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We study the collider phenomenology of the extendedHiggs sector of the next-to-minimal supersymmetric
Standard Model (NMSSM). The region of NMSSM parameter space favored by a 125 GeV SM-like Higgs
and naturalness generically features a light Higgs and neutralino spectrum as well as a large Oð1Þ coupling
between the Higgs doublets and the NMSSM singlet fields. In such regimes, the heavier Higgs bosons can
decay dominantly into lighter Higgs bosons and neutralinos.We study the prospects of observing such decays
at the 13 TeV LHC, focusing on mono-Higgs signatures as probes of such regions of parameter space. We
present results for the mono-Higgs reach in a framework easily applicable to other models featuring similar
decay topologies. In the NMSSM, we find that the mono-Higgs channel can probe TeV scale Higgs bosons
and has sensitivity even in the low tan β, large mA regime that is difficult to probe in the MSSM. Unlike for
many conventional Higgs searches, the reach of the mono-Higgs channel will improve significantly with the
increased luminosity expected to be collected at the LHC in the ongoing and upcoming runs.
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I. INTRODUCTION AND MOTIVATION

Weak scale supersymmetry (SUSY) as a solution to the
hierarchy problem [1–5] has faced severe challenges from
the observation of a Standard Model (SM) like 125 GeV
Higgs boson and the absence of signals of superpartners at
the Large Hadron Collider (LHC). This is particularly
serious in the minimal supersymmetric Standard Model
(MSSM) (see e.g., Refs. [6–8] for reviews of the MSSM),
where large radiative corrections are required to yield a
125 GeV SM-like Higgs boson. In addition, the MSSM
suffers from the so-called μ problem [9], i.e., to generate
proper electroweak symmetry breaking, the dimensionful
MSSM parameter μ that appears in the superpotential must
be of the order of the electroweak scale rather than the
expected cutoff scale of the theory [the grand unified theory
(GUT) or Planck scale].
These problems can be alleviated in the next-to-

minimal supersymmetric Standard Model (NMSSM)—
see Refs. [10,11] for reviews—which augments the
MSSM particle content with a chiral superfield Ŝ
uncharged under any of the SM gauge groups. In this
paper, we consider the scale-invariant NMSSM, where all

dimensionful parameters in the superpotential are set to
zero, yielding an accidental Z3 symmetry under which all
superfields transform by e2πi=3. This singlet field leads to
the following additional terms in the superpotential:

W ⊃ λŜĤu · Ĥd þ
κ

3
Ŝ3; ð1Þ

where Ĥu; Ĥd are the up- and down-type Higgs doublets
and λ and κ are dimensionless coefficients. The μĤu · Ĥd
term of the MSSM is forbidden in the scale-invariant
NMSSM; however, an effective μ term is generated when
the scalar component of the field Ŝ gets a vacuum expect-
ation value (vev), μ ¼ λhSi= ffiffiffi

2
p

. If the vev of the singlet is
induced by the breaking of supersymmetry, hSi is of the
order of the supersymmetry breaking scale, thereby alle-
viating the μ problem for low-scale supersymmetry.
Recall that in the MSSM, the tree-level mass term for the

SM-like Higgs field is m2
h ≈m2

Zcos
22β ≲ ð90 GeVÞ2. In

the NMSSM, the F-term scalar potential leads to an
additional tree-level mass term for the SM-like Higgs field
proportional to λ2,

m2
h ≈m2

Zcos
22β þ 1

2
λ2v2sin22β; ð2Þ

and hence the 125 GeV Higgs mass can be obtained
without significant fine-tuning (i.e., without large loop
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corrections from stops) for a sizable λ≳ 0.5 and low values
of tan β.
Even larger values of λ≲ 2 have been studied in the

literature (also referred to as λ-SUSY); these are not
perturbative up to the GUT scale but are nevertheless
compatible with electroweak precision data for low values
of tan β and can successfully incorporate a 125 GeV
SM-like Higgs [12–18]. For such large values of λ, the
sensitivity of the electroweak scale to the stop mass scale is
reduced by a factor ∼g2=λ2 [12,15,19,20], where g ≈ 0.5.
Given the current stringent bounds on stop masses from the
LHC, such values of λ are appealing because they allow for
a higher scale of supersymmetry compatible with natural-
ness arguments. These considerations motivate the study of
the NMSSM in the large singlet-doublet coupling regime
0.5≲ λ≲ 2.
The scalar components of the additional NMSSM super-

field Ŝ give rise to a singlet scalar boson HS and a singlet
pseudoscalar AS, which mix with their corresponding
Higgs-doublet counterparts. Likewise, the fermionic com-
ponent of Ŝ gives a neutralino, the singlino ~S, which mixes
with the other neutralinos, in particular the Higgsinos,
whose masses are controlled by μ. Therefore, both the
Higgs and neutralino sectors in the NMSSM are larger than
those of the MSSM, leading to significantly richer phe-
nomenology. For some recent discussions of Higgs and
neutralino phenomenology at the LHC in the NMSSM, see
Refs. [14,21–24] and references therein. It is worth point-
ing out here that the most interesting region of parameter
space in the NMSSM lies at tan β ≲ 5 (see Eq. (2) and
subsequent discussion), which is a challenging region to
probe at the LHC due to the heavy Higgs bosons decaying
dominantly into tt̄ [25–27]. The neutralino sector can also
provide a viable dark matter candidate with interesting
phenomenology (see e.g., Refs. [20,22,24]); the dark matter
aspect of the NMSSM lies beyond the scope of this work.
In this paper, we aim to study the prospects of probing

the Higgs sector of the NMSSM in the large singlet-doublet
coupling regime 0.5≲ λ≲ 2. In Sec. II we review the
electroweak sector of the NMSSM. We discuss the param-
eter regions that can accommodate a SM-like Higgs via
alignment and show how significant interactions among the
Higgs bosons and electroweakinos (charginos and neutra-
linos) arise from the term λŜĤu · Ĥd. We present the details
of our parameter scan in Sec. III and constraints on our data
set from direct Higgs searches at the LHC in Sec. IV.
Section V contains a discussion of NMSSM specific LHC
search strategies in the most interesting regions of param-
eter space. In Sec. VI we focus on the mono-Higgs channel
and present results of our collider simulation in a frame-
work easily applicable to other models featuring similar
decay topologies. These results are interpreted in the
NMSSM framework in Sec. VII. We present our conclu-
sions in Sec. VIII. Tables of the trilinear Higgs couplings
and figures for LHC constraints are presented in the

Appendixes. Our main results are contained in Figs. 9
and 10 (model-independent framework) and Figs. 14 and
15 (NMSSM parameter space).

II. ELECTROWEAK SECTOR OF THE NMSSM

We follow the notation of Refs. [10,13]. The super-
potential of the Z3-invariant NMSSM reads

W ⊃ λŜĤu · Ĥd þ
κ

3
Ŝ3; ð3Þ

where we employ the dot-product notation for SU(2)
doublets,

Ĥu · Ĥd ¼ ϵijĤ
i
u · Ĥ

j
d ¼ Ĥþ

u Ĥ
−
d − Ĥ0

uĤ
0
d: ð4Þ

In the following, fields written without the hat represent the
scalar component. The soft supersymmetry-breaking terms
involving only the Higgs scalar fields are

Vsoft ¼ m2
Hu
H†

uHu þm2
Hd
H†

dHd þm2
SS

†S

þ
�
λAλHu ·HdSþ κ

3
AκS3 þ h:c:

�
; ð5Þ

and the usual F- and D-terms contributing to the scalar
potential are given by

VSUSY ¼ jλHu ·Hd þ κS2j2 þ λ2S†SðH†
uHu þH†

dHdÞ

þ g21 þ g22
8

ðH†
uHu −H†

dHdÞ2 þ
g22
2
jH†

dHuj2: ð6Þ

One obtains the physical Higgs fields by expanding
Hu, Hd and S around their respective vevs vu, vd and s,
which can be obtained by minimizing the Higgs potential
built from VSUSY, Eq. (6), and Vsoft, Eq. (5). Separating the
complex scalar fields into real (HR

u ;HR
d ;H

S) and imaginary
(HI

u;HI
d; A

S) components and choosing the vevs to lie
along the neutral components of the Higgs fields,1

H0
u ¼

vu þHR
u þ iHI

uffiffiffi
2

p ; H0
d ¼

vd þHR
d þ iHI

dffiffiffi
2

p ;

S ¼ sþHS þ iASffiffiffi
2

p ; ð7Þ

one obtains three CP-even neutral Higgs bosons HR
u ,

HR
d and HS, two CP-odd neutral Higgs bosons2 ANSM

(composed of HI
u and HI

d) and AS, and one charged Higgs
H�. The remaining degrees of freedom make up the

1Here our notations differ from Ref. [10], where the vevs are
defined without the

ffiffiffi
2

p
and there v ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v2u þ v2d

p ≃ 174 GeV.
2The superscript “NSM” stands for non-SM, to distinguish

from the part of the doublet that is SM-like.
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longitudinal components of the W and Z bosons after
electroweak symmetry breaking. Defining

tan β ¼ vu
vd

; μ ¼ λhSi=
ffiffiffi
2

p
; ð8Þ

and setting v ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v2u þ v2d

q
≃ 246 GeV, the Higgs sector of

the NMSSM contains six free parameters,

pi ¼ fλ; κ; tan β; μ; Aλ; Aκg: ð9Þ

By definition, tan β is positive. Without loss of generality,
one can choose λ ≥ 0, while κ and the dimensionful
parameters μ, Aλ and Aκ can have either sign.
It is useful to rotate the neutral CP-even Higgs bosons

fHR
u ;HR

d ;H
Sg to the so-called Higgs basis [28–35]

fHSM; HNSM; HSg, where the entire vev of the Higgs
doublets lies along HSM. In the Higgs basis, the elements
of the symmetric squared-mass matrix for the CP-even
neutral Higgs bosons, including the leading one-loop top
squark corrections, are given by [35]3

M2
S;11 ¼ m2

Zc
2
2β þ

1

2
λ2v2s22β þ

3v2s4βh
4
t

8π2

�
ln
�
M2

S

m2
t

�
þ X2

t

M2
S

�
1 −

X2
t

12M2
S

��
; ð10Þ

M2
S;22 ¼ M2

A þ
�
m2

Z −
1

2
λ2v2

�
s22β þ

3v2s22βh
4
t

32π2

�
ln

�
M2

S

m2
t

�
þ XtYt

M2
S

�
1 −

XtYt

12M2
S

��
; ð11Þ

M2
S;33 ¼

1

4
λ2v2s2β

�
M2

A

2μ2
s2β −

κ

λ

�
þ κμ

λ

�
Aκ þ

4κμ

λ

�
; ð12Þ

M2
S;12 ¼ −

�
m2

Z −
1

2
λ2v2

�
s2βc2β þ

3v2s2βs2βh
4
t

16π2

�
ln

�
M2

S

m2
t

�
þ XtðXt þ YtÞ

2M2
S

−
X3
t Yt

12M4
S

�
; ð13Þ

M2
S;13 ¼

ffiffiffi
2

p
λvμ

�
1 −

M2
A

4μ2
s22β −

κ

2λ
s2β

�
; ð14Þ

M2
S;23 ¼ −

1ffiffiffi
2

p λvμc2β

�
M2

A

2μ2
s2β þ

κ

λ

�
; ð15Þ

where cβ ≡ cos β; sβ ≡ sin β, MS is the geometric mean of the two stop mass eigenstates, Xt ¼ At − μ cot β and Yt ¼
At þ μ tan β parametrize the stop mixing, ht is the top Yukawa coupling, and we have introduced

M2
A ≡ μ

sβcβ

�
Aλ þ

κμ

λ

�
: ð16Þ

The tree-level squared-mass matrix for the CP-odd neutral Higgs bosons in the basis fANSM; ASg is given by

M2
P ¼

0
BB@

M2
A

1ffiffi
2

p λv
�
M2

A
2μ s2β −

3κμ
λ

�

1ffiffi
2

p λv
�
M2

A
2μ s2β −

3κμ
λ

�
1
2
λ2v2s2β

�
M2

A
4μ2

s2β þ 3κ
2λ

�
− 3κAκμ

λ

1
CCA: ð17Þ

For completeness we record the mass of the charged Higgs,

m2
H� ¼ M2

A þm2
W −

1

2
λ2v2: ð18Þ

In the basis f ~B; ~W3; ~H0
d; ~H

0
u; ~Sg, where ~B and ~W3 are the

bino and the neutral wino respectively, ~H0
d and ~H0

u are the
neutral Higgsinos belonging to the respective doublet
superfields, and ~S is the singlino, the symmetric tree-level
neutralino mass matrix reads

Mχ0 ¼

0
BBBBB@

M1 0 −mZsWcβ mZsWsβ 0

M2 mZcWcβ −mZcWsβ 0

0 −μ −λvsβ
0 −λvcβ

2κμ=λ

1
CCCCCA
;

ð19Þ

where sW ≡ sin θW , with θW the weak mixing angle. In this
paper, we decouple the gauginos from the collider phe-
nomenology by taking M1, M2 ¼ 1 TeV.3Note, that Ref. [35] uses the parameter M̄2

Z ≡m2
Z − λ2v2=2.
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A. Higgs Couplings and Alignment

The couplings of the Higgs basis states to SM particles
are given by

HNSMðdown; up;VÞ ¼
�
gSM tan β;

gSM
tan β

; 0

�
; ð20Þ

HSMðdown; up;VÞ ¼ ðgSM; gSM; gSMÞ; ð21Þ

HSðdown; up;VÞ ¼ ð0; 0; 0Þ; ð22Þ

where “down” (“up”) stands for down-type (up-type) SM-
fermions, “V” for vector bosons, and gSM indicates the
respective coupling of such particles to the SM Higgs. The
couplings of the Higgs mass eigenstates Hi and Ai can be
obtained from those of the Higgs basis eigenstates via

Hi ¼ Si1HSM þ Si2HNMS þ Si3HS; ð23Þ

Ai ¼ Pi1ANMS þ Pi2AS; ð24Þ

where the Sij and Pij are obtained by diagonalizing the
respective mass matrices. Note that, for the Higgs sector,
we denote interaction basis eigenstates with superscripts,
e.g.,HSM, while letters with subscripts or standalone letters
denote mass eigenstates, e.g., hSM; Hi; A. Likewise, an
uppercaseM denotes quantities of mass dimension defined
in terms of fundamental model parameters, while we use a
lowercase m for masses of physical particles; in particular,
mA is the mass of the mostly doubletlike CP-odd neutral
Higgs boson mass eigenstate A, while MA is the mass
parameter defined in Eq. (16).
By definition,HSM has the same couplings to SMparticles

as the SMHiggs boson. Since the couplings of the 125 GeV
Higgs boson discovered at the LHC are bound to be within
Oð10%Þ of the SM values [36], any NMSSM realization
compatible with LHC bounds must have a Higgs mass
eigenstate hSM of mass mhSM ≃ 125 GeV approximately
aligned withHSM. Recalling theCP-even mass matrix given
in Eqs. (10)–(15), approximate alignment is realized when
M2

S;12 and M2
S;13, parametrizing the mixing of HSM with

HNSM and HS respectively, are small compared to the
diagonal entries. There are two ways to achieve this: either
M2

S;22 andM
2
S;33 can be large, i.e.,H

NMS andHS are heavy
(the decoupling regime), or theNMSSMparameters conspire
to cancel the M2

S;12 and M2
S;13 terms. The latter case is

referred to as alignment without decoupling—see Ref. [35]
for an in-depth discussion; this case is particularly relevant
for collider phenomenology since the additional NMSSM
Higgs bosons can remain light and be accessible at the LHC.
Perfect alignment is achieved for M2

S;12 and M2
S;13

vanishing, yielding the following conditions on the
NMSSM parameters [35]:

M2
S;12 ¼ 0 ⇒ λ2 ¼ m2

hSM
−m2

Z cosð2βÞ
v2sin2β

; ð25Þ

M2
S;13 ¼ 0 ⇒

M2
A

μ2
¼ 4

s22β

�
1 −

κ

2λ
s2β

�
; ð26Þ

where the mass of the SM-like Higgs mass eigenstate is
given by

m2
hSM

¼M2
S;11 ¼ m2

Zc
2
2β þ

1

2
λ2v2s22β

þ 3v2s4βh
4
t

8π2

�
ln

�
M2

S

m2
t

�
þ X2

t

M2
S

�
1 −

X2
t

12M2
S

��
; ð27Þ

and it is assumed that jμj ≪ MS.
For moderate values of tan β, requiring mhSM ≈ 125 GeV

leads to λ ≈ 0.65 in the alignment limit [35]. The remaining
CP-even states HNSM and HS mix to a mostly doubletlike
H and mostly singletlike hS mass eigenstate. Similarly, the
CP-odd states ANSM and AS mix into a mostly doubletlike A
and mostly singletlike aS mass eigenstate. In the align-
ment limit, the singletlike mass eigenvalues, taking into
account the first nontrivial corrections to m2

hS
∼M2

S;33 and
m2

aS ∼M2
P;22, are [35]

m2
hS
≃κμ

λ

�
Aκþ

4κμ

λ

�
þλ2v2M2

A

8μ2
s42β−

1

4
v2κλð1þ2c22βÞs2β

−
1

2
v2κ2

μ2

M2
A
c22β; ð28Þ

m2
aS ≃ 3κ

�
3

4
λv2s2β − μ

�
Aκ

λ
þ 3v2κμ

2M2
A

��
: ð29Þ

Such approximate formulae are useful to infer possible
parameter combinations compatible with physical Higgs
spectra; for instance, from the above equations for m2

aS and
m2

hS
, one can infer that κ < 0 can lead to large negative

contributions to m2
aS . In particular, contributions to m2

aS
linear only in κ are significantly larger than those to m2

hS
.

Hence, prohibiting aS from becoming tachyonic when
randomly sampling NMSSM parameters leads to a pref-
erence for positive values of κ.
It is interesting to note the correlations between the Higgs

and the neutralino masses due to the presence of a SM-like
Higgs. Consider the region of parameters containing non-
decoupled singlet Higgs bosons jκj≲ λ, where approximate
alignment must be fulfilled for consistent Higgs phenom-
enology. From Eq. (26), we see that μ is generically lighter
thanMA; we find that typically 2≲M2

A=μ
2 ≲ 8. This leads to

the singletlike states hS and aS being lighter than the
doubletlike H and A, whose masses are mostly degenerate
and controlled byMA (cf. the mass matrices Eqs. (10)–(15),
Eq. (17) and Eqs. (28)–(29) and discussion in Ref. [35]).
Furthermore, due to the relationship betweenMA and μ, the
singlinos (m ~S ∼ 2κμ=λ) andHiggsinos (m ~H0

u
¼ m ~H0

d
∼ μ) are
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also lighter thanA andH. However, we emphasize that while
MA (controllingmA andmH),mhS ,m ~S,m ~H0

u
andm ~H0

d
are all

strongly correlatedwith jμj, this is not necessarily the case for
maS :Aκ can be used to varymaS independently of thevalue of
μ. Hence, the presence of a 125GeVSM-likeHiggs and light
(≲1 TeV) additional Higgs bosons folds the extended
NMSSM parameter space such that the entire Higgs and
neutralino mass spectrum is essentially driven by the two
mass scales μ (or MA) and maS .
The NMSSM parameters λ and κ induce additional

couplings beyond the MSSM within the Higgs sector and
between theHiggs bosons and neutralinos,which can change
the Higgs collider phenomenology significantly. In particu-
lar, apart from decays into SM particles, the branching ratios
of ðHi → HjHk=AjAkÞ, ðAi → AjHkÞ, ðHi=Ai → χjχkÞ,
ðHi=Ai → ZAj=ZHjÞ and ðχi → Hjχk=AjχkÞ decays can
be significant if kinematically allowed.
The couplings

(a) ðHSMHSMHNSMÞ ∝ M2
S;12 ∼ 0,

(b) ðHSHSMHSMÞ ∝ M2
S;13 ∼ 0,

(c) ðHNSMANSMASÞ ¼ 0
are supressed close to the alignment limit, with the last one
strictly vanishing. The couplings ðHSHSMHNSMÞ and
ðHSMANSMASÞ are large for sizable values of λ and κ
barring accidental cancellations. The singlet states AS and
HS have no couplings to the gauge bosons at tree level. By
definition, HNSM does not couple to pairs of gauge bosons.
Its remaining coupling to neutral gauge bosons is given by

gHNSMANSMZ ¼ i
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g21 þ g22

q
ðp − p0Þμ; ð30Þ

where p (p0) is the incoming momentum of the HNMS

(ANMS). A complete list of the Higgs to Higgs couplings in
the Higgs basis can be found in the Appendix of Ref. [35],
and we tabulate them in Appendix A for the convenience of
the reader.
The couplings of the Higgs basis states to the neutralino

mass eigenstates χi are

gðHSMχiχjÞ ¼
1ffiffiffi
2

p ½λNi5ðNj3sβ þ Nj4cβÞ þ ði ↔ jÞ�; ð31Þ

gðHNSMχiχjÞ ¼
1ffiffiffi
2

p ½λNi5ðNj3cβ − Nj4sβÞ þ ði ↔ jÞ�; ð32Þ

gðAχiχjÞ ¼
iffiffiffi
2

p ½λNi5ðNj3cβ þ Nj4sβÞ þ ði ↔ jÞ�; ð33Þ

gðHSχiχjÞ ¼ igðASχiχjÞ ¼
1ffiffiffi
2

p ½ðλNi4Nj3−κNi5Nj5Þþði↔jÞ�;

ð34Þ

where the neutralino mass eigenstates χi are related to the
interaction eigenstates by

χi ¼ Ni1
~Bþ Ni2

~W3 þ Ni3
~H0
d þ Ni4

~H0
u þ Ni5

~S; ð35Þ

where the Nij are obtained by diagonalizing the neutralino
mass matrix given in Eq. (19), and we take Ni1 ≈ Ni2 ≈ 0
since the bino and wino are decoupled from our analysis.
We stress that several of the above couplings are

proportional to λ as they contain the singlet-doublet-
doublet structure, which originates from the λŜĤu · Ĥd
term in the superpotential. Since a 125 GeV SM-like Higgs
and naturalness considerations favor large values of λ, these
couplings are expected to be significant.

III. NUMERICAL SCAN

We perform a random scan of the NMSSM parameter
space with the program package NMSSMTOOLS_4.9.3
[37], which includes NMHDECAY [38,39] to compute
masses, couplings and decay widths of the Higgs bosons
and NMSDECAY [40,41] to compute sparticle widths and
branching ratios. We scan over a wide range of values of the
parameter set from Eq. (9), listed in Table I. In addition to
the “standard” scan, we also perform a second scan over a
narrower range of parameters focused on producing lighter
Higgs spectra accessible at the LHC, which we label the
“light subset.” The chosen range 1 ≤ tan β ≤ 5 is motivated
bymhSM ≃ 125 GeV, as the crucial contribution 1

2
λ2v2s22β to

m2
hSM

Eq. (27) is suppressed at larger values of tan β. Note
that we also scan over the stop mass parameterMU3

¼ MQ3

since stops can give large radiative corrections to the mass
of the SM-like Higgs. We set the top squark and bottom
squark mixing parameters Xt ≡ ðAt − μ cot βÞ ¼ 0 and
Xb ≡ ðAb − μ tan βÞ ¼ 0 since large third-generation sfer-
mion mixing is not necessary to obtain the correct Higgs
mass in the NMSSM, and is thus irrelevant for Higgs
phenomenology in our region of interest. The remaining
supersymmetric particles are decoupled from our study: we
set sfermion mass parameters (except MU3

;MQ3
) to 3 TeV,

the bino and wino mass parameters to M1 ¼ M2 ¼ 1 TeV
and the gluino mass to M3 ¼ 2 TeV.
For each parameter set, we scan 108 points randomly

chosen from linear-flat distributions over the respective
parameter ranges, imposing a subset of the constraints

TABLE I. NMSSM parameter ranges used in NMSSMTOOLS
scans.

“standard” “light subset”

tan β [1; 5] [1; 5]
λ [0.5; 2] [0.5; 1]
κ ½−1;þ1� ½−0.5;þ0.5�
Aλ ½−1;þ1� TeV ½−0.5;þ0.5� TeV
Aκ ½−1;þ1� TeV ½−0.5;þ0.5� TeV
μ ½−1;þ1� TeV ½−0.5;þ0.5� TeV
MQ3

[1;10] TeV [1;10] TeV
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implemented in NMSSMTOOLS (see Ref. [37] for details).
Points are excluded if they have unphysical global minima,
soft Higgs masses much larger thanMSUSY, or if the lightest
neutralino χ1 is not the lightest supersymmetric particle
(LSP). We also require compatibility with constraints from
the Large Electron-Positron Collider (LEP), Tevatron, and
searches for sparticles and charged Higgs bosons [42] at the
LHC as implemented in NMSSMTOOLS. Finally, points are
required to contain a SM-like Higgs boson with couplings
to photons, massive gauge bosons and b quarks compatible
with LHC bounds and with a mass of 125� 3 GeV, where
the width of this band is given by the theoretical uncertainty
of the Higgs mass calculation4 [37,43,44].
We keep points violating direct Higgs search constraints

from ðHi=Ai → ττÞ, ðHi=Ai → γγÞ and ðhSM→AiAi→4μÞ
in order to compare the implementation of the constraints in
NMSSMTOOLS against our own implementation of direct
LHC constraints on NMSSM Higgs bosons (see Sec. IV).
We also keep points violating the flavor physics constraints
in NMSSMTOOLS, as it is nontrivial to find combinations
of NMSSM parameters simultaneously satisfying theoreti-
cal consistency of the spectrum, a neutralino LSP and
flavor constraints, with the justification that additional

degrees of freedom in the flavor sector can generally
be adjusted independently to achieve compatibility; see
discussions in Ref. [45].
As anticipated in the previous section, we find that points

satisfying these constraints, driven particularly by the
requirement of a 125 GeV SM-like Higgs, lie close to
the alignment limit [Eqs. (25) and (26)]. This pattern is
illustrated in Fig. 1, where we show the distribution of
jμ=MAj vs. tan β obtained from our scans together with
contours of the alignment limit. How close the NMSSM
parameters are to the alignment values is driven by the
Higgs spectrum: lighter Higgs spectra have NMSSM
parameters closer to the alignment limit than heavier
spectra. This behavior is evident when comparing the
two panels; for the “light subset” (right panel), where
mA2

≲ 1 TeV, the distribution obtained from our scan
follows the alignment band closely, while for the
“standard” set (left panel) mA2

can be as large as
∼3 TeV and we see that the distribution is more dispersed
since compatibility with the 125 GeV Higgs boson can also
be achieved by decoupling.We emphasize that the NMSSM
parameters are not a priori set to be close to the alignment
limit in our scan, but forced into this regime by the
requirement of a CP-even Higgs mass eigenstate compat-
ible with the 125 GeV SM-like Higgs detected at the LHC.
Points passing all our constraints typically have moder-

ate values of λ≳ 0.6 and 1≲ tan β ≲ 3. We also observe the
preference for positive values of κ to avoid tachyonic
masses as discussed below Eq. (29). Compared to points
where the lightest CP-even Higgs boson is SM-like, those
where the second lightest CP-even Higgs is SM-like
feature smaller λ, smaller jκj, larger tan β and larger jAλj.
This is because when h2 ¼ hSM, the lightest CP-even

FIG. 1. Distribution of jμ=MAj vs. tan β obtained from our NMSSMTOOLS scan for the “standard” (left panel,MA ≲ 3 TeV) and “light
subset” (right panel, MA ≲ 1 TeV). The dashed and dash-dotted lines display the values of jμ=MAj in the alignment limit for different
values of κ as indicated in the legend, with λ also set to the alignment value; see Eqs. (25) and (26). For the light subset, which has lighter
Higgs spectra, we find values close to the alignment limit; for the standard set, compatibility with the 125 GeV Higgs boson can also be
achieved by decoupling, so the points are more dispersed. The asymmetry of the distribution of points relative to the alignment limit
contours reflects the preference for positive κ to avoid tachyonic Higgs masses. See text for details.

4Higher-order loop corrections not taken into account in
NMSSMTOOLS can account for differences in the SM-like Higgs
boson mass as large as 6 GeV when compared to other spectrum
generators [43,44]. We scan over the top squark mass parameter
to allow for the required loop corrections to obtain a SM-like
Higgs with mass 125 GeV. Taking into account higher-order loop
corrections to the Higgs mass would affect the value of the top
squark mass parameters for a given point, but not the allowed
range of the parameters fλ; κ; tan β; μ; Aλ; Aκg relevant for the
Higgs and neutralino sector phenomenology.
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Higgs must be almost exclusively singletlike to be com-
patible with phenomenological constraints. Smaller values
of λ, jκj and larger values of tan β lead to a lighter singlet
mass [cf. Eq. (28)] and reduce the singlet-doublet mixing
[cf. Eqs. (15) and (26)]. Furthermore, due to values of λ
smaller than those preferred by alignment [cf. Eq. (25)],
somewhat larger masses of H are preferred, which are
controlled by Aλ (MA).
In the following, we provide results based on the

combined standard and light subset scans. We note that
the most relevant LHC phenomenology is obtained for the
region of parameter space corresponding to the light subset
as this tends to give lighter physical states. When referring
to points from our scans, we denote the Higgs mass
eigenstates by fh1; h2; H3g for the CP-even Higgs bosons
and fA1; A2g for the CP-odd Higgs bosons. The index
denotes the mass hierarchymh1<mh2<mH3

andmA1
<mA2

.
One of the lighter CP-even Higgs eigenstates h1, h2 is
identified with hSM, the 125 GeV SM-like Higgs boson
observed at the LHC. Of the remaining CP-even mass
eigenstates hi and H3, one is identified with the mostly
singletlike hS and the other with the mostly doubletlike H.
Similarly, one of the CP-odd mass eigenstates A1, A2 is
identified with the mostly singletlike aS and the other with
the mostly doubletlike A.

IV. CONSTRAINTS FROM DIRECT HIGGS
SEARCHES AT THE LHC

We constrain our NMSSM data set with the null
results of a number of direct Higgs searches at the LHC,
listed in Table II, by comparing the production cross section
times branching ratio in the respective final state with the
corresponding bound.
Over the range 1 ≤ tan β ≤ 5 the production cross

section of all NMSSM Higgs bosons at the LHC is

dominated by gluon fusion. NMSSMTOOLS calculates
the ratio of the coupling of the NMSSM (pseudo) scalar
Higgs bosons to gluons with respect to the coupling of a
SM Higgs of the same mass at next-to-leading order (NLO)
in QCD, κAi=Hi

gg . We first approximate the gluon fusion
production cross section for NMSSM Higgs bosons by

σðggHi=ggAiÞ ¼ ðκHi=Ai
gg Þ2 × σSMggH; ð36Þ

where σSMggh is the gluon fusion production cross of the SM
Higgs boson, which we calculate at NLO precision with the
program SUSHI-1.5.05 [96–98]. We validate the gluon
fusion cross section thus obtained by comparing it with
a sampling of the gluon fusion cross section computed
directly from the NMSSM implementation in SUSHI. We
find agreement to better than 5% in most cases, with
deviations of up to 15% in rare cases, particularly for CP-
odd Higgs bosons with masses close to the top resonance
mAi

≃ 2mt. We address such discrepancies by recalculating
the gluon fusion production cross section with the NMSSM
implementation of SUSHI for points with σðggHi=ggAiÞ ×
BRðHi=Ai → final stateÞ within �20% of the respective
LHC exclusion limit.
LHC searches for additional Higgs bosons with pairs of

leptons, quarks or photons in the final states are applicable

TABLE II. Direct Higgs searches at the LHC used for this work. hi ¼ h2 (h1) if the (second) lightest scalar is SM-like.

decay channel NMSSM Higgs tested Reference
ffiffiffi
s

p ¼ 8 TeV Reference
ffiffiffi
s

p ¼ 13 TeV

H → τþτ− hi, H3, A1, A2 [46–48] [49,50]
H → bb̄ h1, H3, A1, A2 – [51]
H → γγ hi, H3, A1, A2 [52–54] [55–57]
H → ZZ h1, H3 [58] [59–65]
H → WW hi, H3 [66–68] [69–72]
H → hSMhSM → bb̄τþτ− hi, H3 [73–75] [76,77]
H → hSMhSM → bb̄lνllνl hi, H3 – [78]
H → hSMhSM → bb̄bb̄ hi, H3 [79,80] [81–83]
H → hSMhSM → bb̄γγ hi, H3 [84,85] [86,87]
A → ZhSM → Zbb̄ A1, A2 [88,89] [90]
A → ZhSM → Zτþτ− A1, A2 [73,88] –
hSM → AA → τþτ−τþτ− A1, A2 [91] –
hSM → AA → μþμ−bb̄ A1, A2 [91] –
hSM → AA → μþμ−τþτ− A1, A2 [91] –
hSM → AA → μþμ−μþμ− A1, A2 – [92]
A=H → Zhi=A1 A2=H3, hi=A1 [93] –

5Our production cross section calculation for SM Higgs
bosons agrees with those from the LHC Higgs Cross Section
Working Group for 80 GeV ≤ mh ≤ 1 TeV at next-to-next-to-
leading log (NNLL) accuracy in QCD and NLO in electroweak
(EW) corrections [94] within theoretical uncertainties, taking into
account that we compute our SM-like cross sections at the
renormalization scale recommended by SUSHI-1.5.0 and that we
do not take into account NNLL QCD corrections for consistency
with the NMSSMTOOLS calculation of κAi=Hi

gg at NLO QCD. See
Ref. [95] for a recent updated calculation of SMHiggs production
cross section at NNLOþ NNLL for 10 GeV ≤ mh ≤ 3 TeV.
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for the two CP-even neutral Higgs bosons not identified
with the SM-like Higgs boson, and for both CP-odd neutral
Higgs bosons. Searches for Higgs bosons decaying to a pair
of vector bosons ðH → ZZ=WWÞ are only checked for the
CP-even Higgs bosons as this decay is forbidden for CP-
odd scalars at tree level. For similar reasons, searches for
additional Higgs bosons decaying to a pair of SM-like
Higgs bosons ðH → hSMhSMÞ [a Z boson and a SM-like
Higgs ðA → ZhSMÞ] are only tested for CP-even (CP-odd)
NMSSM Higgs bosons.

We show the Higgs production cross section into various
channels obtained for our scanned points together with the
respective limits from LHC in Figs. 16–35 located in
Appendix B to illustrate the constraining power of the
respective searches. We find that the most constraining
LHC searches are ðggH=ggA → γγÞ, ðggH=ggA → ττÞ,
ðggH → ZZÞ and ðggA → ZhSMÞ. We also note that our
implemented constraints are more stringent than the
NMSSMTOOLS implementation of direct Higgs searches
since we take many more searches into account.
Generically, points excluded by the LHC tend to have
larger jκj and smaller tan β, λ, jμj, jAλj and jAκj compared to
those that pass the constraints.
As discussed in Sec. II A, the phenomenology of the

NMSSM Higgs sector can differ significantly from that of
the MSSM framework. This is illustrated in Fig. 2, where
we show points from our scans passing all constraints listed
in Table II in the mA2

- tan β plane. The color coding shows
the branching ratios of the heavy CP-odd Higgs boson A2

to non-SM particles ½ð1 − BRðA2 → standardÞ�, where

BRðA2→ standardÞ¼BRðA2→ tt̄ÞþBRðA2→ bb̄Þ
þBRðA2→ τþτ−ÞþBRðA2→ μþμ−Þ
þBRðA2→ZhSMÞþBRðA2→ γγÞ:

ð37Þ

These nonstandard decays include channels such as
(A2 → Zhi) and (A2 → χjχ1). The equivalent plot for the
branching ratios of H3 to non-SM particles looks very
similar. The dash-dotted dark red (dashed black) curves
denote the limits from CMS from 8 TeV data for the
hMSSM (MSSM mmod þ

h ) scenarios [99], which should be
interpreted as lower limits on the heavy Higgs massmA. We
see that such limits are not applicable to the NMSSM, as
several allowed points (mostly yellow, representing sizable
branching ratios into non-SM particles) lie to the left of the
red curve; the additional couplings and decay modes in the
NMSSM can thus enable light Higgs bosons to evade
MSSM-specific LHC bounds.

FIG. 2. Points from our NMSSMTOOLS scans passing all
constraints listed in Table II in the mA2

- tan β plane. The color
coding shows the branching ratios of A2 into non-SM particles,
see Eq. (37). The dash-dotted dark red (dashed black) line shows
the limit from CMS after LHC8 for the hMSSM (MSSM mmod þ

h )
scenario [99], excluding the regions to the left. The allowed
yellow points to the left of the red curve illustrate that large
branching fractions into non-SM states in the NMSSM frame-
work can enable light Higgs bosons to circumvent the traditional
MSSM bounds.

FIG. 3. Illustration of NMSSM-specific Higgs decay topologies, where the Φi stand for one of the five NMSSM Higgs bosons. For
channel (a), either one or all three of the Φi;j;k must be CP-even. For channel (b), if Φi is CP-even, Φj must be a CP-odd state and vice
versa. For channel (c), the final state can be χ1χ1Hi, χ1χ1Ai or χ1χ1Z, and Φi can be CP-even or -odd.
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V. NMSSM SPECIFIC SEARCH STRATEGIES
AT THE LHC

As discussed in Sec. II A and shown in Fig. 2, the
currently allowed parameter space of the NMSSM allows
for large branching ratios of heavy Higgs boson decays into
unique channels, beyond what can be realized in the
MSSM. The generic topologies of such channels, depicting
decays into scalar, vector and fermion states, are portrayed
in Fig. 3. Among the decays denoted by channel (a),
ðH3 → hSMhiÞ, ðH3 → A1A1Þ and ðA2 → A1hSMÞ are

generally the dominant channels. For channel (b), ðH3 →
ZA1Þ and ðA2 → ZhiÞ tend to dominate, where hi stands for
the light non-SM-like CP-even Higgs mass eigenstate.
Recall that due to the SM-like nature of the 125 GeV Higgs
boson, approximate alignment conditions must be fulfilled
(with or without decoupling); hence, several couplings,
such as HhSMhSM, are suppressed. Regarding channel (c),
both H3 and A2 contribute to χ1χj production; in general,
we will be interested in j ¼ 3 due to kinematic phase space
considerations for further decays of χj into χ1 and lighter
Higgs or Z bosons.

FIG. 4. Cross sections for NMSSM specific Higgs search channels at
ffiffiffi
s

p ¼ 13 TeV with visible final states. The upper left panel
shows σðggA2 → hSMA1 → hSMbb̄Þ in the lower and σðggH3 → hSMhi → hSMbb̄Þ in the upper triangles. The lower panels show the
same processes for hi → WW and A1 → tt̄ final states. The gap around hi ¼ 125 GeV (visible in upper triangles in the left panels, lower
triangles in the right panels) is due to the presence of the 125 GeV SM-like Higgs.
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A number of specific final states can be employed to
search for all these processes. In particular, channels (a) and
(b) generally result in the production of the singletlike
(pseudo) scalar along with either hSM or a Z. These
NMSSM Higgs bosons hi=A1 decay with branching
ratios similar to MSSM Higgs bosons of the same mass
if no other decay channels are kinematically allowed.
The CMS collaboration has carried out such a search atffiffiffi
s

p ¼ 8 TeV for channel (b) in the ðZhi=ZA1 → Zbb̄Þ or

ðZhi=ZA1 → Zτþτ−Þ final states [93]; we show the result-
ing constraints on our scan in Fig. 35 in Appendix B.
When ðhi=A1 → tt̄Þ decays are kinematically accessible,

they typically dominate among the visible final states.
Below the top threshold, the (hi → WW) channels become
the dominant SM decay modes for CP-even Higgs bosons;
such decays are forbidden at tree level for CP-odd Higgs
bosons. For mA1

≲ 2mt=mhi ≲ 2mW, ðhi=A1 → bb̄Þ is typ-
ically the dominant decay mode among the SM final states.

FIG. 5. Same as Fig. 4 but for hSM=Z þ χ1χ1 final state.

FIG. 6. Cross section for NMSSM specific Higgs search channels σðggH3=A2 → χ3χ1 → hSMχ1χ1Þ (left panel) and σðggH3=A2 →
χ3χ1 → Zχ1χ1Þ (right panel) at

ffiffiffi
s

p ¼ 13 TeV. For ðmH3
−mA2

Þ=mA2
< 30% we add production via both H3 and A2; otherwise, we

show the larger of the two production cross sections. Note that the color scale is different from that of Figs. 4–5.
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In the upper panels of Fig. 4, we show the cross sections for
ðhSM=Z þ bb̄Þ final states at the

ffiffiffi
s

p ¼ 13 TeV LHC for
points from our scan passing all constraints. As expected,
there is a drastic reduction in the cross section above the
WW=tt̄ threshold. In the lower panels of Fig. 4, we show
the cross section for processes arising through channels (a)
and (b) for (hi → WW) and (A1 → tt̄) final states as
examples of promising search channels for heavier
NMSSM Higgs bosons with mhi ≳ 2mW or mA1

≳ 2mt.
In addition to the visible decay channels discussed

above, large values of NMSSM couplings λ and κ lead
to significant branching ratios for ðhi=A1 → χ1χ1Þ decays
much larger than what is possible in the MSSM. Such
invisible decay modes lead to mono-Higgs and mono-Z
signatures from the diagrams in Fig. 3(a) and Fig. 3(b)
respectively, and both mono-Higgs and mono-Z signatures
from the diagram in Fig. 3(c). Note that the visible and
invisible decay modes of the light Higgs bosons are
complementary, since these branching ratios are mainly
determined by which decay channels are kinematically
open. We show the invisible cross sections arising from
channels (a) and (b) in the hSM=Zχ1χ1 final state in Fig. 5.
The corresponding production cross sections for these final
states through channel (c) are shown in Fig. 6.
Excluding the ðhSM=Z=W → final stateÞ branching

ratios, cross sections up to Oð10 pbÞ for the processes
shown in Figs. 4 and 5 and up to Oð1 pbÞ for those shown
in Fig. 6 are possible at the LHC at

ffiffiffi
s

p ¼ 13 TeV, making
these channels very promising for collider searches. The
focus of this paper is the mono-Higgs signal, and we leave
the investigation of the other channels outlined above to
future work.

VI. MONO-HIGGS SIGNATURES

The mono-Higgs signature was first proposed in
Refs. [100,101] to search for dark matter pair production
in association with a SM-like Higgs boson. Those works
considered simplified models with additional singlets
or a Z0 boson as well as an effective field theory approach
with HhSMχ1χ1 contact interactions, and found that cross
sections σðpp → hSMχχÞ > Oð100 fbÞ could be ruled out

with 300 fb−1 of data at the 14 TeV LHC [101].
Reference [101] found the γγ þ missing transverse energy
ðEmiss

T Þ final state to give the best reach (despite the small
branching fraction of hSM → γγ) due to smaller back-
grounds and well-measured objects allowing for good
Emiss
T reconstruction, reporting projected exclusion limits

typically one order of magnitude or more stronger than
from ðhSM → bb̄; 4l; 2l2jÞ. We therefore focus on the
hSM → γγ mode for our analysis. See also [102–107] for
phenomenological studies of the mono-Higgs signature.
The ATLAS collaboration has searched for mono-Higgs

signatures in the γγ þ Emiss
T final state at

ffiffiffi
s

p ¼ 8 TeV [108]
and at

ffiffiffi
s

p ¼ 13 TeV [109,110]. The CMS collaboration
has conducted a search for the same signature at

ffiffiffi
s

p ¼
13 TeV [111]. Searches for mono-Higgs in the bb̄þ Emiss

T
final states have been carried out by the ATLAS collabo-
ration at

ffiffiffi
s

p ¼ 8 TeV [112] and by both the ATLAS and
CMS collaborations at

ffiffiffi
s

p ¼ 13 TeV [113,114].
The decay chains that give mono-Higgs signatures in the

NMSSM are shown in Fig. 7, where we label them as
the “Higgs topology” or the “neutralino topology”. The
Higgs topology can be realized with Φi ¼ A2, Φj ¼ A1 or
Φi ¼ H3, Φj ¼ hi. For the neutralino topology, Φ can be
eitherH3 orA2, while the intermediate neutralino χj is χ3 for
most of our points, since it is hard to realize mass splittings
ðmχ2 −mχ1Þ > mhSM ≈ 125 GeV required for the mono-
Higgs signature, and the binolike and winolike χ4 and χ5
are decoupled in our study. For our analysis, we run
Monte Carlo (MC) simulations of these decay chains at
the 13 TeV LHC. We use the event generator
MADGRAPH5_V2.3.3 [115] for the MC simulation of the
hard event, PYTHIA6 [116] for hadronization, and DELPHES

[117] for detector simulation. Following the analysis in
Ref. [110], we employ the following cuts on our simulated
signal events6:

FIG. 7. Illustration of the two channels we consider for producing mono-hSM signatures in the NMSSM. For the left diagram (the
“Higgs topology”), Φi ¼ A2 and Φj ¼ A1 or Φi ¼ H3 and Φj ¼ hi. For the right diagram (the “neutralino topology”), Φ can be either
A2 or H3.

6Note that our MC configuration differs from that used in
Ref. [110]; in particular, we use the fast detector simulation
DELPHES (with the default DELPHES card in MADGRAPH5_V2.3.3)
instead of a full detector simulation. This may have numerical
impact, although beyond the scope of this work.
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(a) two photons with transverse momenta pT > 25 GeV
and pseudorapidity jηj < 2.37, excluding the barrel-
end cap transition region 1.37 < jηj < 1.52,

(b) the invariant mass of the two-photon system satis-
fies 105 GeV < mγγ < 160 GeV,

(c) the (sub)leading photon has pγ
T=mγγ > 0.35ð0.25Þ.

To discriminate the signal from background events,
Ref. [110] uses the Emiss

T significance variable, defined as

SEmiss
T

≡ Emiss
T =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiX
ET

q
; ð38Þ

where the sum in the denominator is the total transverse
energy deposited in the calorimeters in the event. For our
simulated event samples, we use the scalar sum of the pT of
all visible objects from the DELPHES output as a proxy
for

P
ET.

We show the SEmiss
T

distribution for three benchmark
points from our scan in Fig. 8; the associated NMSSM
parameters and Higgs spectra are shown in Table III.
Benchmark point BP1 has a production cross section close
to the background but peaks at a significantly high SEmiss

T
,

which makes it detectable at the LHC with L ¼ 300 fb−1.
The other benchmarks BP2 and BP3 have mono-Higgs
cross sections too small to be detectable and are shown to
illustrate how points close in parameter space to BP1 can
fail to produce sizable mono-Higgs signals for various
reasons. BP2 has 2mχ1 > mA1

; mhi , such that only the
neutralino topology in Fig. 7 can be realized. Similarly,
BP3 has small branching ratios into ðhSM þ A1Þ and
ðhSM þ hiÞ due to its coupling parameters and phase space
suppression, so mono-Higgs signatures are again domi-
nantly produced via ðA2 þH3 → χ1χ3 → χ1χ1hSMÞ. The

decay chain from the neutralino topology generically
results in smaller Emiss

T and consequently softer SEmiss
T

distributions, as the visible hSM is produced via a secondary
decay (in contrast with the Higgs topology from Fig. 7,
where the visible and invisible Higgs bosons are produced
back to back at the primary vertex). When combined with
the smaller cross sections, this puts BP2 and BP3 out of
reach of the LHC.
We evaluate the reach of mono-Higgs searches with

γγ þ Emiss
T final state for a range of the involved

masses, fmΦ2
; mΦ1

; mχ1g for the Higgs topology and
fmΦ; mχ3 ; mχ1g for the neutralino topology, at the
13 TeV LHC with 300 fb−1 of data. We compare the
simulated signals to the background taken from Ref. [110]
scaled up to 300 fb−1 of data. For each combination of
involved masses, we optimize the SEmiss

T
cut and find the

minimal detectable cross section σmin, where we define
detectability as S > 5 and S=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Bþ Δ2B2

p
> 2, with S and

B the number of signal and background events after the
relevant cuts. In the latter condition, the two terms in the
denominator represent the statistical and systematic uncer-
tainties respectively in the background. We assume a
systematic uncertainty of 10%, Δ ¼ 0.1. We find that
the optimal SEmiss

T
cut is typically SEmiss

T
≳ 10

ffiffiffiffiffiffiffiffiffiffi
GeV

p
for

small splittings of the involved masses, increasing to
SEmiss

T
≳ 15

ffiffiffiffiffiffiffiffiffiffi
GeV

p
for the largest mass splittings considered.

The resulting reach is shown in Fig. 9 for the Higgs
topology and in Fig. 10 for the neutralino topology, where

FIG. 8. Simulated Emiss
T significance [SEmiss

T
, Eq. (38)] distribu-

tion for three benchmark points (cf. Table III) against background
taken from Ref. [110] at

ffiffiffi
s

p ¼ 13 TeV and L ¼ 13.3 fb−1. The
SEmiss

T
distributions for benchmark points BP2 and BP3 have been

multiplied ×100 for visibility. The stacked background histogram
shows different SM contributions indicated in the legend; see
Ref. [110] for details.

TABLE III. NMSSM parameters, mass spectra, and relevant
branching ratios for the three benchmark points shown in Fig. 8.

BP1 BP2 BP3

tan β 2.17 2.16 2.24
λ 0.60 0.55 0.55
κ −0.38 −0.33 −0.45
Aλ [GeV] −554 −859 −539
Aκ [GeV] −254 −195 −497
μ [GeV] −144 −222 −123
MQ3

[TeV] 2.55 4.46 8.48
mhSM [GeV] 122 123 126
mhi [GeV] 157 238 77.6
mH3

[GeV] 421 650 390
mA1

[GeV] 184 232 295
mA2

[GeV] 457 669 464
mχ1 [GeV] 69.5 156 73.1
mχ2 [GeV] 158 238 139
mχ3 [GeV] 268 343 270
BRðA2 → A1hSMÞ 18% 31% 0.10%
BRðA1 → χ1χ1Þ 99% – 69%
BRðH3 → hihSMÞ 9.3% 5.0% 14%
BRðhi → χ1χ1Þ 98% – –
BRðA2 → χ3χ1Þ 0.71% 0.80% 0.34%
BRðH3 → χ3χ1Þ 0.57% 0.28% 1.1%
BRðχ3 → χ1hSMÞ 3.2% 6.1% 11%
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we portray our results as color coding for the minimum
signal cross section that satisfies the above criteria. We
present our results in this manner so that they can be used to
interpret the reach for any model with topologies similar to
those shown in Fig. 7, and not just the NMSSM.
For the Higgs topology ðgg → Φ2 → Φ1hSM → χ1χ1γγÞ,

the reach depends primarily on mΦ2
, which controls the

overall energy scale, and the mass splitting ½mΦ2
−

ðmΦ1
þmhSMÞ�, which sets the maximal Emiss

T in the process.
In Fig. 9, we present results for mass spectra that satisfy
300GeV≤mΦ2

≤1TeV, ½mΦ2
− ðmΦ1

þmhSMÞ� ≥ 25 GeV,
and mΦ1

≥ 2mχ1 . We see that cross sections as low as 4 ×
10−2 fb can be probed. The reach σminðgg → χ1χ1hSMÞ ≲
100 fb is maintained over most of the parameter spacewhere
ðmΦ2

−mΦ1
Þ > 300 GeV, and deteriorates sharply as this

mass splitting decreases.
For the neutralino topology ðgg → Φ → χ1χ3 →

χ1χ1hSMÞ, the reach shown in Fig. 10 depends on mΦ, as

it controls the overall energy scale, and the mass splittings at
the two vertices, ½mΦ − ðmχ1 þmχ3Þ� and ½mχ3 − ðmχ1þ
mhSMÞ�. Since three independent masses are involved, we
show our results in the ðmχ1 −mχ3Þ plane for several values
ofmΦ, formass spectra satisfying300 GeV ≤ mΦ ≤ 1 TeV,
½mΦ − ðmχ1 þmχ3Þ� ≥ 50 GeV and mχ3 ≥ ðmχ1 þmhSMÞ.
The reach is more sensitive to the ðmχ3 −mχ1Þmass splitting
than to the ½mΦ − ðmχ1 þmχ3Þ� splitting, and is considerably
weaker than the corresponding reach for the Higgs topology
(Fig. 9), where the 125GeVHiggs is produced at the primary
decay vertex and back-to-back with missing energy.
Overall, our computed reach is roughly one order of

magnitude better than that estimated in Ref. [101], which
used simplified models and contact interaction terms. The
reach is significantly augmented by the SM-like Higgs and
the Emiss

T being produced back to back in the Higgs
topology in addition to the improved background modeling
provided by the ATLAS collaboration.

VII. NMSSM INTERPRETATION

In this section, we apply the results from Figs. 9 and 10
to our NMSSMTOOLS scan and study the implications for
the NMSSM parameter space. In all the plots in this section,

FIG. 9. Mono-Higgs reach for the Higgs topology from Fig. 7
with γγ þ Emiss

T final state for
ffiffiffi
s

p ¼ 13 TeV and L ¼ 300 fb−1,
search criteria as indicated in the legend and discussed in the text,
and assuming the backgrounds from Ref. [110] rescaled to
L ¼ 300 fb−1. The color coding shows the minimum signal cross
section σminðgg → Φ2 → Φ1hSM → χ1χ1γγÞ to which we project
the LHC to be sensitive for decay topologies similar to the Higgs
topology from Fig. 7. These results can be used to estimate the
reach for any model with similar decay topologies by computing
the corresponding signal cross section. In the NMSSM, Φ2 ¼ A2

and Φ1 ¼ A1 or Φ2 ¼ H3 and Φ1 ¼ hi. We use mhSM ¼ mh0 ¼
125 GeV and METmin ≡ ðEmiss

T Þmin ¼ 75 GeV.

FIG. 10. Same as Fig. 9 but for the neutralino topology from
Fig. 7. The color coding shows σminðgg → Φ → χ1χ3 →
χ1χ1ðhSM → γγÞÞ. The different panels are for different values
ofmΦ indicated in the respective panel. In the NMSSM,Φ can be
either A2 orH3, and mhSM ¼ mh0 ¼ 125 GeV. Note that the color
scale is different from that of Fig. 9.
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we show the reach for both 300 and 3000 fb−1 of data at the
13 TeV LHC using the mono-Higgs signal, with points
color coded to show the cross section in terms of the
corresponding minimum cross section σmin needed to probe
the signal as discussed in the previous section. In all plots,
the color spectrum legend spans 10−2 ≤ σ=σmin ≤ 1 going
from light grey to black, but it should be understood that
light grey points include σ=σmin ≤ 10−2 and black points
include σ=σmin ≥ 1.
In Fig. 11, we show the distribution of points from our

NMSSMTOOLS scans accessible to the LHC. The left and
right panels show the results for the Higgs and neutralino
topologies, respectively. In the left panel, we show the
reach via ðgg → H3 → hihSMÞ and ðgg → A2 → A1hSMÞ
separately in the upper and lower triangles since the mass
splitting ½mΦ2

− ðmΦ1
þmhSMÞ�, which affects the SEmiss

T

distribution, is generally different for the two decays. The
results for the neutralino topology are shown in the right
panel in the mA2 vs. mχ1 plane. The reach in this case
depends on the heavy Higgs boson mass as well as the two
neutralinos it decays into. However, as noted previously,
the reach is much less sensitive to mχ3 than to mχ1 .
Additionally, since H3 and A2 are mostly mass degenerate,
we combine the contributions from ðgg → H3 → χ1χ3Þ and
ðgg → A2 → χ1χ3Þ. Specifically, we add the two contribu-
tions if jmA2

−mH3
j=mA2

≤ 30%, which is the case for
most of the points, or else we use the channel with the
larger cross section in terms of the reach.

Figure 11 shows that the Higgs topology ðgg → Φ2 →
Φ1hSMÞ (left panel) has significantly better prospects of
being observed at the LHC than the neutralino topology
ðgg → Φ → χ1χ3 → χ1χ1hSMÞ (right panel), as the SM-like
Higgs is produced from the primary decay of Φ2, and back
to back with the invisibly decaying particle. Decays of the
pseudoscalar A2 (left panel, lower triangle) are more
promising than those of the scalar H3 (left panel, upper
triangle), as the gluon fusion production cross section for
the former can be approximately a factor of two larger than
that of the latter at the same mass. Furthermore, A1 has
larger branching ratios into neutralinos than hi because the
decay of A1 into pairs of vector bosons is forbidden at tree
level. For ðgg → A2 → A1hSMÞ, we find that TeV scale
pseudoscalars can already be probed at the 13 TeV LHC
with 300 fb−1 of data. We also find that a significant part of
parameter space has mono-Higgs cross sections within
Oð1Þ of the LHC reach with 3000 fb−1 of data, implying
that improved search strategies or an improvement in
background rejection can render them accessible. In the
remainder of this paper, we combine the reach from all
topologies, such that the color coding for each point shows
the more promising of the two reaches in the Higgs or
neutralino topology from Fig. 7.
In Fig. 12, we show the relevant mass splitting ratios for

the primary decays of A2 (left panel) and H3 (right panel)
Higgs bosons. The x-axis corresponds to the respective
decay mode giving rise to the Higgs topology, while the
y-axis corresponds to the decay mode of the neutralino

FIG. 11. Distribution of scan points within reach of the LHC for the Higgs topology (left panel) and neutralino topology from Fig. 7
(right panel). The color coding shows the cross sections in terms of the reach σ3000 fb−1

min of the LHC at
ffiffiffi
s

p ¼ 13 TeV and L ¼ 3000 fb−1.
Thick red dots indicate points within reach with L ¼ 300 fb−1. See the text for definitions of the reach.
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FIG. 12. Relevant mass splittings for the two mono-Higgs topologies in the NMSSM for A2 (left panel) and H3 (right panel). Decays
are kinematically allowed if the ratio of the sum of masses of the decay products to the parent particle is smaller than 1 (indicated by the
thin dashed lines). Thick red dots are within reach of the LHC at 300 fb−1. The color coding shows the cross section in terms of the reach
of LHC at

ffiffiffi
s

p ¼ 13 TeV and L ¼ 3000 fb−1, where we use the best channel for each point.

FIG. 13. Branching ratios BRðA2 → A2hSMÞ (left panel) and BRðA2 → χ1χ3Þ (right panel) giving rise to mono-Higgs signals in the
Higgs and neutralino topologies from s-channel production of an A2 Higgs boson. Note that the scales on the y-axes differ between the
panels. The color coding is the same as in Fig. 12. The branching ratios BRðH3 → hihSMÞ and BRðH3 → χ1χ3Þ are similar; hence, we
do not plot them separately.
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topology. Decays are kinematically allowed if the ratio of
the sum of masses of the decay products to the parent
particle is smaller than 1. We observe that the relevant mass
splittings for the H3 decays into the two channels (right
panel) are more correlated than the corresponding ones for
the A2 decays (left panel); cf. the discussion of the
correlation of Higgs and neutralino masses in Sec. II A.
Recalling the sizable couplings between the Higgs bosons
and between Higgs bosons and neutralinos, we find that
large branching ratios into these channels are indeed
generic in the currently allowed NMSSM parameter space.
In Fig. 13, we show the branching ratios of the CP-odd
Higgs boson A2 giving rise to the Higgs topology (left
panel) and the neutralino topology (right panel); branching
ratios for H3 are similar, so we do not plot them separately.
These plots together illustrate that the most promising
points (large red dots) are driven by large mass splittings
½mA2

− ðmA1
þmhSMÞ�, giving rise to significant branching

ratios in the ðA2 → A1hSMÞ mode and large Emiss
T .

For comparison with the MSSM heavy Higgs searches,
Fig. 14 shows the distribution of points in the traditional
mA2

- tan β plane. Note that the most promising points
populate the large mA2

ð>2mtÞ and small tan β region,
which is traditionally dominated by tt̄ decays and therefore
difficult to probe. The mono-Higgs channel provides a
particularly clean and powerful probe of this theoretically
well-motivated region of the NMSSM parameter space.

FIG. 14. Potentially detectable points in the mA2
- tan β

plane.

FIG. 15. Potentially detectable points in the in the mA2
-λ (left) and κ-λ plane (right).
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It is instructive to plot the distribution of points in terms
of the NMSSM couplings λ and κ; these are shown in
Fig. 15. The left panel shows the distribution in the λ-mA2

plane. The most promising points are clustered around
λ ∼ 0.65; mA2

∼ few hundred GeV, consistent with the
discussion about alignment without decoupling in
Sec. II A. Beyond this cluster, one can also see that there
are points closer to mA2

∼ 1 TeV that are still promising
because they feature large values λ≳ 1.2, representing a
qualitatively different region of parameter space that is
consistent with a 125 GeV Higgs and other collider
constraints. The right panel in Fig. 15 shows the interplay
between λ and κ, where one sees a preference for negative
values of κ for points that are promising for LHC searches.
This can be understood from noting that this choice of sign
leads to large ðHSMANSMASÞ couplings, cf. Table IV.

VIII. CONCLUSIONS

In this paper, we have studied LHC probes of the Higgs
sector of the NMSSM, focusing on phenomenology arising
from a large coupling λ between the NMSSM singlet and
the Higgs doublets, which is characteristic of the region of
parameter space most compatible with a 125 GeV SM-like
Higgs boson, null results for sparticle searches, and
naturalness considerations. We have considered the range
0.5 ≤ λ ≤ 2, which includes both the λ ∼ 0.65 region
favored by alignment without decoupling as well as the
λ≳ 1 values favored by natural electroweak symmetry
breaking with a heavier supersymmetric scale. Such large
values of λ lead to large couplings among the CP-even and
CP-odd Higgs boson as well as between the Higgs bosons
and (Higgsinos and singlino) neutralinos. These couplings
can provide the dominant decay modes of heavy Higgs
bosons, significantly modifying collider phenomenology
and evading the LHC bounds on heavy Higgs bosons as
interpreted in the MSSM framework.
We performed a parameter scan of the NMSSM (Sec. III),

demanding a 125 GeV Higgs boson with couplings com-
patible with LHCmeasurements. As expected, this picks out
the region of parameter space favored by alignment.We then
subject this data set to a number of direct Higgs searches at
the LHC (Sec. IV). Points evading LHC bounds generically
show large branching ratios into decay modes beyond the
MSSM, calling for NMSSM-specific search strategies to
target these regions (Sec. V). While various signatures are
possible, we focused on the mono-Higgs channel in the
ðhSM → γγÞ þ Emiss

T final state in this paper.
We studied the prospects of probing topologies yielding

mono-Higgs signatures at the 13 TeV LHC with 300 fb−1

and 3000 fb−1 of data. We present out reach results in
Figs. 9 and 10 as a function of the relevant masses in the
decay topologies in Fig. 7; these results can be directly
applied to any model that allows for such decay chains by
comparing our projected reach to the corresponding signal
cross section in the model. In the NMSSM (Sec. VII), we
found that 300 fb−1 of data can probe up to TeV scale
heavy Higgs bosons, and a significantly larger region of
parameter space becomes accessible with 3000 fb−1. In
particular, this search strategy remains effective even in the
heavy mA2

ð>2mtÞ, low tan β regions usually overwhelmed
by tt̄ decays (Fig. 14). In addition, we have also provided
an NMSSM benchmark point BP1 (Table III) for further
study.
These results show that the mono-Higgs channel is a

powerful search strategy for heavy Higgs bosons in the
currently well-motivated regions of the NMSSM, and more
careful treatment, both theoretical and experimental, of
such signatures is crucial for discovering the NMSSM
Higgs bosons at future runs of the LHC. These results can
be complemented and enhanced with studies in several
directions. As pointed out in Sec. V, several other final
states, such as mono-Z or hSMbb̄, can provide comple-
mentary coverage of the NMSSM parameter space.
Furthermore, heavy Higgs decays can be the dominant
source of neutralino and chargino production at the LHC in
certain regions of parameter space, augmenting the reach
from direct searches for these particles. Likewise, focusing
on regions of parameter space that contain viable dark
matter candidates can also sharpen the expected signatures
at various detectors. We leave such directions of study for
future work.
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APPENDIX A: TRILINEAR HIGGS COUPLINGS APPENDIX B: FIGURES FOR LHC
CONSTRAINTS FROM DIRECT

HIGGS SEARCHES

TABLE IV. Trilinear scalar interactions including dominant
one-loop corrections, cf. Appendixes of Ref. [35] for details.

Z3-invariant NMSSM

HSMHSMHSM m2
hSM

=2v

HSMHSMHNSM 3s−1β ðm2
hSM

cβ −m2
Zc2βcβ − 1

2
λ2v2s2βsβÞ=2v

HSMHNSMHNSM 3s−2β ½m2
hSM

c2β −m2
Zðc22β − 2

3
s2βÞ

−λ2v2s2βðc2β þ 2
3
Þ�=2v

HNSMHNSMHNSM s−3β ½m2
hSM

c3β þm2
Zc2βcβð2s2β − c2βÞ

− 1
2
λ2v2s2βsβð2c2β − s2βÞ�=2v

HSMHSMHS λμffiffi
2

p ½1 − 1
2
s2βðκλ þ

M2
A

2μ2
s2βÞ�

HSMHNSMHS
− λμc2βffiffi

2
p ðκλ þ

M2
A

2μ2
s2βÞ

HNSMHNSMHS λμffiffi
2

p ½1þ 1
2
s2βðκλ þ

M2
A

2μ2
s2βÞ�

HSMHSHS 1
2
vλðλ − κs2βÞ

HNSMHSHS − 1
2
vκλc2β

HSHSHS κ
3
ffiffi
2

p ðAκ þ 6 κμ
λ Þ

HSMANSMANSM s−2β ðm2
hSM

c2β −m2
Zc

2
2β − λ2v2c2βs2βÞ=2v

HNSMANSMANSM s−3β ½m2
hSM

c3β þm2
Zc2βcβð2s2β − c2βÞ

− 1
2
λ2v2s2βsβð2c2β − s2βÞ�=2v

HSANSMANSM λμffiffi
2

p ½1þ 1
2
s2βðκλ þ

M2
A

2μ2
s2βÞ�

HSMANSMAS λμffiffi
2

p ðM2
A

2μ2
s2β − 3 κ

λÞ
HNSMANSMAS 0

HSANSMAS −κλv

HSMASAS 1
2
vλðλþ κs2βÞ

HNSMASAS 1
2
vκλc2β

HSASAS −κðAκ − 2 κμ
λ Þ=

ffiffiffi
2

p

HSMHþH− 2m2
W=vþ 2s−2β ðm2

hSM
c2β −m2

Zc
2
2β

− 1
2
λ2v2s22βÞ=2v

HNSMHþH− 2s−3β ½m2
hSM

c3β þm2
Zc2βcβð2s2β − c2βÞ

− 1
2
λ2v2s2βsβð2c2β − s2βÞ�=2v

HSHþH− ffiffiffi
2

p
λμ½1þ 1

2
s2βðκλ þ

M2
A

2μ2
s2βÞ�

FIG. 16. Upper limits from direct Higgs searches in the τþτ−

final state at the LHC for
ffiffiffi
s

p ¼ 8 TeV [46–48] compared to
NMSSM points from our NMSSMTOOLS. Note, that we show
points from both the standard and the light subset together. Points
with σðggΦÞ × BRðΦ → τþτ−Þ larger than the 95% CL limits
shown are excluded, where Φ ¼ H3; hi; A2; A1.

FIG. 17. Same as Fig. 16, but for Φ → τþτ− at
ffiffiffi
s

p ¼ 13 TeV
[49,50], Φ ¼ H3; hi; A2; A1.
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FIG. 18. Same as Fig. 16, but for Φ → bb̄ at
ffiffiffi
s

p ¼ 13 TeV
[51], Φ ¼ H3; hi; A2; A1.

FIG. 19. Same as Fig. 16, but for Φ → γγ at
ffiffiffi
s

p ¼ 8 TeV
[52–54], Φ ¼ H3; hi; A2; A1.

FIG. 20. Same as Fig. 16, but for Φ → γγ at
ffiffiffi
s

p ¼ 13 TeV
[55–57], Φ ¼ H3; hi; A2; A1.

FIG. 21. Same as Fig. 16, but forΦ → ZZ at
ffiffiffi
s

p ¼ 8 TeV [58],
Φ ¼ H3; hi.

FIG. 22. Same as Fig. 16, but for Φ → ZZ at
ffiffiffi
s

p ¼ 13 TeV
[59–65], Φ ¼ H3; hi.

FIG. 23. Same as Fig. 16, but for Φ → WþW− at
ffiffiffi
s

p ¼ 8 TeV
[66–68], Φ ¼ H3; hi.
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FIG. 24. Same as Fig. 16, but for Φ → WþW− at
ffiffiffi
s

p ¼ 13TeV
[69–72], Φ ¼ H3; hi.

FIG. 25. Same as Fig. 16, but for Φ → hSMhSM → bb̄τþτ− atffiffiffi
s

p ¼ 8 TeV [73–75], Φ ¼ H3; hi.

FIG. 26. Same as Fig. 16, but for Φ → hSMhSM → bb̄τþτ− atffiffiffi
s

p ¼ 13 TeV [76,77], Φ ¼ H3; hi.

FIG. 27. Same as Fig. 16, but forΦ → hSMhSM → bb̄lνllνl atffiffiffi
s

p ¼ 13 TeV [78], Φ ¼ H3; hi.

FIG. 28. Same as Fig. 16, but for Φ → hSMhSM → bb̄bb̄ atffiffiffi
s

p ¼ 8 TeV [79,80], Φ ¼ H3; hi.

FIG. 29. Same as Fig. 16, but for Φ → hSMhSM → bb̄bb̄ atffiffiffi
s

p ¼ 13 TeV [81–83], Φ ¼ H3; hi.
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FIG. 30. Same as Fig. 16, but for Φ → hSMhSM → bb̄γγ atffiffiffi
s

p ¼ 8 TeV [84,85], Φ ¼ H3; hi.

FIG. 31. Same as Fig. 16, but for Φ → hSMhSM → bb̄γγ atffiffiffi
s

p ¼ 13 TeV [86,87], Φ ¼ H3; hi.
FIG. 33. Same as Fig. 16, but forΦ → ZhSM → Zτþτ− at

ffiffiffi
s

p ¼
8 TeV [73,88], Φ ¼ A2; A1.

FIG. 32. Same as Fig. 16, but for Φ → ZhSM → Zbb̄ at
ffiffiffi
s

p ¼
8 TeV [88,89], Φ ¼ A2; A1.
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