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Why NMSSM?

The Higgs and electroweakino sectors of NMSSM and implications from current
constraints.

Features of the allowed parameter space.

Prospects at future experiments.
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Introduction

e The ATLAS and CMS collaborations have unambiguously confirmed the existence of
a scalar boson at 125 GeV.

e Numerous measurements by both, ATLAS and CMS, indicate that the properties of
the observed resonance is consistent with the predictions from SM.

e The current data still leaves enough space for the observed Higgs to have
non-standard decays.

e Higgs decaying to invisible particles provides one such exciting prospect.
e Invisible particles, if stable, could also be the dark matter candidate.

e Within R-parity conserved SUSY scenarios, the lightest stable particle, typically x?
(lightest neutralino), naturally provides a DM candidate.

o Correlations between invisible Higgs measurements, Dark Matter direct detection
and direct/indirect collider probes, can provide interesting directions towards
exploring the SUSY landscape.
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Introduction

e Supersymmetry is an extended space-time symmetry which relates the fermionic and
bosonic degrees of freedom:

Qa|fermion)o = |boson),  Qq«|boson) = |fermion), (1)
e The fermions and bosons related through Q. are referred to as superpartners and
grouped together under a supermultiplet.
e The supersymmetric extension of the Standard Model with the minimal field content
in the Higgs sector is the Minimal Supersymmetric Standard Model (MSSM).
o The field content of the MSSM
Supermultiplet | Fields | Spin | SU(3)c, SU(2)., U(1)y Supermultiplet | _Fields _[ Spin | SUB)c, SUR).. U)v
~ ) | 12 y Hi, H) | 0
o il @.2.1/3 Higes and B iy | 2 &2
rks an: N a _ higgsi - HS, Hy 0
il I B R R S - Y P
b o 3.1 2/3) B boson and g 2 (11,0
N e, &) | 12 W boson and W W 1
Leptons and t oy | 0 a2 -1 Wino Ve, W 1/2 @3
Sleptons £ - 12 @2 Gluons and £ 1}2 (8.1.0)
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The MSSM

e The Higgs sector of MSSM features 5 Higgs bosons: 2 neutral scalars (Hi, H2), 1
neutral pseudoscalar (A;), and charged Higgses (H).

e The electroweakino sector:

Charginos

>+ o+
X1 X2

Neutralinos

X1, X2 X3, X4

X can be a viable DM candidate if R-parity conservation is assumed.

e The MSSM has solved various issues with the Standard Model, however, it has its
own problems.
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Why NMSSM?

® Solves the 11 problem in MSSM: The NMSSM offers an elegant solution to the
u-problem in MSSM through the introduction of an additional singlet superfield (S).

Wasssw = vt @y - Fly — yi&iQ - Fla — yIBL - Fla +| - Pl |

an o ks
Wimssm = Wissm(w = 0) + ASH, - Hg + 553

It naturally generates an effective p term when S develops a non-zero vev (S).

@® Less tuning required for a 125 GeV SM-like Higgs boson:

3 Mo
Mi,,, ~ Mz cos’ 28 + N>V’ sin® 23 + = Tt2 (/n <#) + > J

MSSM (Tree level): M, < Mz - |cos2ﬂ\ < Mz
NMSSM (Tree level): M = M2 cos 26+)\2v2 sin? 23
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Why NMSSM?

@ Solves the p problem in MSSM: The NMSSM offers an elegant solution to the .
p-problem in MSSM through the introduction of an additional singlet superfield (S).

Whissm = yl i Qj - Hy — yidiQ; - Hy — yIEL; - Ay +
1 ks
Wimssm = Wissm(n = 0) +| ASH., - Hy |+ §S

It naturally generates an effective n term (p ~ A(S)) when S develops a non-zero
vev (S). NMSSM is the simplest SUSY extension of the SM in which the weak scale
is generated by the SUSY breaking scale.

@® Less tuning required for a 125 GeV SM-like Higgs boson:

M2 M2 25 222 sin2 2 3m§ / mgtop
hoy ~ Mz cos” 23 + A\"v”sin” 23 + il == ) 4F ==

472y2

MSSM (Tree level): My < Mz - |cos2f| S Mz
NMSSM (Tree level): M2 = M3 cos® 283 + A?v?sin 23
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Why NMSSM?

Richer Higgs sector

e 7 Higgs bosons: 3 neutral scalars (Hi, H>, Hs), 2 neutral pseudoscalars (A;, A2), and
charged Higgses (Hi)
The scalars and pseudoscalars are an admixtures of doublets and singlet.

o Offers an exciting possibility to have light singlet-dominated a; and/or hy below
125 GeV (Ref. [12, 11, 22, 21, 23, 16]).

e Compared to MSSM, new terms o A, k, vs are introduced in the couplings of the
Higgs with other Higgses and electroweakinos.

o Added complication: More input parameters are required to parametrize the tree
level Higgs sector:
)‘7 K, A)m Arw tanﬁ7 H
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Why NMSSM?

Richer electroweakino sector

e 5 neutralinos (MSSM + singlino) and 2 charginos (X1, X5 ):

x) = NuB+ Np W3 + Ni3/‘73 + NigH + Nis5 (2)

o At the tree level, the EW ino sector is parametrized by: My, M., u,tanf, A, k.

The neutralino mass matrix at tree level:

My 0 — Mz sin Oy cos 8 Mz sin Oy sin 8 0
0 My Mz cos Oy cos 3 — Mz cos Oy sin B 0
. — Mgz sin Oy cos 8 Mz cos 6y cos B 0 —
0=
X Mz sin Oy sin 3 — Mz cos 6y sin B — 0 —Avcos 3
0 0 l 7/\vsinB‘ l 7)\vcosB‘ ‘2/{\/5

e The singlino helps in alleviating constraints on neutralino dark matter.
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Why NMSSM?

e In the MSSM with heavy sfermions, light neutralinos below ~ 30 GeV are
constrained [18, 5, 15, 9, 8, 7, 17, 4].

e This arises mainly from a combination of the relic density constraint and the
chargino mass constraint.

e The NMSSM allows the possibility of a lighter neutralino (O(1) GeV') while
satisfying the upper limit on the relic density and other current
constraints (Ref. [2, 10, 1, 19, 13, 3, 14]).

e The NMSSM also allows the possibility of light scalar and pseudoscalar Higgs bosons
(below 125 GeV) which can escape the existing constraints from Higgs
measurements.

e These singlet-dominated light Higgses provide an efficient annihilation mechanism
for the light neutralinos in the early universe [6, 20].

e So, the NMSSM preserves the success of the MSSM while offering a multitude of
additional possibilities.
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Parameter Space scan

e We choose the parameter space with:
o M~ <625 GeV
X1

e Qh? <0.120
e My, and Ma, below 122 GeV

e hy is identified with the SM-like Higgs boson.

e heavy squarks and sleptons to decouple their effects on the light neutralino sector.

The scan is performed over the following range of input parameters:

001 <A<0.7, 107° <k <0.05, 3<tanf < 40

100 GeV < < 1 TeV, 1.5 TeV < M3 < 10 TeV.

2 TeV < Ay < 10.5 TeV, — 150 GeV < A, < 100 GeV

M; =2 TeV, 70 GeV < M, < 2 TeV

Ac=2TeV, Az =0, Mys, Mps, Mgs =2 TeV, Mg, M3 = 3 TeV
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Limits from LEP:
o M. 21035 GeV.
1
e Upper limits on o(eTe™ — x?x7) at 95% CL.
e Upper limits from searches in e"e™ — ZH;/AiH;

Flavor constraints:
e 3.00 x 107* < Br(B — Xsv) < 3.64 x 107"
e 1.73x107° < Br(Bs — ') < 4.33 x 107°.
e 0.68 x 107" < Br(BT — 77v,) < 1.44 x 10™*.

Limits from LHC
e Higgs signal strength constraints.
e Limits from sparticle searches at the LHC.
e Direct search of light Higgs bosons in the 2b27, 2b2y, and 2427 channels.
o [h,s <22 MeV
o Br(hios — inv.) < 19%.
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Limits from LEP:
o M. 21035 GeV.
1
e Upper limits on o(eTe™ — x?X7) at 95% CL.
e Upper limits from searches in e"e™ — ZH;/AiH;

Flavor constraints:
e 3.00 x 107* < Br(B — Xsv) < 3.64 x 10~*.
e 1.73x107° < Br(Bs — ™) < 4.33 x 107°.
e 0.68 x 107* < Br(B" — 7t1;) < 1.44 x 107"

Limits from LHC
e Constraints from direct electroweakino searches
o pp— (X9 — Z/h)(l)(x1 — WEX9) resulting in 3/ + Ef__ final state. — Excludes a
wino upto ~ 600 GeV for M~ < 60 GeV.
. Dlrect chargino palr—productlon in OS di-lepton+T. final state — excludes wino-like
X below < 400 GeV for bino-like M;o ~ 50 GeV.
1

v
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Constraints from direct detection:
e The blue and orange points are allowed by the latest upper limits on os from
Xenon-1T.
o Blue points are further excluded by the latest UL's on osp — these points feature a
large NZ — N2,

102
104
S 3
= Kenon-1 T,
g 10°-
a
&
w108
10710 - i
L L L L
0 10 20 30 40 50 60
Myo [GeV]
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Indirect detection constraints:

1020 T 102 T
Allowed points ~ * Allowed points ~ *
102 - 1024 - 8
XO 0 - ie] :
IXIi2TT Fermi-LAT limits
1020 - g
el 1024 - 3
2
= X! x? - b6 Fermi-LAT limits E 1028
5 107 5
s ;: 10730
A 1028 I
° & 1032
< -30 J
w10 v 1034
102 36
0
]0734 1073!
0 10 20 30 40 50 60
Myg [GeV] Myg [GeV]

e A small number of points shown in orange are excluded.
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Allowed parameter space

2000
o Grey: Excluded by LEP limits, Higgs
signal strength constraints, B-physics 1500

constraints, direct light Higgs searches =
and sparticle searches at the LHC. S 1000
=
o Green: excluded by direct detection.
e Orange: excluded by direct 500

electroweakino searches.

0
100 200 300 400 500 600 700 800 900

W [GeV]
e The large M, region is mostly excluded by the Higgs signal strength constraints and
LEP searches for light Higgs.

e The impact of Higgs constraints could be relaxed in a more generic framework where
the parameters of the squark sector are also allowed to vary.
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The allowed parameter space

What's different from MSSM?

The allowed region in MSSM:

100

Wl ] e The lower bound on M~ N implies the

-\ presence of only Z and h125 as
mediators for the efficient X5 x5
annihilation.

e The NMSSM, on the other hand,

i features additional singlet-like h; and a:

R S R below Mz — possible to obtain allowed
30035 40 45 505560 6570 points in NMSSM with M~ ~ 1 GeV.
My, [GeV] X

£ x 0g; (pb) x 10710

0.1 -

from 1703.03838
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The allowed parameter space

e Below the Z funnel region:

e Below 62.5 GeV, the x? has to be bino © the allowed points are mostly
I i populated along M, ~ 2M~;.
or singlino dominated. X

1
o Oh? < 0.122 can be satisfied only

@® points away from the above
correlation have My, ~ 2M~,.
e D X
through co-annihilation or annihilation
via resonance.

1

e For our parameter space,
co-annihilation — | not feasible e
e i . . 120
e Only possibility — annihilation via
resonance. 5100
5
. . S
o We fix My at 2 TeV — X3 is always Zor
singlino dominated. = 60 —
e The singlino-like X? below Mz/2 can 40 —
undergo annihilation through a; or h;. 0
e To evade the current constraints, light 0 2 | |
a; and h; must be singlet dominated. 0 10 2 30 40 50 6
Myg [GeV]
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Complementarity between future direct detection experiments and invisible

Higgs measurements

Black points: Br(Hi2s — inv.) < 0.24% — outside the projected Higgs invisible
measurement capability of CEPC. J

10° 0.1

Xenon-1T

€0g; [pb x 1071]

=4
>

Br(hjys = invisible)

myg [GeV]

e CEPC will be able to probe the green colored points in the M;O < 10 GeV region
which may be forever outside the reach of DM detectors. '
e CEPC will also be able to probe points which are outside Xenon-nT's future reach.
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Complementarity between future direct detection experiments and invisible

Higgs measurements

HL-LHC (2 2.8%) [CMS-PAS-FTR-16-002],
FCC-ee (2 0.63%) [1605.00100],

ILC (= 0.4%) [1310.0763],

CEPC (2 0.24%) [1811.10545],

FCC-hh (> 0.01%) [CERN-ACC-2018-045]

Br(H, ;5 = invisible)

Myg [GeV]

e Orange: points below the coherent neutrino scattering floor.

e Green: points outside Xenon-nT's projected reach but above the neutrino scattering
floor.
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Additional coverage with future osp measurements

e The spin-dependent measurements can provide coverage of some parameter space
points with small og (even below the coherent neutrino scattering floor).

e Roughly similar to the blind spots — very small value of o while also being
compatible with relic density limits.

106
104 3

102

g
S Xenon-1T
»”
2
= 102
%
©
W
104 Coherefit'neutrino sgattering
100
IO'K L L L L L L
0 10 20 30 40 50 60

My [GeV]
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Projected reach of

Br(H p5~A A =bbH 1)

My, [GeV]

The future projections have been taken from 1902.00134 and translated to our allowed parameter space.

e Blue colored points: Outside the projected reach of direct light Higgs searches in the
pp — hios — arai/hihi — 2b2y channel.

e The results indicate that the discovery potential of light Higgs bosons produced via
direct decays of Hios is not very strong.

e We made no attempt to optimize the analysis for increased luminosity or increased
energy. So, our conclusion must be viewed with caution.
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Projected reach of direct EWino searches at the HL-LHC and HE-LHC

e Next, the projected reach of direct electroweakino searches (in WZ and Whias
mediated 3/ + F.. channel) at the HL-LHC and the HE-LHC is derived through
cut-based collider analysis using optimized signal regions.

o A simplified model with degenerate higgsino-like )?3,3(2,)?1 and bino-like X9 is
considered while evaluating the projections.

e The goal is to map out how well the future upgrades of LHC will be able to probe
the NMSSM parameter space with light neutralino.

e The projections are translated to the allowed NMSSM parameter space by
considering the actual production cross-sections and branching ratios of the mixed
states.

e In order to do so, the signal efficiency grids are mapped out in the doublet-higgsino
LSP mass plane.

e Since the efficiency grid is determined by the kinematics, the details of the
composition of the parent higgsinos or the daughter LSP is completely irrelevant.
Thus, the projections could be potentially translated to any model parameter space.
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WZ-mediated 3/ + F.. at the HL-LHC

Signal: pp — XoxXT — WZ + By — 31+ B
Backgrounds: WZ, ttZ, VWV, ZZ.

Signal regions:
Benchmark points
BPAL BPB1 BPC1 BPD1 BPE1 BPF1 BPG1 BPH1
ng’xg’xxt 130 310 310 610 610 610 1000 1000
[GeV]
i, &Y 30 0 210 0 300 510 0 420
Kinematic Signal regions
variables SRA1 SRB1 SRC1 SRD1 SRE1 SRF1 SRG1 SRH1
X <02 E <15 E - E E -
APsros 1., - [2.7: 7] [1.8: 7] [1.5: 7] [1.8: 7] - [1.6 : @] [1.5: @]
ARsros [14:38) [0.3:2.1] = [0.1:13] [01:13]  [16:4.0] [0.1:1.0] [0.1:1.3]
Fp [GeV] [50 : 290] >220  [100:380] > 200 > 250 - > 200 > 200
MY [Gev] s >100  [100:225] > 300 > 150 [150 : 350] > 150 > 200
Mé“} [GeV] = > 100 - > 100 > 150 [100 : 400] > 200 > 200
P [GeV] 50 : 150] >120 60 : 110] > 150 > 150 60 : 150] > 210 > 200
p’; [GeV] [50 : 110] > 60 >30 > 100 > 100 [50 : 80] > 150 > 100
P2 [GeV] > 30 > 30 > 30 > 50 > 50 [30 : 60] > 50 > 50
V.

Background generation (at LO) done using MadGraph5_aMC@NLO. Signal generated using
Pythia-6 and detector effects simulated with Delphes-3.4.2.
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WZ-mediated 3/ + F.. at the HL-LHC

Efficiency maps:

s ©
s =
a2 g

s 2
s 2
. L L
Signal region efficiency

Myg [GeV]
s o
R

°

200 400 600 800 1000
Mygxgx; [GeV]

0.0025

0.002 S‘

s

)

= 2
2 0.0015%
2 £
R En
2 0001 &
=

g

0000520

"

200 400 600 800 1000
Mydxgx; [GeV]
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Projected reach of wino searches in the WZ
mediated 3/ + F.. final state at the HL-LHC.

700 1 . ) Projected exclusion reach

14 TeV (3 ab™), WZ-mediated 31+F Projected discovery reach
600 ' yying like X9, Xll . ¢
500

My [GeV]

100 300 500 700 900 1100
Mygy; [GeV]

Our projection results are comparable with the ATLAS
projections in
ATL-PHYS-PUB-2018-048 (discovery (exclusion) upto
~950 (~ 1110) GeV for massless LSP at 95% C.L.).
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WZ-mediated 3/ + F.. at the HL-LHC

Projected reach of wino searches in the WZ
mediated 3/ + H.. final state at the HL-LHC.

. . .
Projected exclusion reach
Projected discovery reach s

700 +
14 TeV (3 abl), WZ-mediated 31+F,

600+ wino like X3, X}

500

400

Myg [GeV]

300 -

200

100 + E

300

500 700

Mygy; [GeV]

900 1100

Our projection results are comparable with the ATLAS
projections in
ATL-PHYS-PUB-2018-048 (discovery (exclusion) upto
~950 (~ 1110) GeV for massless LSP at 95% C.L.).
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Projected reach of higgsino searches in the
WZ mediated 3/ 4 F.. final state at the

600 | | | ,
Projected exclusion reach
-1 )
14TeV 3 ab™), WZmediated 3BT projoceq discovery reach ssssst

500~ higgsino-ike X3, X3 X1 r
— 400
2 M
S 300 - R
= R
= 200

100 -

0

200

400 600

M2 x4; [GeV]

800 1000

A systematic uncertainty of 5% has been assumed in

these analyses.
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Impact on allowed NMSSM parameter space

e In our allowed parameter region, X3, X3, X9, Xi.» Xa are either higgsino-like, wino-like
or wino-higgsino admixtures.

e Direct chargino-neutralino pair production modes which can potentially contribute
to WZ mediated 3/ + Fp: X3XT, X3X5» X3Xi» X3Xa» Xax; and X9x5

e The direct production cross-section (J;?;ji) is computed by scaling the pure

higgsino cross-section with the respective reduced squared W&?)?Ji couplings:
2 2
C;/;Q;i = {(N,‘3 Vio — Njp \/,1\6) + (Nf4 Up + Ni ljjl\/i) }
i
U/V are the chargino mixing matrices while N represents the neutralino mixing matrix.
e The signal yield for a particular parameter space point is computed for all the signal
regions through:
S= Orgre X (Relevant Br ratios) x (£ = 3000 fb™") x Signal efficiency  (3)
iXj
e The signal efficiency is obtained from the efficiency maps shown earlier.

e The signal significance (S, ) is computed as: S/+/B+ (B - sys,un)2, by adopting

the signal region that yields the highest S,. Here, B stands for background.
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Impact on allowed NMSSM parameter space

Color code: Green: S, > 5, light blue: 2 < S, < 5, dark blue: S, < 2
‘ BPp (1 ~ T17 GeV, My ~ 1244 GeV), BPg (717 GeV,, 400 GeV) ‘

1400 | [ BP( (403 GeV, 200 GeV)

e The observation of a signal is
an interplay between the
production cross-section and
signal efficiency.

1200 -+ WZ-mediated 31+Er, HL-LHC
1000

Ma[GeV]
™
g

o At large values of My, 11 (near
BP4) — large efficiency but
smaller production

100 200 300 400 500 600 700 800 900 cross-section — kinematically
UGeV] suppressed signal.
o At smaller values of M, u, — larger production cross-section but signal efficiencies
reduce.

e The dark blue points near BPc — S, marginally less than 20.

e In BPg and BPc, the dominant production mode is 5(8%% and %3 dominantly

decays into Hizs + X3 with branching rates of 82% and 92%, respectively — reduced
sensitivity in WZ mediated channels.

e Direct searches in WHi2s mediated channels could be more effective for these
benchmarks.
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WH;25-mediated 3/ + B, at the HL-LHC

Signal: pp — X3/X3 4+ Xi — Whias + Br — 31+ K,
Main backgrounds: WZ, ttV, VVV and ZZ

Projected exclusion and discovery reach at

. . the HL-LHC.
Signal regions:
Kinematic Signal regions L - —
variables SRA2  SRB2 SRC2 SRD2 s0p  14TEV (3 abh), WHas-mediated 31+ 5{5}::::3‘31113:;‘;3 ope—
MG min [GeV] <75 " higgsino-like X%, X% X1
B, [Gev] > 100
M1 [Gev] | >200 >200 >300 > 400 Z 0
M2 [Gev] | >100 >150 >200 > 150 <) w
M2 [Gev] | >100 >100 >150 > 100 F Y o e
100 —
These SRs are motivated from a similar
analysis in ATL-PHYS-PUB-2014-010 ; ‘
100 200 300 400 500 600 700

My2x3x; [GeV]
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WH;25-mediated 3/ + H. at the HL-LHC

The projected reach on the currently allowed parameter space:

1400 | L
1200 | WH)s-mediated 31+Ey, HL-LHC L
5 10007 r Direct searches in the
S s WHi2s5 mediated 3/ + K.
= 00 L channel are more effective
400 1 L in probing the M> < 1
0 region of parameter space.

100 200 300 400 500 600 700 800 900
HIGeV]

e BPg and BP¢: outside the reach of direct searches in WZ mediated 3/ + ]Zl but
fall within the discovery reach of direct searches in the WHi25 mediated channel.

e Similarly, the M> < 150 GeV region in this figure shows 50 sensitivity via the WZ
mediated 3/ 4 F.. search channel.

o We observe a striking complementarity in the search power via WZ and WH;2s
mediated 3/ + H.. search channels..
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Scope of other complementary search channels in BPg

X0 p% X3 xe Xi e
Mass [GeV] 60.4 421 734 742 421 741
wino % 10°° 0.96 2x10° 0.04 0.94 0.06
higgsino % 107 0.04 0.99 0.96 0.06 0.94
Singlino fraction in x3: 0.99 My, = 97.2 GeV, Ma, = 99 GeV
Cross-section (b) e G e ehes e e
V5 =14 TeV 104 0.27 0.28 2.1 0.25 2.3
/5 =27 TeV 363 1.1 1.1 10.2 1.0 11.2
X5 — xiZ (0.04), \THr2s (0.82), X7H: (0.14)
Branching ratio X3 — XiZ (0.13), X¥Hh2s (0.10), XvH: (0.01), xi W7 (0.51), x5Z (0.23), x5H2s (0.01)
X8 — X3Z (0.12), \THuzs (0.11), x; W (0.53)
X3 = X3Z (0.02), X3Huzs (0.21)

Significance at HL-LHC: WZ mediated 3/ + F..: 1.5, WHi2s mediated 3/ + F.,.: 5.3
Significance at HE-LHC: WZ mediated 3/ + K. 4.4, WHi2s mediated 3/ + F..: 34

® Notice the presence of other cascade decay modes:
(1) ;g can decay into ;gZ while )?g can decay into ;?Hl or ;?H125.
(2] ;g is dominantly produced in association with ;;E which can decay into Z/Hi25 + ;f

or W* + ;g/;?‘l) with appreciable rates.
(3] }g%} can eventually lead to rich final states including VV + ¥ or V/Z/H; + B

Although, a()?g;;t) is small for BPg, but one obtain points with relatively larger
o(X3x5), for. eg. BPc with o(x3x5 ) ~ 24.8 fb.
® 3/ + H.. channels might not be most the efficient ones in the presence of these cascade decay channels.

® Dedicated searches beyond the scope of this work will be needed to explore these novel signals.
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of doublet higgsino searches at the HE-LHC

Color code: Grey: projected discovery region, light blue: projected exclusion region

. . . . . . . ® 10 optimized signal regions are considered.

Myp [GeV]

00 Projected exclusion region
T P d di very — . . .
27 TeV (15 ab™l), WZ-mediated 31+ Ep Frapigheat ® Considerable improvement over its HL-LHC
wo | Migssinodike X4 8, X1 counterpart. Projected exclusion reach at the
HL-LHC was only up to ~ 1000 GeV for
600 massless xl
400 -
200 4
, ,
900 | 27 TcV (15 ab 1) WHm-mcdnatcd 3L4+Ep Projected exclusion reach
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Projected reach of EW ino searches at the HE-LHC on the allowed parameter space

Color code: Green: S, > 5, light blue: 2 < S, < 5, dark blue: S, < 2

| ‘ WZ-mediated 3/ + 1. channel‘

1200 - WZ-mediated 31+Fy, HE-LHC . 2 -
1000
800 | The HE-LHC provides a larger discovery
L opportunity than the HL-LHC for the

L detection of NMSSM inos with light LSP.
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Event yields at the HL-LHC and the HE-LHC

We see a considerable improvement in the signal significance at the high energy upgrade
of the LHC.

Benchmark point WZ mediated WH,25 mediated
(Ms, 1) [in GeV] HL-LHC HE-LAC HL-LAC HE-LAC
BPa 13 180 4 23
(1244, 717) (3.8) (14) (0.4) (6.6)
BPg 7 86 63 272
(400, 717) (1.5) (4.4) (5.3) (34)
BPc 7 65 131 388
(200, 403) (1.3) (2.1) (8.8) (48)
BPp 20 231 8 35
(952, 585) (6.1) (18) (1.0) (9.8)
BPe 23 408 12 36
(696, 518) (7.0) (20) (1.2) (10)
BPr 28 418 18 79
(555, 571) (8.6) (21) (2.1) (22)
BP¢ 23 233 78 206
(396, 515) (5.2) (12) (5.3) (27)
BPy 17 167 125 368
(204, 302) (3.4) (5.3) (8.4) (45)
BP, 27 257 110 321
(210, 262) (5.3) (8.1) (7.4) (40)
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Conclusion

e The allowed parameter space features both a singlino-dominated LSP X9 and
singlet-like light Higgs.

e DD experiments and Higgs invisible width measurements at the future experiments
have the potential to cover some of the parameter space, however, the
M;O < 10 GeV region will remain out of reach.
1

e The low mass region will also be out of the future reach of searches for light Higgses
in SM-like Higgs decay.

o The Whios mediated EWino search channel was truly complementary in the M> < p
region where the WZ channel had the least power.

e Direct EWino searches at the HL-LHC would be able to discover a majority of
currently allowed parameter space via at least one of the two channels.

o HE-LHC guarantees discovery via both WZ and Whizs mediated 3/ + F.. channels
over essentially the entire parameter space.
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Thank you
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Benchmark points Input parameters

B8P, A =03, 5=0.01 tan § = 9.5, A\ = 6687 GeV, A, = 5.2 GeV,
=717 GeV, M, = 1244 GeV, M3 = 2301 GeV

BPs A =044, k =002 tan3 = 11.8, A\ = 8894 GeV, A, = -57 GeV,
=717 GeV, M, = 400 GeV, M3 = 4323 GeV

BPc A=008 r=3x10 ", tan = 18, Ay = 6563 GeV, A, = -7.9 GeV,
1 = 403 GeV, M, = 200 GeV M3 = 3080 GeV

BPp A =044, k =002, tan § = 15.6, Ay = 585 GeV, A, = 9501 GeV,
1 = 585 GeV, Mp = 952 GeV, M3 = 4457 GeV

BP: A =027,k =0.02 tan 8 = 11.6, Ay = 5875 GeV, A, = 12 GeV,
/=518 GeV, My = 696 GeV, M3 = 3634 GeV

BPr A =0.30, k=0.01, tan § = 11.2, Ay = 6319 GeV, A, = 17 GeV,
=571 GeV, M, = 555 GeV, M3 = 2687 GeV

BP. A =042 k=002 tanf = 15.9, Ay = 8638 GeV, A, = 43.4 GeV,
=515 GeV, M, = 396 GeV, M3 = 2903 GeV

BPy A =002 k=7x10" tanf = 255, A\ = 7348 GeV, A, = -7.3 GeV,
=302 GeV, M, = 204 GeV, M3 = 2239 GeV

B8P, A =002 k=06x10",tan3 = 27.6, Ay = 6924 GeV, A, = -5.7 GeV,
=262 GeV, M, = 210 GeV, M3 = 2217 GeV
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@ Implications from current constraints
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The allowed parameter space

2000 - 4

o Grey points: excluded by the constraints
from: LEP, Higgs signal strength, B
physics, direct light Higgs searches and
sparticle searches at the LHC.

1500 il

1000 |

M, [GeV]

e Green and yellow regions: excluded by the

Sl direct detection limits from Xe-1T and
1 the limits from direct EW ino searches in
the 3/ + K and 2/ + B channels,
respectively.

500

0 Il Il Il Il
100 200 300 400 500 600 700 800 900 ® The points in the large My region are

 [GeV] mostly excluded by the Higgs signal
strength constraints, requirement of a
o Blue color: The allowed parameter 125 GeV Higgs and LEP searches for light
space points. Higgs.
e The grey and green points also lie
beneath the blue and yellow colored
points.
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Event yields at the HL-LHC and the HE-LHC

We see a considerable improvement in the signal yields at the high energy upgrade of the
LHC.

Benchmark point WZ mediated WHi25 mediated
(M2, 1) [in GeV] HL-LHC HE-LHC HL-LHC HE-LHC
BPa 13 180 4 23
(1244, 717) (3.8) (14) (0.4) (6.6)
BPg 7 86 63 272
(400, 717) (1.5) (4.4) (5.3) (34)
BPc 7 65 131 388
(200, 403) (1.3) (2.1) (8.8) (48)
BPp 20 231 8 35
(952, 585) (6.1) (18) (1.0) (9.8)
BPe 23 408 12 36
(696, 518) (7.0) (20) (1.2) (10)
BPr 28 418 18 79
(555, 571) (8.6) (21) (2.1) (22)
BP¢ 23 233 78 206
(396, 515) (5.2) (12) (5.3) (27)
BPy 17 167 125 368
(204, 302) (3.4) (5.3) (8.4) (45)
BP, 27 257 110 321
(210, 262) (5.3) (8.1) (7.4) (40)

The numbers in represents the signal significance values.
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Complementarity between future direct detection experiments and invisible

Higgs measurements

outside the projected Higgs invisible measurement

Black points: Br(Hios — invisible) < 0.24% —
capability of CEPC. J

100 T T T T 0.1
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£ ' 1 z
Z 001 S =
& E
t 106 -+ 1 1 1 1
108 L 1 1 1 0 20 30 40 50 60
0 10 20 30 40 50 60 M,yo [GCV]
myp [GeV] Xi
. e Orange: points below the coherent
o CEPC will be able to probe the green t‘_% P ttering f
neutrino scattering floor.
colored points in the I\/I~ < 10 GeV g€

e Green: points outside Xenon-nT's
region which may be forever outside the . .
projected reach but above the neutrino
reach of DM detectors. .
} ] scattering floor.
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