, respectively.
In particular, (C1, C2) = (g′2/2, g2/2) for Higgsino and (C1, C2) = (0, g2) for wino.

The parton level matrix element for the Drell-Yan process q(p) q̄(p′) → `−(k) `+(k′) at
the leading order (LO) within the SM is

MSM =
∑
V=γ,Z

[
v̄(p′)γµΓ

(V )
q u(p)

] [
ū(k)γµΓ

(V )
` v(k′)

]
m2
`` −m2

V

, (5)

where m`` and mV are the final state lepton invariant mass and the electroweak gauge
boson mass, respectively. Here, {Γ(γ)

f ,Γ
(Z)
f } = {eQf , gZ(vf − afγ5)} with e = gsW and

gZ = g/cW , where sW ≡ sin θW , cW ≡ cos θW with θW being the weak mixing angle. The
parameters Qf , vf , af for the up-type quarks, the down-type quarks, and the leptons are
given by {2/3, 1/4− 2s2

W/3, 1/4}, {−1/3,−1/4 + s2
W/3,−1/4}, and {−1,−1/4 + s2

W ,−1/4},
respectively. From Eq. (1), we can also calculate the leading contribution to the matrix
element from EWIMPs as

MEWIMP =
∑

V,V ′=γ,Z

CV V ′m2
``f

(
m2
``

m2

) [v̄(p′)γµΓ
(V )
q u(p)

] [
ū(k)γµΓ

(V ′)
` v(k′)

]
(m2

`` −m2
V )(m2

`` −m2
V ′)

, (6)

where Cγγ = C1c
2
W + C2s

2
W , CγZ = CZγ = (C2 − C1)sW cW , and CZZ = C1s

2
W + C2c

2
W .

In order to calculate the differential cross section dσ/dm``, we need to integrate over
the initial parton energy distributions and the final state phase space. Let dLab/dm`` be a
luminosity function for a fixed m``,

dLab
dm``

≡ 1

s

∫ 1

0

dx1dx2 fa(x1)fb(x2)δ

(
m2
``

s
− x1x2

)
, (7)
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where a, b denote species of initial partons,
√
s is a center of mass energy of the proton

collision (
√
s = 100 TeV in our case), and fa(x) is a parton distribution function (PDF) of

the given parton a. We also define dΠLIPS as a Lorentz invariant phase space for the two
body final state. Then, with Eqs. (5) and (6), we obtain the differential cross section as

dσabSM

dm``

=

∫
dΠLIPS

∣∣MSM

(
qaq̄b → `−`+

)∣∣2 , (8)

dσabEWIMP

dm``

=

∫
dΠLIPS 2<

[
MSMM∗

EWIMP

(
qaq̄b → `−`+

)]
, (9)

dσSM

dm``

=
∑
a,b

dLab
dm``

dσabSM

dm``

, (10)

dσEWIMP

dm``

=
∑
a,b

dLab
dm``

dσabEWIMP

dm``

. (11)

Here, dσSM/dm`` is the SM cross section of the Drell-Yan process, while dσEWIMP/dm`` is
an EWIMP contribution to the cross section. Thus, with introducing the parameter µ, we
denote the total cross section as

dσ̃

dm``

=
dσSM

dm``

+ µ
dσEWIMP

dm``

. (12)

Obviously, µ = 0 corresponds to the SM, while µ = 1 corresponds to the SM+EWIMP
model. Hereafter, we use

δabσ (m``) ≡
dσabEWIMP/dm``

dσabSM/dm``

, (13)

which parameterizes the amount of the correction. Note that this ratio remains unchanged
even if we take into account the next-to-leading order (NLO) QCD effect because the
EWIMPs affect the cross sections only through the vacuum polarization.#3

In Fig. 1, we show δuuσ (left) and δddσ (right) as a function of m``. The red, blue, orange,
and gray lines correspond to Higgsino, wino, 5-plet fermion, and 7-plet scalar, respectively,
with their masses fixed to be 1 TeV. Note that the lines sharply bend at m`` = 2m, which
is clearer for the fermionic case. These bends are due to the fact that the pair production
channel of the EWIMPs opens just above m`` = 2m. It is this characteristic shape that
plays an important role for the discrimination of the EWIMP signal from various systematic
errors (see Sec. 3.2) and also for the determination of the EWIMP mass (see Sec. 3.4).

#3When the NLO QCD effect is included, one of the initial partons can be gluon with the real emission of
one jet in the final state. However, we can easily see that δugσ = δuuσ and so on.
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Figure 1: Correction to the differential cross section normalized by the SM contribution as
a function of the lepton invariant mass m``. The y-axis corresponds to δuuσ (left) and δddσ
(right). Four examples of EWIMPs are shown: Higgsino, wino, 5-plet fermion, and 7-plet
scalar. All the masses are fixed to be 1 TeV.

3 Analysis

3.1 Event generation

In our analysis, we first generate events for the Drell-Yan process within the SM. We as-
sume the center of mass energy

√
s = 100 TeV and the integrated luminosity L = 30 ab−1.

For the event generation, we use MadGraph5_aMC@NLO [50, 51] for the hard process, fol-
lowed by parton shower and hadronization with Pythia8 [52], and detector simulation with
Delphes3 [53]. We use NNPDF2.3QED with αs(MZ) = 0.118 [54] as an input set of PDFs.
As renormalization and factorization scales, we take the geometric mean of lepton trans-
verse momenta (which we call Q). We take into account the NLO QCD effect by the [QCD]

option of MadGraph5_aMC@NLO since it enhances the cross section roughly by a factor of 2
compared to the LO calculation.#4 Events with ` = e, µ are generated within the range of
500 GeV < m`` < 15000 GeV and divided into 145 bins with 100 GeV width each. We use
the detector card for the FCC-hh detector installed in Delphes3 by default. The main de-
tector effects are i) reducing the total number of events by about 20 % because of the lepton
miss-identification and ii) smearing lepton momenta by a unit of O(1− 10) GeV depending
on the original momentum.

The EWIMP effect can be incorporated by using δabσ defined in Eq. (13) and rescaling the
SM event. The event number in the SM + EWIMP model in the bin mmin

`` < m`` < mmax
`` is

#4 This large enhancement implies that the next-to-next-to-leading order QCD effect may also have a
non-negligible effect on the cross section, and its calculation remains as a future task. However, due to its
smooth dependence on m``, it may not much affect the detection reach of the EWIMPs. See Sec. 3.2 for the
details.
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theoretically estimated as

NSM+EWIMP =
∑

mmin
`` <mobs

`` <mmax
``

[
1 + δabσ (mtrue

`` )
]
, (14)

where the sum runs over all events whose lepton invariant mass mobs
`` observed by the detector

simulation falls into the bin.#5 Note that the true invariant mass mtrue
`` (and a, b), which

is extracted from the hard process information, is used for calculation of δabσ (mtrue
`` ) since

mtrue
`` 6= mobs

`` due to the detector effect in general.

3.2 Statistical treatment

In order to obtain the experimental detection reach, we use the profile likelihood method.
With the cross section given in Eq. (12), we calculate the theoretically expected number of
events x̃i(µ) in the i-th bin by substituting δabσ → µδabσ in Eq. (14).

Up to now, we have evaluated the expected number of events without taking into account
systematic errors. However, in the actual experiment, the number of events may be affected,
for example, by the uncertainties of the integrated luminosity and the beam energy, choices
of the renormalization scale, the factorization scale, and PDF, detector efficiency and ac-
ceptance, and so on. In order to take account of the systematic errors in association with
these uncertainties, we introduce nuisance parameters θ = {θα}, by which some (or all) of
the uncertainties might be absorbed. We express our theoretical prediction of the number
of events in the i-th bin including the systematic errors as

x̃i(θ, µ) ≡ x̃i(µ)fsys,i(θ), (15)

where fsys,i(θ) is some function of the nuisance parameters that has a property fsys,i(0) = 1.
The explicit form of fsys,i used in our analysis will be given below.

In order to discuss the detection reach, we define the following test statistic; once the
number of events are experimentally measured, we introduce [55]

q0 = −2 ln
L(x; ˆ̂θ, µ = 0)

L(x; θ̂, µ̂)
, (16)

where x = {xi} with xi being the observed number of events in the i-th bin and ˆ̂θ and
{θ̂, µ̂} are the best fit values of θ (and µ) which maximize L(x;θ, µ = 0) and L(x;θ, µ),

#5In the actual analysis, sufficient number of events are generated and each event is rescaled by some
weight w in order to adjust the total event number to the corresponding value under 30 ab−1. In this case,
w should be multiplied to the right-hand side of Eq. (14).
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respectively. The likelihood function is defined as

L(x;θ, µ) ≡ Lθ(x;µ)L′(θ;σ), (17)

Lθ(x;µ) ≡
∏
i

exp

[
−(xi − x̃i(θ, µ))2

2x̃i(θ, µ)

]
, (18)

L′(θ;σ) ≡
∏
α

exp

[
− θ2

α

2σ2
α

]
. (19)

Here, L′(θ;σ) is the likelihood function for the nuisance parameters with σ (which we call
“variance”) parameterizing the possible sizes of θ in the SM. The limit σ → 0 corresponds to
an optimistic case without any systematic errors. We evaluate q0 by taking x = {x̃i(µ = 1)}
to estimate the detection reach of the EWIMPs in the following. (For such a choice, θ̂ = 0
and µ̂ = 1.) We identify

√
q0 ' 1.96 and

√
q0 = 5 as the reach at 95 % C.L. and 5σ levels,

respectively. If we instead study the exclusion prospect, we may take x = {x̃i(µ = 0)}.
Because the difference between the number of events for µ = 0 and µ = 1 is numerically
small in the present case, the detection reach we will show in the following can also be
regarded as the exclusion reach of EWIMPs with good accuracy (see Eqs. (12) and (14) of
Ref. [55]).

Now we move on to the details of our treatment of the systematic errors. We do not
know the best choice of fsys,i(θ) before the start of the experiment. In this paper, we adopt
what is known to work for the LHC data [56] and take the functional form of fsys,i(θ) as

fsys,i(θ) = eθ1(1 + θ2pi)p
(θ3+θ4 ln pi+θ5 ln2 pi)
i , (20)

where pi = 2m``,i/
√
s with m``,i being the median of the i-th bin lepton invariant mass. We

will check that the effects of the systematic errors of our concern can be absorbed in θ with
this form of fsys,i(θ).

In order to estimate the variances of the nuisance parameters σ = {σα}, we first perform
the fit of the results to potential sources of systematic errors using Eq. (20). We prepare
two data sets (i.e., number of events in each bin) y = {yi} and y′ = {y′i}, both of which are
obtained assuming the SM only hypothesis. Here, y is given by the original set up, while y′

is calculated with varying one of the followings:

1. Luminosity (±5 %),

2. Renormalization scale (2Q and Q/2),

3. Factorization scale (2Q and Q/2),

4. PDF choice.

Then, we determine the best fit values of θ by minimizing the following χ2 variable:

χ2 ≡
∑
i

(y′i − ỹi(θ))2

ỹi(θ)
, (21)

ỹi(θ) ≡ yifsys,i(θ). (22)
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Sources of systematic errors σ1 σ2 σ3 σ4 σ5

Luminosity: ±5 % 0.07 0 0 0 0
Renormalization scale: 2Q,Q/2 0.6 0.9 0.4 0.08 0.006

Factorization scale: 2Q,Q/2 0.5 0.7 0.3 0.07 0.007
PDF choice 0.4 0.7 0.3 0.06 0.004

Total 0.9 1.3 0.5 0.1 0.01

Table 1: Standard deviation of the parameters θ derived through the fit of various systematic
errors. In the last line, the standard deviations are combined for each parameter assuming
that all the errors are independent with each other.

The best fit values are added in quadrature to estimate the variances. The effect of the
luminosity uncertainty is estimated by varying it by ±5 %. The effects of renormalization
and factorization scales uncertainties are studied by varying them to 2Q and to Q/2. The
effect of the PDF choice is studied by the “systematics” module that is a built-in program
of MadGraph5_aMC@NLO. We have checked that, for the sources of the systematic errors listed
above, y′ is well fitted by our choice of fsys,i(θ). In Tab. 1, we show the variances of θ
for each source of the systematic error. Assuming that all sources of the systematic errors
are uncorrelated, we combine all the systematic errors; the result is shown in the last line
denoted as “Total”, which is used as σ in Eq. (19) when we include the systematic errors.

Several comments on other possible sources of systematic errors are in order. As for the
beam energy error, we could not generate events at NLO due to the lack of sufficient compu-
tational power. Instead, we checked at LO that the corresponding values of σ (assuming that
the uncertainty of the beam energy is 1 %) are small enough, and hence we simply ignored it.
Two of the remaining sources are the pile-up effect and the underlying event, but they may
be thought of as negligible since we are focusing on the very clean signal of two energetic
leptons. Another one is the effect of background processes which is not considered in our
analysis. It is in principle possible to estimate its effect through the simulation and improve
the analysis but here we just leave it as a future task. Yet another source is the error in
the simulation of detector effect which can not be treated in our procedure. Related to this,
we note here that a smooth change of the event number in general, possibly including the
uncertainty related to the detector effect, could be absorbed by a minimization procedure
using some fit function like in Eq. (20). On the other hand, as we will discuss below, the
EWIMP signal can not be fully absorbed by the fit because of the sharp bend we mentioned
before.

3.3 Detection reach

Now we show the detection reach of EWIMPs at future 100 TeV hadron colliders. In Fig. 2,
we plot the value of

√
q0 as a function of the EWIMP mass. The solid and dashed lines

correspond to the optimistic detection reach without systematic errors (i.e. σ → 0) and the
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Figure 2: EWIMP detection reach with 30 ab−1 data of 100 TeV hadron colliders. The
results with Higgsino and wino are shown in the left panel, while those with the MDMs are
shown in the right panel. The solid lines are the optimistic one (σ → 0), while the dashed
lines are with the systematic errors.

reach obtained using the five parameters fit, respectively. The red and blue lines show the
result with Higgsino and wino in Fig. 2a, while the orange and gray lines are the result with
5-plet fermion and 7-plet scalar in Fig. 2b.

Let us start with the detection reach of Higgsino and wino in Fig. 2a. We can see that
the 5σ discovery reach is about 1.2 TeV and 1.6 TeV, while the 95 % lines are 2.0 TeV and
2.7 TeV for Higgsino and wino in the case without systematic errors. Taking into account the
systematic errors with σ given in Tab. 1, these reaches are lowered to 0.7 TeV and 1.0 TeV
for 5σ and 1.3 TeV and 1.8 TeV at 95 % C.L. The experimental reach is better for wino
than Higgsino due to its large SU(2)L charge. However, the wino DM could be as heavy as
2.9 TeV [57–59] within the thermal freeze-out mechanism, which is beyond our sensitivity.
On the other hand, for the Higgsino case, the mass of 1.1 TeV [14] favored by the relic
abundance is well within our reach at 95 % C.L. even if we take account of the systematic
errors.

We compare our results with those expected in the direct search at future hadron col-
liders [49]. Adopting the same beam energy and the luminosity (i.e.,

√
s = 100 TeV and

L = 30 ab−1), the Higgsino mass reaches at 95 % C.L. are estimated as mH̃ < 0.9 – 1.4 TeV
by the mono-jet search (with 2 % – 1 % systematic errors) and mH̃ < 1.1 – 1.5 TeV by the
disappearing track search (with 500 % – 20 % uncertainty in background estimation).#6 As
we have already mentioned, the disappearing track search is relevant only when the mass
difference of Higgsino is small enough. In any case, the indirect search based on the precision

#6Note that the result of the disappearing track search described in [49] assumes a detector design similar
to the ATLAS tracking system for the Run-2 13 TeV LHC with Insertable B-Layer [60].
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Figure 3: Plot of the contribution of each bin to the value of q0. The color and line style
conventions are the same as those in Fig. 2a.

measurements gives comparable or better sensitivity to Higgsino. Also, we stress that the
five parameters fit used here is just an example and that we may be able to discover Higgsino
around 1 TeV by reducing the systematic errors. The situation is different for wino. The
mass difference of the charged and the neutral components of wino tends to be very small
(∆m ' 165 MeV [61]).#7 Accordingly, the disappearing track search provides by far the
most efficient way for the wino search with the sensitivity up to 6 TeV [49]. Yet, of course,
our analysis could provide some independent information also for the wino search.

We also comment on the detection reach of the MDM scenario shown in Fig. 2b. The
5σ reaches are 3.9 TeV and 2.2 TeV for 5-plet fermion and 7-plet scalar, while the 95 %
reaches are 6.2 TeV and 3.6 TeV. They are lowered to 2.6 TeV and 1.2 TeV (5σ) and 3.9 TeV
and 2.1 TeV (95 % C.L.) when the systematic errors are included. If we assume the vanilla
thermal freeze-out scenario, the mass should be 10 TeV for 5-plet fermion and 25 TeV for
7-plet scalar [14]. Thus, our method probes only a part of the allowed mass range for these
multiplets.

Next, in order to investigate how it is important to reduce the systematic errors, we
repeat the same procedure assuming that the dominant sources of the systematic errors are
well understood and σ are all reduced by a factor of ten. We obtain 5σ reach as 0.8 TeV
and 1.1 TeV for Higgsino and wino, both of which are improved by 100 GeV. Such an im-
provement is expected if, in this example, we can reduce the errors from the renormalization
scale choice through the calculation of higher order effects, and from those related to PDF
by obtaining more profound knowledge about PDF itself. If we can reduce the systematic
errors further, the detection reach ultimately approaches to the optimistic ones.

Finally, in order to take a closer look at the significance of the peak structure (Fig. 1), we
plot in Fig. 3 the contribution of each bin to the value of q0. The color and line style conven-

#7 In terms of the low energy effective theory, at least a dimension-seven operator is required to generate
the mass difference for wino other than the electroweak correction [62].
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tions are the same as those in the previous figure. We can see that the most contributions
come from the bins around the peak at m`` = 2m. This feature is clearer for the fitting based
approach, where all the smooth parts of the correction are absorbed into the fit parameters,
thus there is almost no contribution to q0 from the bins other than m`` ∼ 2m. Note also
that, for the optimistic bound, there are more contributions from the bins with lower m``

than those with higher m``, though sometimes the cross section correction is much larger in
the latter bins. This is just because of the difference of number of events in each bin, that
is O(107) for 500 GeV < m`` < 600 GeV, while O(103) for 4900 GeV < m`` < 5000 GeV in
our set up, for instance.

3.4 Mass determination

In this subsection, we briefly discuss the mass determination of the EWIMP after its discover,
which is also possible because of the characteristic shape of the signal. Here, we assume
that the underlying model is the SM + EWIMP model with µ = 1, and calculate the
theoretical expectation of the number of events in each bin x̃i as a function of the EWIMP
mass m, i.e. x̃i = x̃i(m). We further include the effects of the systematic errors using
x̃i(θ,m) ≡ x̃i(m)fsys,i(θ). Since our purpose here is to discuss the mass determination after
the discovery, we assume that the observed number of events is given by x = {x̃i(mtrue)} in
the following. Then, the accuracy of the determination of the EWIMP mass is estimated by
the following test statistic:

qmfit
= −2 ln

L(x; ˆ̂θ,mfit)

L(x; θ̂, m̂)
, (23)

where ˆ̂θ and {θ̂, m̂} are the best fit values of θ (and m) which maximize L(x;θ,mfit) and
L(x;θ,m), respectively. The likelihood function is

L(x;θ,m) ≡ Lθ(x;m)L′(θ,σ), (24)

Lθ(x;m) ≡
∏
i

exp

[
−(xi − x̃i(θ,m))2

2x̃i(θ,m)

]
, (25)

and L′(θ,σ) given by Eq. (19) with σ being 0 for the optimistic case, and being the same
as those in Sec. 3.2 for the case with the systematic errors.

In Fig. 4, we show contours of the test statistic for Higgsino in the mtrue vs. mfit plane,
from which we can discuss the precision of the mass determination. The purple and golden
lines correspond to

√
qmfit

= 1 and 2, respectively. The dotted and solid lines are the results
with and without the systematic errors. As shown in the figure, for light enough Higgsino,
the Higgsino mass can be determined with the precision of ±(1 – 100) GeV at 1σ depending
on the value of the mass itself. On the other hand, the upper bound on the Higgsino
mass becomes divergent when mtrue is equal to the discovery reach of the Higgsino at the

11



500 1000 1500 2000
mtrue [GeV]

500

1000

1500

2000

2500

3000

3500

4000

m
fit

[G
eV

]

Higgsino mass determination
1σ
2σ
1σ (sys)
2σ (sys)

Figure 4: Contours of the test statistic for Higgsino in the mtrue vs. mfit plane. The purple
and golden lines correspond to

√
qmfit

= 1 and 2, respectively. The dotted and solid lines are
with and without the systematic errors. For Higgsino within the 2σ discovery reach, these
contours can be interpreted as 1σ and 2σ errors for the mass.

corresponding C.L. (see Fig. 2), as expected from Eqs. (16) and (23).#8 (Notice that, as
m→∞, δabσ (m``)→ 0.)

Before closing this section, we comment here that the analysis proposed here can be also
used to discriminate the quantum number of EWIMP. For instance, we have checked that the
signal due to the existence of 1 TeV Higgsino cannot be well-fitted by wino, 5-plet fermion,
nor 7-plet scalar irrespective of their masses.

4 Conclusion

We have studied the prospect of the indirect search of EWIMPs utilizing the Drell-Yan
process at future 100 TeV hadron colliders. First, we performed an optimistic analysis ne-
glecting all the systematic errors, and obtained the reach up to 2.0 TeV and 2.7 TeV at 95 %
C.L. for Higgsino and wino, respectively. Next, we have also taken into account systematic
errors by using a five parameters function fit and seen that the limits are lowered to 1.3 TeV
and 1.8 TeV. These bounds for Higgsino are comparable to or better than the other search
strategies that make use of direct production of Higgsino at the colliders. For wino, the anal-
ysis proposed here can also provide some information independent from the direct search.
We have also shown the 95 % C.L. reach for 5-plet fermion and 7-plet scalar: 6.2 TeV and
3.6 TeV for the optimistic analysis and 3.9 TeV and 2.1 TeV for the analysis with a fitting
procedure. The above values can also be interpreted as the upper limit on the EWIMP

#8 For the case with systematic errors, the contours giving the upper bounds on the mass enter the regions
above the discovery reach. This is due to the fact that, with systematic errors, the value of qmfit

is mostly
determined by the bins around mtrue and mfit.
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masses if we instead consider the exclusion prospect.
We have also applied our analysis to the determination of the EWIMP mass after its

discovery. As an example, we have shown the result of the Higgsino mass determination.
The Higgsino mass can be reconstructed with an uncertainty of ±(1 – 10) GeV at the 1σ
level, depending on the mass itself.

Acknowledgments

This work was supported by JSPS KAKENHI Grant (Nos. 17J00813 [SC], 18J00540 [YE],
16H06490 [TM], and 18K03608 [TM].).

References

[1] R. Kitano and Y. Nomura, Phys. Lett. B631 (2005) 58–67, [hep-ph/0509039].

[2] C. Brust, A. Katz, S. Lawrence and R. Sundrum, JHEP 03 (2012) 103, [1110.6670].

[3] M. Papucci, J. T. Ruderman and A. Weiler, JHEP 09 (2012) 035, [1110.6926].

[4] H. Baer, V. Barger, P. Huang and X. Tata, JHEP 05 (2012) 109, [1203.5539].

[5] J. D. Wells, in 11th International Conference on Supersymmetry and the Unification
of Fundamental Interactions (SUSY 2003) Tucson, Arizona, June 5-10, 2003, 2003,
hep-ph/0306127.

[6] J. D. Wells, Phys. Rev. D71 (2005) 015013, [hep-ph/0411041].

[7] N. Arkani-Hamed and S. Dimopoulos, JHEP 06 (2005) 073, [hep-th/0405159].

[8] G. F. Giudice and A. Romanino, Nucl. Phys. B699 (2004) 65–89, [hep-ph/0406088].

[9] N. Arkani-Hamed, S. Dimopoulos, G. F. Giudice and A. Romanino, Nucl. Phys. B709
(2005) 3–46, [hep-ph/0409232].

[10] N. Arkani-Hamed, S. Dimopoulos and S. Kachru, hep-th/0501082.

[11] L. Randall and R. Sundrum, Nucl. Phys. B557 (1999) 79–118, [hep-th/9810155].

[12] G. F. Giudice, M. A. Luty, H. Murayama and R. Rattazzi, JHEP 12 (1998) 027,
[hep-ph/9810442].

[13] M. Cirelli, N. Fornengo and A. Strumia, Nucl. Phys. B753 (2006) 178–194,
[hep-ph/0512090].

13

https://doi.org/10.1016/j.physletb.2005.10.003
https://arxiv.org/abs/hep-ph/0509039
https://doi.org/10.1007/JHEP03(2012)103
https://arxiv.org/abs/1110.6670
https://doi.org/10.1007/JHEP09(2012)035
https://arxiv.org/abs/1110.6926
https://doi.org/10.1007/JHEP05(2012)109
https://arxiv.org/abs/1203.5539
https://arxiv.org/abs/hep-ph/0306127
https://doi.org/10.1103/PhysRevD.71.015013
https://arxiv.org/abs/hep-ph/0411041
https://doi.org/10.1088/1126-6708/2005/06/073
https://arxiv.org/abs/hep-th/0405159
https://doi.org/10.1016/j.nuclphysb.2004.11.048, 10.1016/j.nuclphysb.2004.08.001
https://arxiv.org/abs/hep-ph/0406088
https://doi.org/10.1016/j.nuclphysb.2004.12.026
https://doi.org/10.1016/j.nuclphysb.2004.12.026
https://arxiv.org/abs/hep-ph/0409232
https://arxiv.org/abs/hep-th/0501082
https://doi.org/10.1016/S0550-3213(99)00359-4
https://arxiv.org/abs/hep-th/9810155
https://doi.org/10.1088/1126-6708/1998/12/027
https://arxiv.org/abs/hep-ph/9810442
https://doi.org/10.1016/j.nuclphysb.2006.07.012
https://arxiv.org/abs/hep-ph/0512090


[14] M. Cirelli, A. Strumia and M. Tamburini, Nucl. Phys. B787 (2007) 152–175,
[0706.4071].

[15] M. Cirelli and A. Strumia, New J. Phys. 11 (2009) 105005, [0903.3381].

[16] ATLAS collaboration, M. Aaboud et al., JHEP 06 (2018) 022, [1712.02118].

[17] ATLAS Collaboration collaboration, Tech. Rep. ATL-PHYS-PUB-2017-019,
CERN, Geneva, Dec, 2017.

[18] CMS collaboration, A. M. Sirunyan et al., JHEP 08 (2018) 016, [1804.07321].

[19] B. Ostdiek, Phys. Rev. D92 (2015) 055008, [1506.03445].

[20] H. Baer, A. Mustafayev and X. Tata, Phys. Rev. D89 (2014) 055007, [1401.1162].

[21] LUX collaboration, D. S. Akerib et al., Phys. Rev. Lett. 118 (2017) 021303,
[1608.07648].

[22] PandaX-II collaboration, X. Cui et al., Phys. Rev. Lett. 119 (2017) 181302,
[1708.06917].

[23] XENON collaboration, E. Aprile et al., Phys. Rev. Lett. 121 (2018) 111302,
[1805.12562].

[24] J. Hisano, K. Ishiwata and N. Nagata, Phys. Lett. B690 (2010) 311–315, [1004.4090].

[25] J. Hisano, K. Ishiwata and N. Nagata, Phys. Rev. D87 (2013) 035020, [1210.5985].

[26] J. Hisano, K. Ishiwata and N. Nagata, JHEP 06 (2015) 097, [1504.00915].

[27] R. J. Hill and M. P. Solon, Phys. Lett. B707 (2012) 539–545, [1111.0016].

[28] R. J. Hill and M. P. Solon, Phys. Rev. Lett. 112 (2014) 211602, [1309.4092].

[29] J. Hisano, K. Ishiwata, N. Nagata and T. Takesako, JHEP 07 (2011) 005,
[1104.0228].

[30] DES, Fermi-LAT collaboration, A. Albert et al., Astrophys. J. 834 (2017) 110,
[1611.03184].

[31] Fermi-LAT, MAGIC collaboration, M. L. Ahnen et al., JCAP 1602 (2016) 039,
[1601.06590].

[32] H.E.S.S. collaboration, H. Abdallah et al., Phys. Rev. Lett. 117 (2016) 111301,
[1607.08142].
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