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Abstract

We use the Higgs coupling and the muon anomalous magnetic moment mea-
surements to constrain the parameter space of natural supersymmetry in the
Generalized Minimal Supergravity (GmSUGRA) model. We scan the param-
eter space of the GmSUGRA model with small electroweak fine-tuning mea-
sure (Apgy < 100). The parameter space after applying various sparticle mass
bounds, Higgs mass bounds, B-physics bounds, the muon magnetic moment
constraint, and the Higgs coupling constraint from measurements at HL-LHC,
ILC, and CEPC is shown in the planes of various interesting model parameters
and sparticle masses. Our study indicates that the Higgs coupling and muon
anomalous magnetic moment measurements can constrain the parameter space
effectively. It is shown that Apy, ~ 30, consistency with all constraints, and
having supersymmetric contributions to the muon anomalous magnetic moment
within 1o can be achieved. The precision of k; and k. measurements at CEPC
can bound m 4 to be above 1.2 TeV and 1.1 TeV respectively. The combination
of the Higgs coupling measurement and muon anomalous magnetic moment mea-
surement constrain €, mass to be in the range from 0.6 TeV to 2 TeV. The range
of both &, and 7, masses is 0.4 TeV ~ 1.2 TeV. In all cases, the ¥J mass needs
to be small (mostly < 400 GeV). The comparison of bounds in the tan 58— m 4
plane shows that the Higgs coupling measurement is complementary to the di-
rect collider searches for heavy Higgs when constraining the natural SUSY. A
few mass spectra in the typical region of parameter space after applying all
constraints are shown as well.

1 Introduction

Supersymmetry (SUSY) is the most promising scenario for new physics beyond
the Standard Model (SM). It not only provides the unification of the SM gauge
couplings, but also gives a solution to the gauge hierarchy problem of the SM.
Under the assumption of R-parity conservation, the lightest supersymmetric
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particle (LSP), such as the lightest neutralino, can be a good cold dark matter
candidate.

A SM-like Higgs has been discovered with mass around m; ~ 125 GeV [?, 7],
which is a crowning achievement and it completes the SM. Though m, ~ 125
GeV is a little bit heavy, it is still consistent with the prediction of the Min-
imal Supersymmetric Standard Model (MSSM) of m, < 135 GeV [?]. This
somewhat heavy Higgs requires multi-TeV top squarks with small mixing or
TeV-scale top squarks with large mixing. Moreover, we have strong constraints
on the parameter space in the Supersymmetric SMs (SSMs) from the SUSY
searches at the Large Hadron Collider (LHC). For example, the gluino mass mg
should be heavier than about 1.7 TeV if the first two-generation squark mass
mg is around the gluino mass mg; ~ mgy, and heavier than about 1.3 TeV for
mg > mg [?, ?]. The heavy SUSY spectrum and relatively heavy Higgs mass
raise questions about the naturalness of the MSSM. Some recent studies suggest
that this problem can be addressed and the naturalness of the MSSM is still
viable [?, ?, 72,2, 2,72, 7,2, 2,2, 7,7 2 7 ?]. For instance, in the Supernat-
ural MSSM scenario [?], it was shown that no residual electroweak fine-tuning
(EWFT) remains in the MSSM if we employ the No-Scale supergravity boundary
conditions [?] and Giudice-Masiero (GM) mechanism [?], even though one can
have a relatively heavy spectrum. But one of the major obstacles for the above
Supernatural SUSY studies is the p-term (higgsino mass parameter), which is
generated by the GM mechanism and then is proportional to the universal gaug-
ino mass M, ;. The ratio M, /1 is of order one but cannot be determined as
an exact number.

This problem was addressed in the M-theory inspired Next-to-MSSM (NMSSM)
[?]. Another issue, related to the Higgs sector, is the scrutiny of the properties
of the SM-like Higgs boson predicted by the SM, such as its decay width, the
Higgs couplings to the SM particles, and its spin and CP properties. This
has already triggered new studies, experimental as well as theoretical [?, 7, ?].
Any deviations in the predicted properties of a SM-like Higgs boson may hint
towards physics Beyond the SM (BSM). Moreover, besides the LHC, new ee™
colliders have been proposed such as the International Linear Collider (ILC) and
Circular Electron Positron Collider (CEPC) where these Higgs properties can
be studied with high precision. Apart from looking for physics at high energy
colliders, one can also get glimpses of BSM physics by using low energy precision
measurements such as the measurements of the muon magnetic moment (g—2),,.
To address the (g — 2) , anomaly between experiment and theory, new direct
measurements of the muon magnetic moment with fourfold improvement in
accuracy have been proposed at Fermilab by the E989 experiment as well as at
the Japan Proton Accelerator Research Complex [?, ?]. First results from E989
are expected around 2017/2018. These measurements will firmly establish or
constrain the new physics effects. Spurred by these developments, new studies

have been done in order to explore this opportunity (for some latest studies, see
Ref. [2,72,2,72,2, 2,2, 2,2, 7]).
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In this paper, we study the parameter space of Generalized Minimal Super-
gravity (GmSUGRA) [?, ?] by imposing naturalness, Higgs coupling precision
measurement, and the muon (g — 2) measurement as constraints. Besides these
constraints, we also demand that the parameter space is consistent with Higgs
mass bounds, SUSY particle mass bounds, and B physics constraints. By con-
cerning the naturalness of GmSUGRA, we will be probing the parameter space
with low p values. In this scenario one can expect to have light higgsinos as
the LSPs, but bino, wino, or mixed DM may also be possible in some regions of
parameter space. In addition, one can constrain the stop quark mass ranges [?].
One can also probe BSM physics by studying the Higgs couplings such as hbb,
hrt, htt, WWW  hZZ as functions of pseudo-scalar mass m 4. We will show that
these precision measurements can constrain m 4 effectively. Stop quark masses
can also be constrained by hgg coupling while Ay~ can constrain not only stop
quark but also chargino masses. On the other hand, it is a well-known fact that
if SUSY provides a solution to the muon (g — 2),, discrepancy, sleptons and
electroweakinos (charginos, bino, wino, and/or higgsinos) should be light [?].

In this study we see that if some parameters, such as m 4, cannot be constrained
by the naturalness constraint, they can be constrained by Higgs coupling preci-
sion measurements. Moreover, some parameters, such as stops and electroweaki-
nos, can be restricted by more than one constraint. We hope that the ongoing
and future experiments will be able to probe the BSM physics and shed light
on new avenues of physics.

In this paper, we restrict our solutions to Agy, < 100, which is a measure of
Electroweak Fine-Tuning (EWFT) and will be discussed later. We find that the
minimal value of Ay, for a point satisfying Higgs mass bounds, SUSY particle
mass bounds, and B-physics bounds (which we call basic constraints) is about
8 with 1 ~ 0.1 TeV, but it jumps to 20 after the application of the (g —2),
bounds and Higgs coupling precision measurement bounds with p ~ 0.140 TeV.
The minimal light stop quark mass consistent with all the constraints is found
to be around 0.7 TeV. The pseudo-scalar mass m 4 can be constrained by using
the hbb (hr7) Higgs coupling precision measurements at the LHC-HL, ILC,
and CEPC in the mass bounds of 0.4 (0.5) TeV, 1.1 (0.9) TeV, and 1.2 (1.1)
TeV, respectively. On the other hand, hgg coupling can constrain the light
stop quark mass up to 0.5 TeV, but by combining with (g — 2),, constraint,
it rises to 0.7 TeV as mentioned above. The deviations in hWW and hZZ
are very small and beyond the sensitivity of the collider measurements. We also
notice in our present scans that solutions satisfying the basic constraints and the
CEPC Higgs coupling constraint can have A gy, ~ 30 —40 and contributions to
(9—2), within 1o of Aa, measurement. Slepton and electroweakino sectors are
also constrained by the combination of constraints. For instance, mzp and mg,
are constrained to the mass ranges [0.5,2] TeV and [0.3,1.2] TeV, respectively.
But to have contributions within 1o of Aa,, we need mzr and mg, in mass
ranges [0.8,1.3] TeV and [0.4,0.5] TeV, respectively. For sneutrinos, the allowed
mass ranges are more or less in the same ranges as my;. In the electroweakino
sector, the lightest neutralino is confined in the mass range of 0.03 TeV to 0.5
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TeV. In our present scans, this range shrinks to even a smaller strip of 0.03 TeV
to 0.3 TeV if we demand contributions within 1o of Aa,. On the other hand,
charginos can be as light as 0.1 TeV and the maximal allowed range is about
0.7 TeV. But for contributions better than 1o of Aa,,, we need chargino in the
mass range [0.16,0.22] TeV.

Although we have not imposed relic density constraint, we do indicate regions
of parameter space where the correct relic density can be achieved by the LSP
neutralino annihilation and coannihilation mechanisms. For example, we show
that there can be A resonance and stau-neutralino coannihilation channels con-
sistent with all the relevant constraints. We also note that the LSP neutralino
can be higgsino, bino, wino, or mixed DM. Furthermore, we indicate the large
mass gap in light stop and the LSP neutralino masses and comment on the pos-
sible detection of our solutions in the boosted stop scenario at the CEPC-SPPC
[?]. Finally, we display four benchmark points as examples of our solutions.

The rest of the paper is organized as follows. In Section 2, we show the defini-
tion of the EWFT measure Agy, and the theoretical expressions for the Higgs
couplings and the muon anomalous magnetic moment in the GmSUGRA model.
In Section 3, we give the phenomenological constraints and the scanning proce-
dure. In Section 4, we apply the constraints to the parameter space and discuss
the numerical results. We conclude in Section 5.

2 The GmSUGRA in the MSSM

It was shown in [?, ?] that EWSUSY can be realized in the GmSUGRA model.
In this scenario, the sleptons and charginos, bino, wino, and/or higgsinos are
within one TeV while squarks and/or gluinos can be in several TeV mass ranges
7).

In GmSUGRA, the GUT gauge group is SU(5) and the Higgs field for the
GUT symmetry breaking is in the SU(5) adjoint representation [?, ?]. Since
® can couple to the gauge field kinetic terms via high-dimensional operators,
the gauge coupling relation and gaugino mass relation at the GUT scale will
be modified after ® acquires a Vacuum Expectation Value (VEV). The gauge
coupling relation and gaugino mass relation at the GUT scale are:

1 1 1
Sigig=l:il:k
97 93 03
M, M, M
—21'—22:—23:1:1:k
91 92 93

where k is the index and equal to 5/3 in the simple GmSUGRA. We obtain a
simple gaugino mass relation M, — M; = M; — M, by assuming gauge coupling
unification at the GUT scale (ay = a3 = a3). The universal gaugino mass
relation M; = M, = My in mSUGRA is just a special case of this general
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relation. Choosing M; and M, to be free input parameters, which vary around
several hundred GeV for the EWSUSY, we get M; from the relation (M, —M;) =
k(M,—M,), which could be as large as several TeV or as small as several hundred
GeV, depending on specific values of M; and M,.

The general SSB scalar masses at the GUT scale are given in Ref. [?]. Taking
the slepton masses as free parameters, we obtain the following squark masses in
the SU(5) model with an adjoint Higgs field:

1
= mfjo +-m2 + -m2

m oML T M ke

2~
Q

2 _ . 2 2
M. = Mg+ M,

m2, = my +m? —md,
where mg, mge, mpe, my, and mg. represent the scalar masses of the left-
handed squark doublets, right-handed up-type squarks, right-handed down-type
squarks, left-handed sleptons, and right-handed sleptons, respectively, while
My is the universal scalar mass, as in mSUGRA. In the Electroweak SUSY
(EWSUSY), mj and my. are both within 1 TeV, resulting in light sleptons.
Especially, in the limit my, > mjz,mg., we have the approximated relations
for squark masses: m% ~ m%c ~ m%c ~ m¥,. The trilinear soft terms A, Ap,
and Ag can all be free parameters from the GmSUGRA [?, ?]. In addition, the
Higgs soft masses m , and m g, are given by similar relations.

2.1 The Electroweak Fine-Tuning

The GmSUGRA model offers a solution to the Electroweak Fine-Tuning
(EWFT) problem [?]. We use ISAJET 7.85 [?] to calculate the fine-tuning
conditions at the EW scale Mgy,. The Z boson mass My, after including
the one-loop effective potential contributions to the tree-level MSSM Higgs
potential, is given by:

ME  (my, +3) — (mi + 3y tan’
2 tan? 8 —1 H

2

where X% and $% denote the corrections to the scalar potential coming from the
one-loop effective potential defined in [?], while m r, and my are the Higgs
soft masses. tanf = (H,)/(H,) is the ratio of the Higgs VEVs. The largest
contribution to ¥ comes from top squarks (51,2):

v 3YP 2 mp My
Eu ~ 167‘—2 X mz log (7)
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where y, is the top Yukawa coupling and Q = ,/mz, mz, [?]. On the other hand,
mlzqd and EZ terms are suppressed by tan? 3. This allows one to have large m A
values without aggravating the fine-tuning problem [?]. We discuss this more in
the later part of the paper. All the parameters in the equation are defined at
the electroweak scale Mgy .

In order to measure the EWFT condition we follow [?] and use the definitions:

C, = ﬂ C, = —m%{u(taHQﬁ—l) C = ;'“2
Ho = ltan?g—1|" M ™ MZ/2 TR ME)2
Eu,d(k)
o= 5]

Here, k labels the SM and SUSY particles that contribute to the one-loop Higgs
potential. For the fine-tuning measure, we define:

max(C},)
M2/2

AEW

Note that A gy, only depends on the weak-scale parameters of the SUSY models,
and then is fixed by the particle spectra. Hence, it is independent of how the
SUSY particle masses arise. Lower values of A gy, correspond to less fine-tuning;
for example, A gy, = 10 implies 10% fine-tuning. In addition to Agyy,, ISAJET
also calculates Ay g, which is a measure of fine-tuning at the High Scale (HS)
like the GUT scale in our case [?]. The HS fine-tuning measure Ayg is given
as follows:

Ayg = max(B;)/(M7/2)
For definition of B; and more details, see Ref. [?].

2.2 Higgs Couplings

In this subsection, we show the theoretical expressions of the Higgs couplings
in the GmSUGRA model. Their deviations from the SM Higgs couplings are
parametrized by the ratio k; = ngSY/g;"”V[7 where ¢+ = W, Z,b,7,t,9,v. Here
g?M is the SM Higgs couplings, while g7V is the SUSY Higgs couplings.

In general, the Higgs couplings to W and Z gauge bosons mainly depend on
the angle 8 and the mixing angle a between the SM-like Higgs boson and the
heavier CP-even Higgs boson. From reference [?], in the decoupling limit of
my > my,, we can have the relation:
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cos(a+ ) ~ O <Wm122> sin4p

A

Here we have terminated the above expression up to the order O(m%/m?) and
used the identity sin 43 ~ —4/tan g for large tan S.

Since cos(a + 3) ~ 0 when m 4 > m,, we then have:
ma
sinfa+ ) ~ /1 —cos?2(a+ ) ~1—0 (f tan? ﬁ)
my

Following reference [?], in the MSSM the Higgs couplings to W and Z gauge
bosons are given as gpui = sin(a + B)gp,, where V. = W, Z. Therefore,
these deviations can be expressed as:

. my, 2
ky 7z =sin(a+8)~1-0 m—itan g

The deviations of the Higgs couplings to fermions (b, 7,t) are given in [?] as:

ky, = sin(a + 8) — cost(;l; b T +1Ab
kr = sin(a + 6) = Cost(;l; = 1 +1A

cos(a+ ) 1+ A,
tan8 1+ cot’p

k, = sin(a+ B) +

Plugging in the above expressions of sin(a 4 () and cos(a+ ) and terminating
the expressions up to the order O(m?%/m?), we finally get:

2

m
b, ~1—0—£ )t
b, (m2> anﬁ

A

2
m
kt~1—0<22> cot 8
my
Furthermore, in the MSSM the deviation in the effective Higgs couplings to
gluons is dominantly induced by the stop loop contribution, which can be ap-
proximately expressed as [?, 7, ?]:

chinarxiv.org/items/chinaxiv-201608.00187 Machine Translation


https://chinarxiv.org/items/chinaxiv-201608.00187

2 (mgl +m%2 _Xt2>

where X, = |A, — p/ tan 3] is the stop mixing parameter.

The effective Higgs couplings to photons are much more complicated. In the
SM, it is dominated by the W boson loop contribution, while in the MSSM,
k., gets contributions from all charged particles, including charged Higgs, stops,
and charginos.

2.3 The Anomalous Magnetic Moment of the Muon

The theoretical value of the anomalous muon magnetic moment a, = (g —
2) u /2 within the SM can be calculated to within sub-parts-per-million precision
[?]. A comparison between the theoretical calculation and the experimental
measurement of @, may reveal, though indirectly, traces for physics beyond the
SM. The discrepancy can be quantified as follows [?]:

Aa, = a,(exp) —a,(SM) = (28.7£8.0) x 1071°

Moreover, using [?] for contributions of the hadronic vacuum polarization, and
[?] for the hadronic light-by-light contribution, the discrepancy can be calculated
as Aa, = (26.1 +8.0) x 107'°. Either way, a,, has a ~ 30 deviation from its
SM value, providing a possible hint of new physics.

SUSY can address this discrepancy. At the EW scale, the main contributions
to Aa,, come from the neutralino-slepton and chargino-sneutrino loops and are
given as:

2
ASUSY o, @2 M ptanf
" 2,2
8 M My gy

where M, (i = 1,2) are the weak scale gaugino masses, p is the higgsino mass
parameter, tan 8 = (H,)/(H;), and mgy gy is the sparticle mass circulating
in the loop. For a review of the constraints on Aa, given by SUSY collider
searches, see [?].

3 Phenomenological Constraints and Scanning Procedure

We use the ISAJET 7.85 package [?] to perform random scans. The Higgs cou-
pling ratios k; are also calculated by this package. We scan over the parameter
space given below:

e 0 GeV < myg <9000 GeV
e 0GeV <my <9500 GeV
e —16000 GeV < Ay = Ap < 18000 GeV
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e —6000 GeV < Ay <6000 GeV
e 2<tanf <60

When scanning the parameter space, we consider ¢ > 0 and use m, = 173.3 GeV
[?]. We use mPE(M,) = 2.83 GeV as it is hard-coded into ISAJET. We employ
the Metropolis-Hastings algorithm as described in [?] during our scanning. In
the rest of the paper, we will use the notations A,, A,, A, for Ay, Ap, and Ay,

respectively.
After collecting the data, we apply the following constraints:

(I) Basic constraints: - (a) Radiative Electroweak Symmetry Breaking
(REWSB) - (b) One of the neutralinos is the LSP - (c¢) Sparticle masses: We
employ the LEP2 bounds on sparticle masses myz,, m;; > 100 GeV, mz; > 105
GeV, mg. > 103 GeV. We also apply the following bounds from the LHC: -
L7 TeV < my (for m; ~ mg) [?, 7] - 1.3 TeV < my (for my; < my) (7, 7] -
300 GeV < my [?] - (d) Higgs mass: We use the following Higgs mass bound
from the LHC: 123 GeV < m,, < 127 GeV [?, ?] - (e) B-physics: We use the
IsaTools package [?, ?] and implement the following B-physics constraints: -
1.6 x 1072 < BR(B, — ptp™) <4.2x107° (20) [?7] - 2.99 x 107* < BR(b —
57) < 3.87 x 10~* (20) [7] - 0.70 x 10~ < BR(B, — 7v,) < 1.5 x 10~* (20) [7]
- (f) Fine-tuning: Since we consider natural SUSY, the following constraint for
fine-tuning measure Ay, is applied: Agy, < 100

(IT) Muon anomalous magnetic moment constraint: We also apply the
following bounds for the muon anomalous magnetic moment measurement: 4.7 x
10719 < Aa, <52.7 x 10719 (30) [?]

(IIT) Higgs coupling constraints: The discovery of the SM-like Higgs boson
with mass around 125 GeV provides the opportunity to extract new physics
indirectly by measuring the Higgs couplings (and other properties) precisely
at a “Higgs factory”. For this study, we mainly consider two proposed future
ete™ colliders which are able to produce a large number of Higgs events: the
International Linear Collider (ILC) and the Circular Electron-Positron Collider
(CEPC). As a linear ete™ collider, the ILC is designed to adopt the polarized
beams technology and can reach a center-of-mass energy /s = 500 GeV [?].
The CEPC, however, so far is focusing on high center-of-mass energy /s = 240
GeV. Its proposed integrated luminosity is 5 ab™! over a running time of 10
years with 2 Interaction Points (IP) [?, ?]. Furthermore, the CEPC is designed
to be upgraded to a 100 TeV Super Proton-Proton Collider (SPPC) finally.

Besides ILC and CEPC, we also consider the Higgs coupling measurements at
the High-Luminosity LHC (HL-LHC) and the e*e™ mode of the CERN Future
Circular Collider which has 4 IP (FCC-ee (4 IP)). We use the precisions at
CEPC (2 IP) from Table 3.12 of [?]. The precisions at HL-LHC are given by
Table 3 of [?], while the precisions at the ILC and FCC-ee (4 IP) are given
by Table 1-16 of [?]. We accumulate all these precisions of the Higgs coupling
measurement in percentage at these colliders and list them in Table 1.
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By applying these different sets of precisions, we can see the improvement in
constraining the new physics with better precisions. It is worth noting that
the precisions we listed in this table are mostly obtained by the 10-parameter
fitting scheme. It is model-independent and the experimental observables are
fit with 10 free parameters. One may get better precisions by using the more
constraining fitting scheme with smaller number of free parameters (for exam-
ple, the 7-parameter fitting scheme) or by combining the precisions of different
colliders. This is beyond the scope of this study and we will not discuss it
further.

Table 1: Summary for the precisions of Higgs boson coupling measurements in
percentage at different colliders.

Collider V5 (GeV) £ (fb71)  polarization (e”,e")
HL-LHC - - -

ILC 500 500 (-0.8, +0.3)

CEPC (21P) 240 5000 0, 0)

FCC-ee (4 IP) 240 10000 (0, 0)

4 Numerical Results

In this section we present results of our scans.

4.1 Naturalness

In this subsection, we show the fine-tuning measure Ay, as a function of those
parameters which are related to this work. We apply various constraints dis-
cussed in Section 3 and restrict the points to Agy, < 100. In Figure 1, we
show plots in u — Agy,, my — Agy, Ay — Apy, and my — Agy, planes. In
this figure, grey points satisfy the basic constraints (I): REWSB; the lightest
neutralino as an LSP condition; the sparticle mass bounds; the Higgs mass
bound (123 GeV < m,, < 127 GeV); B-physics bounds; and fine-tuning bound
(Agw < 100). Green points are a subset of grey points and satisfy the muon
anomalous magnetic moment constraint (IT). Red points are a subset of green
points and satisfy the Higgs coupling constraint (III).

Figure 1: Agy vs. u, my, A, and m,: Grey points satisfy the basic con-
straints (I). Green points are a subset of grey points and satisfy the muon
magnetic moment constraint (IT). Red points are a subset of green points and
satisfy the Higgs coupling constraint (III) from CEPC (2 IP) only. Here, to
avoid the overlap of too many colors, when showing the effect of the Higgs
coupling constraint (IIT), we use the precisions of CEPC (2 IP) only.

In the top left panel, we see the obvious dependence of Agy, on p as can be
seen from Eq. (8). In this plot, the lowest value of Agy, we get is around 8
with g1 ~ 100 GeV. But when we apply constraint (II), then A gy goes up to 20
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with ¢ ~ 140 GeV. For 1 ~ 650 GeV, we have A gy = 100. We also see that the
constraints, which we have applied, do not have any preferred parameter space
in this plane. All the points are almost overlapped. Some spots with more grey
points, less red points, and some void spots are just due to lack of statistics of
data. By generating more points we may cover whole grey points by red points.
Moreover, regions with large density of points reflect our dedicated searches
around some phenomenologically interesting points. This argument also applies
to all other figures in this paper. It is noted that since in this plot u is not that
large, in order to have sizeable AajUSY" contributions, we should have either
appropriately large values of gaugino masses M; 5 and tan 3 or small values of
SUSY particles as discussed in Section 2.3. This is also the reason why p goes
up from 100 GeV to 140 GeV when we apply the Aa,, bound.

In the top right panel, we see that for grey points mg, > 0.5 TeV. This relatively
large value of stop mass is due to the Higgs mass bounds. We notice that for grey
points, A gy, ~ 20 when myg ~ 1 TeV. In this plot, we also see that grey, green,
and red points can be overlapped and constraints, which we have imposed, do
not differentiate among these solutions very much.

The plot in the bottom left panel shows that we need |A,|] > 5 TeV to be
consistent with the basic constraints (I). It is mainly because of the Higgs mass
constraint. This plot shows that for Agy, ~ [20,100], we have 5 TeV < |A4,| <
15 TeV (red points).

In the bottom right panel, we see that the Higgs coupling constraints, as ex-
pected from the discussion in Section 2.2, are playing an important role. Let
us first comment on the relationship between Ay, and m, and for that we

follow [?]. From Eq. (9), we have Cy = |m%,d/(tan2 B — 1)|. The tree-level

value of m 4, in the case where pu? ~ —m3; and m% > —mj; , can be given as

m?4 = m%{d + m%Iu + 2% ~ m%d ~ m2UO. From these equations one can have a
rough estimation of m 4 in terms of A gy, given as m 4 < my tan 81/ A gy (max),
where A gy (max) is the maximal fine-tuning one wants to allow. For example, if
we take A gy = 20 with tan 8 = 10, we can have m 4 roughly as large as 4 TeV.
This is why we see that in the plot for a large range of m 4 values [0.3,5] TeV,
A gy remains more or less the same around 20. Some voids in the plots are just
due to lack of statistics. In this plot, a clear distinction between green and red
points can be seen. Green points which are not covered by red points are in the
m 4 mass range of [0.3,1.2] TeV. On the other hand, the Higgs coupling ratios k;
depend on m 4. Red points depict that Higgs coupling precision measurements
at CEPC (2IP) can probe m 4 up to 1.2 TeV. We will show later that m 4 mass
in the range of [0.3,1.2] TeV can be probed by the precision measurements at
the HL-LHC and ILC as well.

Here we want to comment on parameter space with low m,. Current experi-
ments are providing wealth of data and constraining parameter space of new
physics such as SUSY very effectively. For instance, the ATLAS direct searches
for g9 — A, H — 777~ constrain m 4 and tan 3 values [?]. Since in our work we
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expect large deviations in the Higgs couplings such as k;, . for low m 4 values, we
have to be careful about low m 4 solutions because according to these bounds
with small m 4 ~ 300 GeV, any point with tan 8 > 18 is excluded. Since we are
also considering scenarios with low fine-tuning which implies low p values, as
argued in [?], if m 4 is larger than p, then heavy Higgs bosons decay dominantly
to charginos and neutralinos [?]. Thus, the ATLAS bounds on m, cannot be
applied in this case. On the other hand, if m,4 < 2u, then one should apply
ATLAS bounds on m,4 and tan 5. We will show later that for such a scenario,
in our present scans, some part of parameter space is already excluded.

4.2 Higgs Coupling Measurements

In this subsection, we study the Higgs coupling ratios k; in detail. We apply
only the basic constraints (I) to study how Higgs coupling measurements can
constrain the parameter space of EWSUSY in GmSUGRA.

Figure 2: k;, k., k;, and k, vs. m4: Green points satisfy the basic constraints
(I). The horizontal lines (if shown) in these plots label the precisions at different
colliders: HL-LHC (black), ILC (blue), and CEPC (2 IP) (red) respectively.

It is shown in the theoretical expressions that the Higgs coupling ratios ki,
ky;, ky, k., and k, are related to m4. Among them, k;, ky;,, and &k, also have
dependence on tan/. In Figure 2, we show the parameter space in the k,
k., k., and k, versus m, planes. Green points in this figure satisfy the basic
constraints (I). The black, blue, and red horizontal lines (if shown) in these plots
correspond to the precisions at different colliders: HL-LHC, ILC, and CEPC (2
IP), respectively.

These plots show the obvious dependence of Higgs coupling ratios k; on m 4.
Firstly, regarding the sign of the deviations, k; and k, in these plots are always
bigger than 1, while k,, ky,, and k, are smaller than 1. This is expected because
according to the theoretical expressions, k, and k, have positive deviations,
while the deviations of k;, ky,, and &k, are all negative. Secondly, regarding the
magnitude of the deviations, it is already shown that k; ., k,, and ky, , have
deviations around O(2m%/m?) tan 3, O(m%/m?) cot 3, and O(m%/m%) tan® 3,
respectively. It is expected that with large tan 3, k;, . would have the maximal
deviation. Due to the suppression of tan 3, the deviation in k, will be smaller
compared with k;, .. On the other hand, ky;, , has the smallest deviation because
of the suppressions of both m%/m? and tan 3, which can be seen in the right
bottom plot. The numerical results in our plots indicate that for a very small
m 4 ~ 300 GeV, the relative deviations in k, _, k,, and &y, ; can be 28%, 0.3%,
and 0.03% respectively.

Thirdly, m 4 can be constrained by the Higgs coupling measurements. When
my <1 TeV, k, and k_ are very sensitive to m,. The precision of k;, (k) at
the HL-LHC can constrain m 4 to be above 0.4 (0.5) TeV. The precision at the
ILC can constrain m 4 to be above 1.1 (0.9) TeV. The precision at the CEPC (2
IP) can constrain m 4 to above 1.2 (1.1) TeV. However, the deviations in k, and

chinarxiv.org/items/chinaxiv-201608.00187 Machine Translation


https://chinarxiv.org/items/chinaxiv-201608.00187

ChinaRxiv [$X]

ky 7 are so small that even the precision at CEPC (2 IP) cannot constrain m 4.
To be able to constrain m 4, the precision of k; needs to be better than 0.3% and
the precision of ky;, , needs to be better than 0.03%. It should be noted that
a future e*e~ collider with more IP and longer running time can offer a higher
integrated luminosity and thus better precisions. For example, the FCC-ee (4
IP) can have a larger integrated luminosity of 10 ab~!, where the precisions of
k, and k_ can be 0.88% and 0.94% respectively (see Table 1). These precision
measurements of k, and k. can constrain m,4 to above 1.55 TeV and 1.5 TeV
respectively. But the precision measurements of k, and ky, , at FCC-ee (4 1P)
are still not good enough to constrain m 4.

In Figure 3, we show plots in k;, —mj and k., —mg. planes. The color coding
and the horizontal lines are the same as Figure 2.

Figure 3: k, vs. my; and k, vs. my.: Color coding and the horizontal line are
the same as Figure 2.

In SUSY, the dominant contribution to hgg coupling can come from stops. The
left plot presents the quantitative dependence of Higgs coupling ratio k, on
my;. It can be seen that for my ~ 2.5 TeV to 5 TeV, the deviation from the
SM hgg coupling is almost negligible. But as m;, decreases, the deviation starts
growing. k, becomes greater than 1 and also less than 1. Around mg; ~ 0.5 TeV,
k, is around 1.017 (1.7% deviation from the SM coupling) while for mj ~ 0.9
TeV, k, ~ 0.988. This can be understood from the theoretical expression. We
note that for points with k£, > 1.01, not only are stops light but also the scalar
trilinear coupling A, is positive. Since we have considered sgn(u) > 0, we get
X, = A, —p/tan < A;. On the other hand, for points with k, < 1, we
notice that A, is negative. This means |X,| > |A,|. Even though the expression
contains an X? term, the magnitude of the contribution is different, so with
small stops and small negative contribution from X?, one can have ky>1. On
the other hand, with relatively large stop masses and relatively large negative
contribution from the X? term, one can get k, < 1. From the horizontal line,
we see that the precision of k;, at CEPC (2 IP) can bound my, to around 600
GeV.

Like kg, k., is also a loop-induced coupling. The Higgs boson can couple to vy
pair via loops of all the SM charged particles which are quarks, leptons, and W=,
and through squarks, sleptons, H*, and {5. Since we are considering parameter
space with low fine-tuning, as shown in Figure 1, u should be relatively small.
We expect to have light higgsinos. In the right plot, we see that for small values
of chargino mass, the values of k., can be large. As the chargino mass increases,
the deviation goes down. In our present scans, the deviation in k., can be up to
3% with my. ~ 100 GeV. We also see that there are a few points with k. below

1. This is because for these points the contribution of ?)1 and T is negative.
It is worth noting that a better precision of 1.1% for k, at FCC-ee (4 IP) can

constrain mg, to be above 700 GeV. Besides, the precision of k., at FCC-ee (4
IP) can be 1.7%, which can constrain mg. to above 150 GeV.
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4.3 The Muon Magnetic Moment Measurement

In this subsection, we use the measurement of the muon magnetic moment to
constrain the related sparticle masses.

Figure 4: Aa, vs. Agy: Grey points satisfy the basic constraints (I). Cyan,
orange, and red points are subsets of grey points and satisfy the Higgs cou-
pling constraint (III) from HL-LHC, ILC, and CEPC (2 IP), respectively. The
solid horizontal line displays the central value of Aa,, from the muon magnetic
moment experiment, while the dashed lines show the 3-0 values.

In Figure 4, we display a plot in the Aa, —Agy, plane. In this plot, grey points
satisfy the basic constraints (I). Cyan, orange, and red points are subsets of grey
points and satisfy the Higgs coupling constraint (IIT) from HL-LHC, ILC, and
CEPC (2 IP), respectively. The solid horizontal line labels the central value of
Aa,, from the experimental measurement, while the dashed lines show the 3-o
values. We see that because of the basic constraints (I), almost all of the points
are below the solid line except one single point. This shows that if we just keep
generating more data, we can have more solutions there. A similar argument can
also be applied to the isolated points below the solid line. One can see a rising
trend in points with Agy, from 40 to 20. It is just an artifact of our dedicated
searches for low Ay, values. In fact, it can be seen from the figure that more
points can be generated for A gy, ~ [20,100] with appropriate contributions to
Aa,,. We also notice that the effects of the application of the above constraints
are nearly indistinguishable and the points satisfying various constraints are
nearly overlapped. But our present scan shows that the parameter space can
still be constrained by the combination of muon magnetic moment and Higgs
coupling measurements effectively. Using the precision at CEPC (2 IP), one
may bound Aa,, to be between (5 ~ 25) x 107* while Ay, > 30.

In SUSY, as we have discussed in Section 2.3, the contributions to the muon
anomalous magnetic moment Aa, mainly come from the 1-loop diagrams of
both €, — X! and 7 — XT. In Figure 5, we show plots in mg, . — Mg and
my — My planes. In these plots, all points satisfy the basic constraints (I), the
muon magnetic moment constraint (IT), and the Higgs coupling constraint (IIT)
from the CEPC (2 IP) only. The vertical color bars represent the spread of Aa,,
values in these plots.

Figure 5: m; ~vs. mgo and mg, vs. mgs: Points satisfy both the basic con-
straints (I), the muon magnetic moment constraint (II), and the Higgs coupling
constraint (III) from the CEPC (2 IP) only. Color represents the Aa,, values.

In the top left plot, we see that by applying the above constraints, the left-
handed slepton mass can be constrained to [0.3,1.2] TeV. But to have sizeable
contribution to Aa,, (greenish-blue points), the left-handed slepton mass needs
to be in the range of [0.35,0.9] TeV and neutralino mass in the range of < 0.17
TeV. The bright green points corresponding to large values of Aa, > 20 x 10710
have a narrow neutralino mass range of [0.03,0.1] TeV and mg; ~ [0.4,0.5] TeV.
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The top right plot indicates that for the blue, greenish-blue, and bright green
points, sneutrinos have more or less the same mass ranges as the left-handed
slepton, while chargino masses are in the range of [0.1,0.7] TeV, [0.15,0.25] TeV,
and [0.16,0.22] TeV respectively.

In the bottom panel, we see that the lightest neutralino mass can be restricted
below 0.5 TeV and the right-handed selectron mass is in the range of [0.5, 2] TeV.
It is also clear from this plot that most of the points have Aa,, from 5 x 10710
to 10 x 10710 (blue points). But one can also see greenish-blue points in the
region where neutralino mass is in the range of [0.04,0.3] TeV and right-handed
slepton mass in the range of [0.7,1.6] TeV. Bright green points exist in the region
with msp mass in the range of [0.8,1.3] TeV and neutralino mass < 0.15 TeV.
Comparing with Figure 4, it can be understood that these points correspond to
Agw ~ 30.

4.4 Collider Phenomenology

In this section, we show some model parameters and interesting sparticle masses
after applying all constraints and discuss the possible collider phenomenology.

Figure 6: tan 8 vs. m4: In the left plot, all points satisfy the basic constraints
(I) and m 4 < 2pu; green, blue, dark green, and brown points represent k; > 1.1,
1.05 <k, <1.1,1.03 <k, < 1.05, and k;, < 1.03 respectively; black curve shows
the 1-0 bound from the ATLAS direct heavy Higgs search [?]. In the right plot,
grey points satisfy the basic constraints (I); cyan, orange, and red points are
subsets of grey points, and satisfy both the muon magnetic moment constraint
(IT) and the Higgs coupling constraint (IIT) from HL-LHC, ILC, and CEPC (2
IP), respectively.

In Figure 6, we show plots in the tan 8 —m 4 plane. In the left plot, all points
satisfy the basic constraints (I) and m, < 2u. Green, blue, dark green, and
brown points represent k, > 1.1, 1.06 < k, < 1.1, 1.03 < k, < 1.05, and
ky, < 1.03, respectively. The black curve shows the 1-o bounds in the tan 8 —m 4
plane from the ATLAS direct heavy Higgs search [?]. As we have discussed
earlier in Section 4.1, these are the points where m 4 can decay into SM modes
such as 777~. Here we restrict m, up to 1 TeV to compare our results with
Figure 10a of [?]. Since the ATLAS search relies on the 777~ final states, it is
understood that the ATLAS direct search mainly excludes the top left region in
this plot where tan § is large (which enhances the branching ratio of A — 7777)
and m 4 is small (which can give large production of heavy Higgs). However,
in this study we bound m 4 by the Higgs coupling measurement which does not
have too much tan 3 restriction. Therefore, our bound can exclude the region in
this plot with small tan S as well. In this sense, the Higgs coupling measurement
is complementary to the direct search of heavy Higgs when constraining SUSY.

It can be seen clearly that in our present scans, only a very small part of our
data is excluded by the ATLAS results. Interestingly, most points with large
deviations in k;, shown as green points in the plot, survive because of the
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corresponding small tan 8 and only a few points of this kind can be excluded by
the direct searches. We hope that in the near future the remaining part of this
parameter space will soon be probed and we can have a better understanding
about the Higgs couplings. Moreover, we also notice that dark green points
which satisfy CEPC (2IP) bounds can also be within the range of ATLAS heavy
Higgs searches.

In the right plot, we show our full data after the application of all constraints.
The grey points satisfy the basic constraints (I); the cyan, orange, and red
points are subsets of grey points, and satisfy both the muon magnetic moment
constraint (II) and the Higgs coupling constraint (III) from HL-LHC, ILC, and
CEPC (2 IP), respectively. The combination of the muon magnetic moment
and the Higgs coupling precision measurements can constrain tan and m4
effectively. We see that due to the Higgs coupling precisions at HL-LHC, ILC,
and CEPC (2 IP), m, can be bounded to be above around 0.5 TeV, 1.1 TeV,
and 1.2 TeV respectively. The tan f is bounded in the range between 10 and
35. We comment here that since BR(B, — p"p~) o tan® 8/m?%, our B-physics
bounds in the basic constraints (I) also exclude a part of parameter space in
this plane.

Figure 7: m,, m x50 Ma1 and mg,_ VS. Mgo: Color coding is the same as Figure
6. The black lines in these plots are Just to gulde the eyes for the scenario where
the lightest neutralino is equal to Xl? Ty, Or tl except in the my —my 0 plane
where the black line represents m, = 2mx°7 that is, the A- resonance condi-
tion. Though we do not apply relic density bounds such as reported by WMAP
[?], it is expected that some points along the line representing annihilation or
coannihilation scenarios of the lightest neutralino may have relic density within
acceptable range.

In the top left panel, we can see how the Higgs coupling precision measurements
at HL-LHC (cyan points), ILC (orange points), and CEPC (2IP) (red points)
can constrain m, as has been noted earlier. We also notice that without the
Higgs coupling constraint, the lightest neutralino can be as heavy as 0.6 TeV
but the CEPC (2IP) constraints restrict it within 0.5 TeV, consistent with the
observation in Figure 5. It is also visible that for the A-resonance scenario we
need mgo in the mass range of ~ [0.3,0.4] TeV, which also implies m 4 should
be around 2mgo ~ [0.6,0.8] TeV. The Higgs coupling precision measurement
at ILC can exclude this scenario. We have shown one benchmark point as an
example of A-resonance solution with correct relic density as Point 3 in Table
2.

In the top right panel, we see that points satisfying the constraints mentioned
above are overlapped and there is no preferred parameter region for a given
constraint. We also note that all the points along the line in this figure are
either Wino-type or Higgsino-type neutralinos with small relic density. It is
worth noting that our scans show that for the points along the line, most of
them are Higgsino-type LSP in the range from 100 GeV to 450 GeV, and only
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a few points are Wino-type LSP with small mass from 100 to 200 GeV.

In the bottom left panel, we see that grey points have mz; mass range anywhere
between [0.14,1.4] TeV. After applying the Higgs coupling constraints, ms; is
confined within 1 TeV. Points along the line represent the neutralino-stau coan-
nihilation scenario and some of these points do have correct relic density but
others have low density.

In the bottom right plot, we see that by the application of constraints, my, lies
in the range of [0.8,4] TeV. We have noticed that in our present scans, when
my; < 2 TeV, fl is the lightest colored sparticle, and when m;, > 2 TeV, g is the
lightest colored sparticle. We also notice that there are large mass gaps between
my, and mgo for the collider searches of stops. Here we want to comment on

the 5172 — tX{ and 5172 — bXF channels. For this boosted top scenario, future
colliders like CEPC-SPPC [?] can discover (exclude) stops up to ~ 6 (8) TeV.
This means that all of our points shown in these plots can be probed at future
colliders. This is one of the examples which shows that the construction of
future colliders is of the utmost need.

A few mass spectra in typical regions of parameter space after applying all
constraints are shown in Table 2. All masses in the table are in units of GeV.
All of these points satisfy the constraints (I) and (IT) described in Section 3.

Table 2: Sparticle and Higgs masses are in GeV units and sgn(p) > 0. All of
these points satisfy the constraints (I) and (II) described in Section 3. Point
1 displays an example of solutions with large deviation in k;, and k.. Point
2 represents a point with large value of Aau. Point 3 shows a solution with
m 4-resonance while Point 4 is an example of parameter space where stau is
degenerate in mass with the lightest neutralino.

Parameter Point 1 Point 2 Point 3 Point 4
Aa, 4.731x1071%  16.63x10710  7.683x10 10 12.161 x
10~
Kps Ky 1.22541, 1.04295, 1.06459, 1.03296,
0.99817 0.99996 0.99983 0.99992
Ky Ky, 7 1.22756, 1.04787, 1.06644, 1.03454,
0.99981 0.99999 0.99999 0.99999
Kgs Ky 0.99083, 1.00473, 0.99954, 1.00038,
1.00369 0.99763 1.00008 0.99714
mso, 171, 191 131, 183 260, 376 161, 178
mgs 185 179 378 175
My 4 2419, 2558 2705, 3476 4721, 6513 4942, 6832
frs 1036, 1798 1151, 1762 2311, 3401 2326, 3543
mg 2421, 2532 2706, 3547 4722, 6595 4943, 6938
b s 1771, 2468 1212, 3089 2380, 6340 2401, 6630
mg, , 737, 525 514, 787 651, 1409 398, 1487
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Parameter Point 1 Point 2 Point 3 Point 4
mes, 518, 728 521, 353 627, 1338 185, 1333
mz - 343, 568 - -
QCDMh2 - 0.0846 0.1017 0.0099

Point 1 displays an example of solutions with large deviation in x; ~ 1.22541 and
K, ~ 1.22756 since m 4 is small ~ 339 GeV while the deviations of other Higgs
couplings are not significant. The measure of electroweak fine-tuning Ay, is
about 27 but the high-scale fine-tuning measure is as large as 1883 while Aa,,
is about 4.731 x 107'°. We notice that for all four points, the SM-like Higgs
mass my,, heavy CP-even Higgs mass my, and charged Higgs mass my. have
masses in the range of [123,125] GeV and [340,860] GeV, respectively. The
lightest neutralino, which is higgsino-like, is about 171 GeV while x5 is about
185 GeV. In the colored sector, we observe that for all four benchmark points,
mgy, ~ my;, and their masses are > 2.3 TeV. We also note that for Point 1, the
gluino mass is about 2.5 TeV which is comparable to the first two generation
squark masses, but for the other three benchmark points m; < m;. Besides,

only for Point 1 is the mass difference between 7, and 7)1 somewhat large ~ 700
GeV. It can also be noticed that for Point 1 and Point 2 the light stop is the
lightest colored sparticle, while for Point 3 and Point 4 the gluino is the lightest
colored sparticle. Slepton masses for Point 1 are less than 800 GeV.

Point 2 represents a point with large value of Aa,, ~ 16.63 x 10710, while A gy
and Apg are about 23 and 3151 respectively. Since m, is relatively small at
755 GeV, the deviations in #, . are about 4% and can be probed by CEPC. In
the electroweakino sector, the lightest neutralino, which is a bino-higgsino mixed
state, is about 131 GeV while the lightest chargino is about 180 GeV. The gluino
and light stop are about 1.5 TeV and 1.1 TeV, respectively. Since sneutrinos
) o and smuons Mg, , are as light as ~ 521 GeV and 514 GeV respectively, we
observe a large Aa, as noted above. The third generation sneutrino and light
stau are about 343 GeV and 353 GeV. Since it is a bino-higgsino mixed point,
its relic density (0.0846) is better than that in Point 1.

Point 3 shows a solution with m 4-resonance with m, ~ 603 GeV and correct
relic density Qh* ~ 0.1017. Deviations in &, are about 6% and within the
range of CEPC measurements. Apy, ~ 87, but Apg ~ 10873. Gluino and light
stop masses are 1.4 TeV and 2.4 TeV respectively. Since electroweakinos and
sleptons are relatively heavy compared to Point 2, Aa,, is also relatively small
at 7.683 x 10710,

Point 4 is an example where stau is degenerate in mass with the lightest neu-
tralino. Since this is a higgsino-like neutralino, the relic density is very small
(0.0099). The pseudo-scalar mass m, ~ 846 GeV, so the r, . are as small as
about 3% which can be tested by the CEPC (2IP) measurements (see Table 1).
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The light stop is about 2.4 TeV while the gluino is about 1.3 TeV. Since sneutrino
and smuon are light, we have a relatively large value for Aa, ~ 12.161 x 10710,

5 Conclusion

In this paper, we study the parameter space of natural SUSY in the GmSUGRA
model using the Higgs couplings and the muon anomalous magnetic moment
measurements as constraints. Restricting the EWFT measure A gy, < 100, we
scan the parameter space by applying basic constraints, the muon anomalous
magnetic moment constraint, and Higgs coupling constraints from Higgs cou-
pling measurements at HL-LHC, ILC, and CEPC. We display our results in
various plots showing that the Higgs coupling precision measurements and the
muon anomalous magnetic moment measurements can constrain EWSUSY in
GmSUGRA effectively. We show «;, and ., as a function of m 4. The measure-
ments of the Higgs couplings at future colliders like CEPC can constrain m 4 up
to 1.2 TeV. In addition, light stop mass can be constrained around 0.5 TeV by
the hgg coupling measurements at CEPC. The combination of muon anomalous
magnetic moment and Higgs coupling measurements constrain the € mass to
be in the range between 600 GeV and 2 TeV. The range of both €;, and 7, masses
is [0.4,1.1] TeV. In all cases, the {? mass needs to be small (mostly < 400 GeV).
Since the direct search of heavy Higgs usually excludes parameter space with
large tan 8 where the branching ratio of A — 77~ can be enhanced, but the
m 4 bounds given by the Higgs coupling measurement can exclude the region
with small tan § as well, the Higgs coupling measurement is complementary to
the direct search of heavy Higgs when constraining SUSY. We also list four in-
teresting benchmark points as examples of solutions with large deviations in
and k_, large value of Aa,, m 4-resonance, and stau-neutralino coannihilation
in Table 2.
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