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1. Introduction

In recent years the Next-to-Minimal Supersymmetric Standard Model (NMSSM) gained
a lot of attention in particle physics community. The primary reason for this is the mea-
surement of the Higgs mass of 125 GeV which is hard to accommodate in the Minimal
Supersymmetric Standard Model (MSSM) with light stops, hence threatening naturalness
of supersymmetry. On the other hand, in NMSSM the 125 GeV Higgs can be compatible
with relatively light stops due to additional contributions to the Higgs mass. The Higgs
mass in NMSSM is usually enhanced by demanding large singlet-Higgs-Higgs superpoten-
tial coupling A and small tan 8. However, it was recently emphasized that light stops in
NMSSM are also possible for moderate and large tan 8 provided that the mixing between
the Higgs and a lighter singlet-dominated scalar is non-negligible [1].

Presence of a light singlet-dominated scalar has important implications for neutralino
dark matter. This is because the Higgs-singlet mixing modifies the Higgs couplings to LSP
and nucleons, hence also the spin-independent (SI) scattering cross-section os;. Moreover,
a light singlet-dominated scalar can mediate the LSP-nucleon interaction itself giving con-
tribution to ogr that can be even larger than the one coming from the Higgs exchange. In
these proceedings we investigate the SI scattering cross-section and derive analytic formu-
lae for the neutralino blind spots i.e. regions of the NMSSM parameter space with strongly
suppressed Sl scattering cross-section, including the effects of the singlet. We focus on
a singlino-Higgsino LSP since this is the most distinct from MSSM type of LSP and, in
addition, can be a thermal relic with the abundance in agreement with the observations.

2. CP-even scalar and neutralino sector of the NMSSM

We will start from a brief summary of the NMSSM CP-even scalar and neutralino
sector. Let us parametrize the NMSSM specific part of the superpotential as:

Wnmssm = ASH, -Hy + f(S), (2.1)

where S is a SM-singlet superfield. In a general model the function f(S) contains all possible
renormalizable terms f(S) = ErS+ u'S? /2 + kS3/3. The corresponding soft terms are:!

2 2 2 2
~ Lot D miy HiHy +m3y H)Hy+m3|S)|

1 1
+ (A,MHL, HyS + 5A,(;<S3 +m3H, - Hy+ 5m’SZS2 + 555+h.c.> . (2.2)

The first term in (2.1) is the source of the effective Higgsino mass parameter: u = Av
(note that we dropped the usual MSSM u parameter by a shift symmetry). In the simplest
version, known as the scale-invariant NMSSM, m3 = m/?> = & = 0 while f(S) = xS5°/3.
There are three neutral CP-even scalar fields, HY, Hg, S which are the real parts of
excitations around the real vevs, v, = vsinf, vy = vcos 8, vy with v2 =v2 +v3 ~ (174GeV)?,
of the neutral components of doublets H,, H; and the singlet S. It is more convenient for

IWe use the same notation for chiral superfields as for their scalar components; H, - Hy = Hf H; fH,i)Hg.
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us to work in the basis (}Az,I-AI,§), where h = HOcos+H?sinf3, H=Hsinf — H) cos§ and
§=S. The h field has exactly the same couplings to the gauge bosons and fermions as the
SM Higgs field. In this basis the off-diagonal elements of the scalar mass squared matrix M?
have the form:

1 . .
M}%H = E(M% — A*v?)sin4B, Mff = Av(2u — Asin2f), Ml,zj,v = AvAcos2f, (2.3)

and A = A, + (d2f). The mass eigenstates of M?, denoted by h; (with h; = h,H,s), are
expressed in terms of the hatted fields with the help of the diagonalization matrix S:2

h; :Svh,fzil+§h,-ﬂﬂ+§hi§§' (2.4)

The neutralino mass matrix in NMSSM is 5-dimensional. However, in this work we
assume that gauginos are heavy and thus we focus on the sub-matrix describing the three
lightest neutralinos:

0 —u —Avsinf3
My = —u 0 —Avcosf | . (2:5)
—Avsinf3 —Avcosf3 <852f>

Trading the model dependent term (d2f) for one of the eigenvalues, m.o, of the above

x!
neutralino mass matrix we find the following (exact at the tree level) relations for the
neutralino diagonalization matrix elements:

Nz v (mx;)/.u)sinﬁ —cosf3 Njg v (ml‘?/u)cosﬁ —sinf 2.

s (g /) Vs B (mg/n)

where j=1,2,3 and |mx?| < |mx§| < |mx%)| Notice that the physical (positive) LSP mass is

equal mysp = |my| (to simplify the notation from now on we use x = x7, my = 0 etc.).

In our discussion we consider only positive values of A. In the no-scale NMSSM the
results for negative A are exactly the same due to the invariance under the transformation
A——A, Kk——K,S— =S, u—uU,, A= A In a general model there is some dependence
on the sign of A but it is quite weak for the parameters important for our analysis.

3. Spin-independent scattering cross-section

The spin-independent cross-section for the LSP interacting with the nucleus with the
atomic number Z and the mass number A is given by

4, [Zf®) 4 (A—2)fm]?

A2 ’

Os1 (3.1)

where ,Lered is the reduced mass of the nucleus and the LSP. Usually, the experimental limits

concern the cross section ogr defined as %(Gs(f )+ Gs(f)). Thus, in the rest of the paper we will

2The matrix § is related to the commonly used Higgs mixing matrix S by a rotation by the angle B in
the 2-dimensional space of the weak doublets.
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follow this convention. When the squarks are heavy the effective couplings f™) (N =p,n)
are dominated by the t-channel exchange of the CP-even scalars [2]:

3

3

N Opx x O NN

W~ Y 0 = 3 Bt a2)
-1 - 2my,

are given, respectively, by

Olpyyy & V2A [i‘ﬁNlS (N13sin3 + Nygcos ) +§5HN15 (Niasin B —Nyzcosf3)

~ K
+Sis (N13N14— INIZS)} ) (3.3)
N s () N G R )
o [Sih(Fd +5Y) +5,4 (tanﬁFd g )] (3.4)

where we neglected the contributions from (heavy) gauginos i.e. Njj =~ 0 =~ N}, and intro-
duced the form factors ") ~0.152, F\") ~0.132, F" ~0.147, F") ~0.140 [3].

4. Blind spots coming from the & and H exchange

In this section we will present the blind spot conditions analogous to those already
known in the MSSM i.e. for decoupled s with m; — oo. Thus, we can neglect the mixing of &
and H with s in f}EN) and f,SN) as well as the fS(N) amplitude. Let us start from the situation in
which f,gN) interferes destructively with the contribution f,gN) mediated by the heavy Higgs
doublet. The coupling of H to down quarks, hence also to nucleons, may be enhanced by
large tan B which could compensate the suppression of fF(IN) by m;,z. Considering tan > 1
we can neglect S5 ~ —2(M?—A*?)/(tanfm3;) (see. eq. (2.3)), which causes S,; ~ Sy ~ 1,
and rewrite the amplitudes as:

AmyN 2t
f}EN)—kf;IN) R mNzlsF(N) Nyzsin 3+ Nygcos B+ <mh> anB(NMSinﬁ—NBCOSﬁ) )
vn, myg 2

(4.1)
where we used the approximation F d(N) = Fu(N)(E F™)). We can see immediately that if the
LSP is a pure singlino or a pure Higgsino this expression vanishes. For a mixed LSP the
sum of the above amplitudes may be small only if there is a cancellation in the square
bracket. Perfect cancellation gives the following blind spot condition:

" naf (m) tanf (42)

mgyg 2

This is a similar result to the one obtained in the MSSM [4], but for the Higgsino-singlino
LSP rather than the Higgsino-gaugino one. Note that myu > 0 is required in contrast to
MSSM. This kind of a blind spot allows for a highly-mixed singlino-Higgsino LSP and large
tan B since (4.2) can be satisfied with |m,| ~ || provided that (my/mpg)*tan B ~ €(1). In
the decoupling limit of H, i.e. my — oo, our blind spot condition simplifies to:

% —sin2B = 0. (4.3)
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This result is analogous to the one obtained in [5] for the Higgsino-gaugino LSP in the
MSSM (as called traditional blind spots) but, again, with opposite sign between the two
terms in the Lh.s. Notice that if tanf is not small, the blind spot condition implies a
singlino-dominated LSP (|my| < |u|) for which fj, is suppressed anyway.

4.1 Mixing with the singlet

Now we can ask the question what happens if 2 and H mix with the singlet-dominated
scalar s (but still in the limit of large my i.e. with f; neglected). Let us start with the blind
spot condition (4.3). The effect of h-s mixing modifies the r.h.s. of that formula giving:

Ni3 Nig K)
3 2 4.4
<N15 Nis A (44)

2
ﬂ—sinZﬁ%—%i 1_<m%>
u Shfz lv u

where:

§h‘§ ~ sgn(Asin2f} — 2#)7”2|Amix|mh , Anix = my — Moy, . (4.5)
hh s
The last parameter, Ayix, measures the linear correction to the Higgs mass coming from
the mixing with other states (mainly s). For mj, < my this correction is negative which is
not preferable. Thus, the requirement of small |Anix|, say smaller than (1) GeV, implies
(Sns/S,;) S 0.1(my,/my). Therefore, in order to have a strong modification of the blind spot
condition at least one of the factors in the r.h.s. of eq. (4.4) must be much larger than 1
which puts limitations on the composition of the LSP. Namely, for a singlino-dominated
and highly-mixed singlino-Higgsino LSP the blind spot with m,u < 0 requires large |x/A/,
and thus small A if we impose perturbativity limits, while for a Higgsino-dominated LSP
such a blind spot can be present both for small and large A.
In the case of a non-negligible effect of H the analogue of eq. (4.2) takes the form:

2 o 2
mx—sin2[3z<mh> @nf | Sus 1 1—<m"> <Nl3N14—K> . (4.6)
u my 2 Syp Av u NisNis A

If S is not negligible with respect to (%)hagﬁ Sus we should also add here the correc-

tion (4.4). However, the conclusions for blind spots regarding the LSP composition are
qualitatively similar to those resulting from (4.4).

5. Blind spots coming from the 4 and s exchange

Now we move to the main point of our discussion i.e. the situation when the singlet-like
scalar is light. To simplify our consideration and feel the qualitative difference with respect
to the previous section, we decouple the H state i.e. we neglect the fIS,N) amplitude (assuming
that mg,m;, < my) but at the same time we take into account the H-§ mixing effects in fS(N)
which may be enhanced by large tan 8. The modification will concern eqgs. (4.3) and (4.4).
In order to shorten our notation we introduce additional parameters:

_ lteg (my\? . Sua
;zfsz—y1+0h ) ch,:l+§ (tanf3 —cotf) (5.1)

hih
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where hy = h,s and y = S)5/S,; is given in (4.5). In the limit of large tanf the ¢, (c;)
parameter measures the ratio of the couplings, normalized to SM values, of the s (h) scalar
to the b quarks and to the Z bosons.? Then our blind spot condition reads:

2
My . ’)/+,£ng u nmy Ni3 Ny K
"X Gin2B~ — o (M) (el K 2
m sin2f3 [ < ) <N15N15 %) (5.2)

11—y, Av u
which is of the form (4.4) but with a crucial modification of the first factor in the r.h.s.:

[T}

©>

Y+
1 —yd

h

Il
[%o]]
o

¥ (5.3)

h
(Note that for mg — e we have <% — 0.) The new prefactor can be at least one order of
magnitude larger than the previous one i.e. in the case with only & exchange taken into
account, which soften the constraints on the LSP composition e.g. large |k/A| is not always
necessary in the case of a singlino/highly-mixed singlino-Higgsino LSP and myu < 0.

From our perspective the most interesting situation takes place when Apix, being now
positive, is large. As stated above, for m; < 85 GeV small |¢;| and hence large tan 8 and
small A are preferred [1]. For definiteness, let us consider tanff = 10, A = 0.1 and two
representative values of my, 70 and 95 GeV, for which the LEP bounds are, respectively,
quite severe and rather mild. In Fig. 1 we present the points (for a few values of c¢y)
for which ogr is smaller than the neutrino background for two signs of m,u (in all plots
presented in this paper the LEP and LHC Higgs constraints are satisfied, at 2o level, unless
otherwise stated). The most apparent difference between ¢; > 1 and ¢; < 1 is that in the
first case there are no points with Higgsino-dominated LSP, whereas in the second one there
is a negative correlation between Higgsino admixture and Apix (for Nis <0.1). In order to
explain this behavior we rewrite the blind spot condition (5.2) in the form adequate for the
Higgsino-dominated limit i.e. for |m,/u| — 1. The result reads:

Y+ ;
s ~ sgn(u)\N15]\/2(l —sgn (mypt)sin2p). (5.4)

For specific values of ¢; and mjy (chosen in our example) the L.h.s. of the above equation is
proportional® to —y and thus to Apix (see (4.5)) — this explains why there is a correlation
between Apix and |Njs|. To understand why for ¢; > 1 (¢; < 1) there are (no) points which
fulfill (5.4) we should notice (see eq. (2.3)) that for tan f > 1 we have sgn(1 —c¢;) =sgn(Ay) =
sgn(uy) — the second equality holds because a partial cancellation between the two terms
in M2, is needed.” This is exactly what we wanted to show: for ¢, < 1 the Lh.s. of (5.4)
has the sign equal to —sgn(i) thus the equality cannot hold (and inversely for ¢, > 1). It

3Tt is easier to make a light scalar s compatible with the LEP bounds when |cs| is small [1], especially
for my < 85 GeV. We should note, however, that ¢y < 1 implies ¢, > 1 which in turn leads to suppressed
branching ratios of & decaying to gauge bosons, so ¢, is constrained by the LHC data.

41t can be easily seen if we notice that .27 = —y const, where const = iig; (’,’,’T’:)z > 1. Moreover |ye| < 1
and hence the denominator in the Lh.s. of (5.4) is roughly 1.
This happens in our example in Fig. 1 because for [u| =500 GeV and A = 0.1 we have |MZ| ~

0 (100 GeV), which is of order my, and mg. The situation for smaller |u| is not much different.
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10° 4 A=0.1, tang =10, || =500 GeV, m =70 GeV, ¢, =0.1 10°
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Figure 1: Regions of the plane (Apix —les) with og; smaller than the neutrino background [6]
for myp >0 (red) and mypu <0 (blue), while keeping |k| < 0.6. Upper (lower) plots correspond to
mgs =70 (95) GeV whereas the left (right) to ¢; smaller (larger) than 1.

can be shown (using relations (2.6)), that the above conclusions hold also when |k/A| is

Ni3 Nig
Nis Nis

parameter space. For singlino-dominated LSP we can always choose the sign and value of

smaller than | | in eq. (5.2) i.e. for some part of highly-mixed singlino-Higgsino LSP
K to fulfill relation (5.2), however, as we will see below, this may be different in specific
versions of NMSSM.

5.1 Model with u’' =0

Let us now consider the version of NMSSM with u’ =0 in the superpotential (2.1).
It has been shown [7] that such superpotential can arise from an underlying Z§ symmetry
and hence would be theoretically motivated. Moreover, this model has the same neutralino
sector as the no-scale model, while the scalar sector is very similar to the general one,’

which allows us to fix the masses of scalars and simplify greatly our analysis.

The condition u’ =0 means that the singlino mass parameter is now equal to (92 f) =

5Due to the fact that u’ affects only the diagonal terms in the mass matrix of the CP-even scalars.
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A=0.1, tang =10, || =500 GeV, m =95 GeV, ¢, =1.2 A=0.1, ta , 5 95 GeV, ¢, =1.2
+ + TEREEETE ; T

10°

2
15

1—

107

10 10° 10" 10°

A [GeV]

10

Figure 2: Left plot: regions of the plane (Apix —N125) with og; smaller than the neutrino back-
ground [6] for myp >0 (red) and myu <0 (blue). Right plot: the same as the left one but vertical
axis denotes 1 —N125 values i.e. the upper, hardly visible region of the left plot is enlarged. We put
w=0.

2ux/A. Thus, we can express the ratio k/A in term of my/u in the following way:

my /) —sin(2pB)
- (mx/“)z

Now the k parameter is not an independent one and this may primarily constrain the

S AR

(5.5)

singlino-dominated LSP region. This is illustrated in Fig. 2 which is the analogue of the
right down plot in Fig 1 (we also enlarged the region of singlino-dominated LSP — right
plot in Fig. 2). One can see that there is a positive correlation between a (small) Higgsino
component of the LSP and Ap;x in the singlino-like LSP region (in a general model almost
every Apix smaller than some value is possible for a highly singlino-dominated LSP).

As we know, for my; < 85 GeV and sizable Ayix we prefer |cs| < 1 in order to be compat-
ible with the LEP bounds. In a general NMSSM the LSP in this case should be singlino-
dominated (see Fig. 1), where the blind spot condition (5.2) can be rather easy fulfilled
by tuning the ratio x/A. However, for g’ =0 we cannot freely change the value and
sign of xk/A and therefore fulfill condition (5.2) so easily. In Fig. 3 we present the re-
gions in the plane (my /@ — Gs(r[l))) allowing og; below the LUX bound, XENONIT bound
and neutrino background. For smaller Gs('g (and hence smaller [Av/u|) all the points are
singlino-dominated. One can see that for small |¢,| the blind spots are possible only for
my /1 close to sin2f3 ~2/tan B (these are our traditional blind spots in (4.3)), which is not
preferable from the viewpoint of Higgs invisible decays (mpsp is then smaller than my/2)

unless |u| is large: |u| =2 & (500 talnoﬁ

stand this better if we substitute (5.5) into (5.2), omitting %—:2%—:‘5‘ If |my/u| is small, for

large tan B and small [Av/u| (which is satisfied in our case) we can neglect the second term

) GeV — see upper right plot in Fig. 3. We can under-

in the square bracket in (5.5) and our blind spot condition becomes:

My (y_ Lyt B
u 21 —ya Ay

) —sin2f = 0. (5.6)
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From the sign analysis below (5.4) it follows that the second term in the bracket in (5.6) is

GeV, A =3 GeV, ¢,=0.1

2

tanf=10, |u| =500 GeV, m, =70 GeV, A ; =3 GeV, ¢,=0.1
T T T

102 tang=10, |u| ::150 GeV, m‘s ::70‘ : 10° |
1 1 ! 1
' ] ST
Excluded by LEP, LHC, | i 1§ T
LUX or A>0.7 riina I 1 -
3 ’ -] 3 Te-al 'y -
10°} SRS . 1 10°} g 1 -
-~ ; Y | - ! XENON100
R .| ---T S~
— XENON100
) ) [— T Excluded by LEP, LHC,
= | - =) LUX or A50.7
ot Jo - otk Az
Za I — za
% [ | S
4 (-
I -
N -
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6 i i i 6 i i i
1o O 0.0 05 10 1o ~05 0.0 0.5 1.0
my/p my [
107 tan3 =10, |u[ =150 GeV, m, =95 GeV, A,; =3 GeV, ¢,=1.2 102 tanB=10, |y ‘:5(]0 GeV, m, :‘95 GeV, Aming‘ GeV, ¢, =12
T 0
N i
; e
Excluded by LEP, LHC, ! 1} an
LUX or A50. ! . —— [N ---
- ! -
10° 10° T [ -5
[N XENON100
N \
= = Excluded by LEP, LHC,
B B LUX or A>0.7 =
. 3
_onl 1§
——— |
|
100 il ———

0.0 0.5 1.0

my [

Figure 3: Spin-dependent scattering cross section for neutrons O'ég versus my /p for the points

with ogr below LUX limit [8] (yellow), XENONIT [9] limit (green) and neutrino background [6]
(red) for u’ =0. Upper (lower) plots correspond to m; =70 GeV, ¢ = 0.1 (m; =95 GeV, ¢; = 1.2)
whereas the left (right) ones to || = 150 (500 GeV). Solid red lines represent mysp = my, /2, whereas
dashed ones the XENON100 bound [10] for O'S(r]')). Blue regions for p = 150 GeV correspond to light
LSP with very weak neutrino background limit ~ 10746 cm?.

positive for ¢, < 1 and hence the smaller A the smaller |m, /u| (and reversely for ¢, > 1) —
one can see this in Fig. 3. On the other hand, if |m,/u| is closer to 1 (but LSP is still
singlino-dominated), we can neglect the first term in the square bracket in (5.5) and get:

_ly+d, Ay

T2l—ydhp
Note that the above equation does not depend on my /. Again, the sign analysis shows
that this kind of a blind spot is possible only for ¢; > 1 (lower plots in Fig. 3). For moderate
values of |my/u| both terms in the square bracket in (5.5) are important and the sign of
my /I starts to be crucial e.g. for ¢; > 1 and myu < 0 we need smaller |Av/u| to fulfill the
corresponding blind spot condition than for myu > 0. One can see that the XENON100
experiment excludes some region with smaller |pt| where the SI blind spots are present.
The future SD experimental bounds may be especially important for testing the parameter

space of the model.

(5.7)
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6. Conclusions

We have found analytic expressions for blind spots in NMSSM with a light singlet-
like scalar and a Higgsino-singlino LSP. Using this formulas, it is relatively easy to obtain
regions with suppressed spin-independent LSP-nucleus cross-section without violating any
other experimental constraints, especially when the singlet mass my lies in the LEP favored
window i.e. in the range of about 85- 100 GeV (this holds both in a general model and for
' =0, originating from underlying Z‘g symmetry, however in the second case the singlino-
dominated region is more constrained). This stays in contrast to the MSSM, where the
blind spot conditions put very severe limitations on the parameter space.

Outside the LEP favored window (my; < 85 GeV) and when the linear correction to the
Higgs mass, Apix, is sizable in a general model the LSP tends to be singlino-dominated. In
the model with u’ = 0 this scenario is additionally constrained by invisible Higgs decays
unless |u| is large.

Acknowledgments

This work was partially supported by Polish National Science Centre under research
grants DEC-2012/05/B/ST2/02597, DEC-2014/15/B/ST2/02157 and DEC-2012/04/A/
ST2/00099.

References

[1] M. Badziak, M. Olechowski and S. Pokorski, JHEP 1306 (2013) 043 [arXiv:1304.5437
(hep-ph).
[2] G. Jungman, M. Kamionkowski and K. Griest, Phys. Rept. 267 (1996) 195 [hep-ph/9506380].

[3] G. Belanger, F. Boudjema, A. Pukhov and A. Semenov, Comput. Phys. Commun. 185
(2014) 960 [arXiv:1305.0237 [hep-ph]].

[4] P. Huang and C. E. M. Wagner, Phys. Rev. D 90 (2014) 1, 015018 [arXiv:1404.0392 [hep-ph]].

[5] C. Cheung, L. J. Hall, D. Pinner and J. T. Ruderman, JHEP 1305 (2013) 100
[arXiv:1211.4873 [hep-ph]].

[6] J. Billard, L. Strigari and E. Figueroa-Feliciano, Phys. Rev. D 89 (2014) 2, 023524
[arXiv:1307.5458 [hep-ph]].

[7] H. M. Lee, S. Raby, M. Ratz, G. G. Ross, R. Schieren, K. Schmidt-Hoberg and
P. K. S. Vaudrevange, Nucl. Phys. B 850 (2011) 1 [arXiv:1102.3595 [hep-ph]].

[8] D. S. Akerib et al. [LUX Collaboration], Phys. Rev. Lett. 112 (2014) 091303
[arXiv:1310.8214 [astro-ph.CO]].

[9] E. Aprile [XENONI1T Collaboration], Springer Proc. Phys. 148 (2013) 93 [arXiv:1206.6288
[astro-ph.IM]].

[10] E. Aprile et al. [XENON100 Collaboration], Phys. Rev. Lett. 111 (2013) 2, 021301
[arXiv:1301.6620 [astro-ph.CO]].

10



