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The requirement of electroweak naturalness in simple supersymmetric models motivates the ex-
istence of a cluster of four light higgsinos with mass 100 — 300 GeV, the lighter the better. While
such light compressed spectra may be challenging to observe at the LHC, future ee™ colliders
with /s > 2m(higgsino) would serve as both a SUSY discovery machine and a precision micro-
scope. We study signatures of higgsino pair production at the ILC based on full, Geant4-based
simulation of the ILD detector concept. We examine several benchmark scenarios that may or
may not be accessible to HL-LHC searches, with mass differences between the higgsino states
between 4 and 20 GeV. Assuming /s > 500 GeV and 1000 fb~! of integrated luminosity, the
individual higgsino masses can be measured to 1 —2% precision in case of the larger mass differ-
ences, and at the level of 5% for the smallest mass difference case. The higgsino mass splittings
are sensitive to the electroweak gaugino masses and can allow extraction of gaugino masses to
3 —20% (depending on the model). Extrapolation of gaugino masses via renormalization group
running can test the hypothesis of gaugino mass unification. We also examine a case with natural
generalized mirage mediation where the unification of gaugino masses at an intermediate scale

apparently gives rise to a natural SUSY spectrum somewhat beyond the reach of the HL-LHC.
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1. Motivation

The Standard-Model-like Higgs boson was discovered by the LHC in 2012 [1]. However, due
to the unstable quantum corrections to its mass it is quite difficult to comprehend its existence in the
Standard Model. Supersymmetry (SUSY) by introducing super-partners for each standard model
particle, successfully cancels the quadratic divergent terms thus predicting the mass of Higgs to
be my ~ 115 — 135GeV. However, the absence of SUSY discovery in high energy experimental
facilities has developed large degree of skeptisism among the physicists thus rekindling the problem
of fine-tuning. The connection between the magnitude of the weak scale and SUSY Lagrangian
parameters arises from the scalar potential minimization condition [3]:

m% — (m%{d +ZZ) - (m%'lu +ZZ) tanZﬁ — ‘UZ =~ —m2 —Zu —,u2 (1 1)
5 @2 p 1 H, — *u - )

The issue of fine-tuning can be avoided if the u parameter is of the &'(100 —300) GeV (around
Myear ~ 100 GeV). As p governs the physical mass of higgsinos, it is required that their masses
are around 100 — 300 GeV whereas the rest of the spectra may lie in the multi-TeV range [2].

The radiatively-driven natural SUSY models have light higgsinos which are almost mass de-
generate (AM < 20 GeV). Probing such processes is quite challenging for hadron colliders like
the LHC. With the clean and precise measurements that a lepton collider can provide, there is a
prospect to probe such light higgsinos.

The International Linear Collider (ILC) is a proposed e"e™~ collider planned to operate at a
/s = 250 GeV and upgradable to /s = 500 — 1000 GeV. The experiment would run with polarized
electron and positron beams. The study presented in this proceedings estimates the potential of the
ILC for the measurement of higgsinos. It also tests the capacity of the experiment to predict the
unobserved sparticles at high energy scales.

2. Comparison of higgsino measurements with different Natural SUSY models

Five different benchmark scenarios given as ILC1, ILC2, nGMM1, dM770 and dM1600 are
studied and presented in this proceeding. An e*e™ collider might be able to produce higgsinos like
)Z? , )Zg and )Zli at a centre-of-mass energy of 500 GeV. The mass differences between )Z]i and the
LSP and )Zg and the LSP are given in table 1.

Models Benchmark | AM 7 [GeV] | AM 20 [GeV]
NUHMI1 ILCl1 14.6 21.3
NUHM2 ILC2 10.2 9.7

Mirage mediation | nGMMI1 7.3 4.4

Mixed dM770 0.77 1.04

guage-gravitation | dM1600 1.6 2.7

Table 1: Different benchmark scenarios and mass differences between )Zli and the LSP and )Zg and
the LSP are given.
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The higgsino events are generated by Whizard 1.95 [4] taking the ILC beam spectrum
and ISR into account. The produced events are simulated using the Geant4 [5] based model of
the International Large Detector (ILD), which is one of the proposed detectors for the ILC. The
centre-of-mass energy is 500 GeV and beam polarization of 80% for the electrons and 30% for the
positrons with opposite chirality (£80%, +30%) is assumed.

2.1 ILC1, ILC2 and nGMM1

The processes studied for ILC1, ILC2 and nGMMI1 are chargino pair production (e*e™ —
X xr — 1Vqaxlev.(uvy)) and neutralino pair production (e*e™ — V%Y — 7V xlete (utu)).

Since the energies of the initial state particles are known, the higgsino masses can be directly
reconstructed from the end points of the invariant mass distributions of the charginos’ and neutrili-
nos’ decay products. The maximum endpoints of the di-jet energy (E;;) and mass (M;;) distributions
for chargino channel and of the di-lepton energy (E;;) and mass (M;;) distributions are extracted
using a fit as shown in Figure 1 and Figure 2.
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Figure 1: Endpoint extraction of di-jet invariant mass system’s (a)invariant mass and (b) energy
distributions in the ILC2 benchmark: neutralino channel, muon final state, beam polarizations
P(e ,e") =(—0.8,+0.3).

Assuming an integrated luminosity of 500 fb~! for each of the two beam polarizations, the
chargino and neutralino masses can be measured with an uncertainity of 0.5 —0.7% for benchmarks
with mass gaps of 10 GeV and larger and better than 1% for benchmarks with mass gaps of few
GeV. The cross-section times branching ratio can be measured with a precision of 2 — 5% depending
on the process, polarization and benchmark model.

2.2 dM770 and dM1600

In the benchmark models dM770 and dM 1600, chargino pair production (e*e™ — )’Zli nwy—
20n7Yev,(uvy)y) and neutralino pair production (e*e™ — ZVx)y — 7VaVeTe  (utu™)y) are
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Figure 2: Endpoint extraction of di-lepton invariant mass system’s (a)invariant mass and (b) energy
distributions in the ILC2 benchmark: neutralino channel, electron final state, beam polarizations
P(e ,e") =(-0.8,+0.3).

studied [6]. Unlike for ILC1, ILC2 and nGMM!1 benchmark models, chargino process here pro-
duces a pion instead of a di-jet. Due to the presence of a hard intial state radiation (ISR) photon, the
mass of the higgsinos is not reconstructed using the invariant mass of decay products. Instead, the
recoil mass of the system against the hard ISR photon is determined and higgsino mass is extracted
by applying a linear fit to the distribution near the endpoint (Figure 3).
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Figure 3: Endpoint extraction of reduced centre-of-mass energy (v/s’) of system recoil against the
hard ISR photon [.Zdt=500fb~! and beam polarizations P(e~,e™) = (—0.8,40.3). (a) dM770
for Chargino. (b) dM770 for Neutralino. Figure taken from [12].

The neutralino mass can be obtained with a precision of 0.004 —0.009% and the chargino mass
can be obtained with a precision of 0.005 — 0.008% for an integrated luminosity of [.£dr=500
fb~! and beam polarizations P(e~,e") = (—0.8,+0.3). The cross section times branching ratio
is evaluated for neutralinos with a precision of 1.7 —3.7% and for charginos with a precision of
1.6 — 5.3% depending on the polarization and the benchmark scenario.
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3. SUSY parameter fits to measurements at weak scale

The obtained higgsino measurements can be used to fit SUSY model parameters to get an
understanding about the yet unobeserved, higher mass sparticles. This is done by using the fitting
algorithm Fittino [7] which uses Markov chain Monte-Carlo to probe the SUSY parameter
space [8]. The higgsino masses and cross section measurements along with the Higgs mass and
coupling measurements [9] are used as fit inputs. The SUSY spectrum is calculated using Spheno
3.3.9 beta [10] and the Higgs observables are obtained using FeynHiggs2.10.2 [11]. A
10-parameter pMSSM model is fitted using M1,M2, M3 tan B, 11, ma,Mp(3),My(3), a common
sfermion mass = My(1,2) =My (1,2) =Mp(1,2,3) =M;(1,2,3) and a common trilinear coupling
A; = Ap = Ay as free parameters. The first and second generation flavour mixing and trilinear
coupling is set to zero. The set of ten parameters is fitted and constraints on them are obtained.
Constraints on parameters like M1,M2, u and tan 3 alone can be obtained by fixing the other six
parameters to the best fit values. The fitted parameters can be seen in Figure 5.
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Figure 4: (a) A set of 10 parameters fitted to SUSY model. (b) 4 parameters fitted by fixing the
other six parametrs to best fit values. The grey star indicates the true model values while the black
dot shows the best fit point.

As a result the bino and wino mass parameters can be predicted with a precision of M1 up to
3 —10% and M2 up to 2 — 12%. The higgsino mass parameter ([ can be determined to a precision
of 0.3% and tanf3 to 1 - 4%.

Heavy chargino ( Zzi ) and neutralino ( )Zg, )fo) masses can be predicted with Mgy up to 5—12%
precision and )Zzi = )fo up to 4 — 14%. The predicted mass ranges for all the 10 parameters and
gauginos can be seen in Figure 6. The masses vary from 250 GeV to 1800 GeV which forms a
motivation for energy upgrade of the ILC or for the building of high energy facilities in the future.

4. Probing the GUT scale Unification

SUSY parameters change with scale governed by a system of coupled differential equations
called renormalization group equations (RGE). The fitted values are given as an input to RGE’s
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Figure 5: (a) Predicted mass ranges from the pMSSM-10 fit to ILC2. (b) Fitted Guagino masses.
The grey star indicates the true model values while the black dot shows the best fit point.

through Spheno and the three gaugino parameters M1, M2 and M3 are run to the GUT scale. The
gaugino masses unify at the GUT scale as can be seen in Figure 7a. Here, M3 as constrained from
the ILC measurements at the weak scale is taken as an input. Instead if it is assumed that M3 unifies
with M1 and M2 at the GUT scale, then the value of M3 at the weak scale can be extrapolated to
M3(Q = 1TeV) = 2616+582 GeV while the physical gluino mass is found to be m; = 2872 4 605
GeV (Figure 7b).
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Figure 6: The running of gaugino masses after extracting their weak scale values from a fit to ILC2
observables. The bands correspond to one standard deviation. (a) Using M3 at the weak scale as
contrained from ILC measurements. (b) M3 is assumed to unify with M1 and M2 and M3 is ran
back to the weak scale to predict the gluino mass.

With the GUT-scale probed, a further investigation for differentiating the different benchmark
models is done. ILC1 and ILC2 benchmark scenarios are compared with nGMM1 benchmark
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model. The running of gaugino mass parameters for ILC1 and ILC2 parameters differ from the
running of nGMMI1 parameters. This is mainly because nGMM1 is a mirage unification model
where the gaugino mass parameters unify at an intermediate energy scale. And secondly, the mea-
surement of M1 and M2 from the weak scale fits is much less accurate in nGMM!1 as compared to
ILC1 and ILC2 benchmark models. This can be seen in Figure 8.
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Figure 7: The running guagino masses after extracting their weak scale values from a fit to nGMM 1
observables. The bands correspond to one standard deviation. (a) pMSSM-10 fit result with abso-
lute masses as result (b) estimated effect of improvement with the use of full simulation results.

5. Conclusion

Light higgsinos from SUSY can be expected if naturalness arguments about the pt parameter
hold. It is shown that the ILC as a complementary machine to the LHC could provide excellent
prospects for both SUSY discovery and precision measurements of sparticles. The ILC could
measure the properties of higgsinos to percent-level precision. With the precise measurements,
GUT and weak scale parameters can be extracted and mass scales of unobserved sparticles can be
predicted.
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