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ABSTRACT: We investigate the phenomenology of the Nearly Minimal Supersymmetric
Standard Model (nMSSM) in the deflected anomaly mediation scenario. We also include
the Fayet-Iliopoulos D-term of the standard model gauge group. In the nMSSM, the mu
term is replaced by the vacuum expectation value of the gauge singlet; therefore, there is
no difficulty in generating the B-term of the SUSY breaking scale. Although the messenger
sector is introduced, direct couplings between nMSSM fields and messenger sector fields
are forbidden by the discrete symmetry. Therefore, the phenomenology at the weak scale
does not depend on the detail of the messenger sector. We show that there are regions
of parameter space in which electroweak symmetry breaking occurs successfully and the
lightest Higgs is heavier than the LEP bound. We show that the gluino is light in this
scenario. The lightest neutralino, which is mainly composed of a singlino, is a candidate
for dark matter. The relic density explains the observed abundance of dark matter. The
dark matter-nucleon scattering cross section satisfies the current limit from CDMS and
XENONI10 with a small value for the strange quark content of a nucleon.
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1 Introduction

The Minimal Supersymmetric Standard Model (MSSM) is the most attractive framework
for the physics beyond the Standard Model. In the MSSM, gauge coupling unification is
achieved and the Higgs potential is stabilized. Despite these good features, the MSSM has
difficulty in the Higgs sector. The MSSM has a u term, pHj Ho, in the superpotential. To
maintain the weak-scale vacuum expectation value (VEV) of a Higgs, |u| has to be at the
weak scale. However, it is difficult to explain why such a dimensionful parameter is much
smaller than Plank scale or GUT scale. This problem is the so-called p problem.

A simple way of solving the u problem is to introduce a gauge singlet, and replace the
1 by the VEV of the gauge singlet field:

,quHQ —>)\<S> Hl-HQ . (11)

The most famous model to include a gauge singlet is the Next-to-Minimal Supersymmetric
Standard Model (NMSSM). In the NMSSM, a new discrete symmetry, Zs, is introduced to



forbid the mass term for S. However, Z3 symmetry spontaneously breaks down when elec-
troweak symmetry breaking occurs. At this point, unacceptably large cosmological domain
walls appear [1]. In the Nearly Minimal Supersymmetric Standard Model (nMSSM) [2-4],
the cosmological domain wall problem is solved by tadpoles. The tadpoles are generated
by supergravity interactions and explicitly break the discrete symmetry. Therefore, the
domain wall problem does not arise. The nMSSM has the same attractive feature of elec-
troweak baryogenesis as the NMSSM has. To achieve successful electroweak baryogenesis,
a strong first-order phase transition is required. Therefore, new sources of CP-violation
beyond the CKM matrix have to exist. In the nMSSM, there are additional sources of CP-
violation in the singlet sector. Therefore, unlike MSSM, nMSSM does not rely on radiative
contributions from a light stop for strong first-order phase transition [5, 6].

SUSY breaking terms are important in discussing phenomenology, SUSY breaking ef-
fects are transmitted to the nMSSM sector from a hidden sector by one or more mediation
schemes. One interesting mediation scheme is anomaly mediation [7—9]. In anomaly me-
diation, the supergravity actions of the hidden sector and visible sector are sequestered.
SUSY breaking effects are transmitted to the visible sector due to the superconformal
anomaly. There are studies in which soft breaking terms are derived by anomaly media-
tion with NMSSM-like models [10, 11]. In these works, successful electroweak symmetry-
breaking is achieved; however, the VEV of S is on the order of a few TeV. This leads
to a large higgsino mass: peg = A (S). Therefore, there are large mass splittings among
Higgs (and neutralinos).

To obtain a moderate value for peg, we consider a deflected anomaly mediation sce-
nario [12-14], which introduces an additional messenger sector. The SUSY breaking mass
for a messenger is given by a VEV of the gauge singlet field, X. In the original deflected
anomaly mediation scenario [12, 13|, the superpotential of X is extremely flat; therefore,
the fermionic component of X, 1x, becomes light and the lightest SUSY particle is ¢ x.
In the positively deflected anomaly mediation scenario [14], the superpotential is not flat;
therefore, 1) x does not have to be light [15] and an ordinary SUSY particle can be a can-
didate for dark matter. We consider the positively deflected anomaly mediation scenario.
We also consider SUSY breaking with the Fayet-Iliopoulos D-term.

We show that when nMSSM and deflected anomaly mediation are combined, successful
electroweak symmetry breaking occurs for a moderate value of peg. We also show that the
lightest neutralino, which is mainly composed of a singlino, is a good candidate for dark
matter. We also present sparticle mass spectra.

This paper is organized as follows. In section 2, we introduce the nMSSM Lagrangian
and discuss tadpoles. We also discuss the direct couplings between nMSSM fields and
messenger sector fields. In section 3, we derive the soft SUSY breaking terms of the
nMSSM fields in the deflected anomaly mediation scenario. Section 4 is devoted to the
phenomenology of this scenario. Finally, section 5 presents our conclusions.

2 Nearly minimal supersymmetric standard model

In this section, we discuss tadpoles and direct couplings between nMSSM fields and mes-
senger sector fields. First, we introduce the nMSSM Lagrangian.



The superpotential and soft breaking terms in the nMSSM are
R i PN A s o PN
Wamssm = ASH1 - Hy + —=5 +5.Q - HoU® +yaQ - H1 D" +y L - Hi E°, (2.1)
and

— Loty = m3|S|? + (axSH; - Hy + h.c.) + (tsS + h.c.)
2, HHy + %, Hy Hy
+mgQ'Q + mi|ur|* + mp|drl* + M7 LTL + my|er|”
—{—(au() - Hotg* + agQ - Hydg + a;L - Hiép* + h.c.) . (2.2)

S denotes a gauge singlet chiral superfield, and S is the scalar component of S. When
S acquires the VEV, the higgsino mass parameter, pu.g = Avg, is generated effectively.
We take A\ to be real positive by suitable redefinitions of S, H; and Hs. Unlike the
NMSSM, there are no trilinear terms for the gauge singlet. m%QS' /A and tgS are tadpoles.
They are absent at the tree level; however, they are generated radiatively by supergravity
interactions. These terms are on the order of the weak scale, as we describe below.

2.1 Tadpoles

The greatest difference between the nMSSM and NMSSM is the existence of tadpoles in
the former. The tadpoles are generated by supergravity interaction. In the nMSSM, the
theory has a global discrete symmetry at tree level. This symmetry guarantees that the
generated tadpoles are on the order of the weak scale, despite the fact that supergravity
interactions break global symmetries. Because the tadpoles explicitly break the discrete
symmetry, the domain wall problem does not appears.

In nMSSM, the Lagrangian has a discrete R symmetry Z,,r at tree level. The charge
assignment of the fields is shown in table 1. The charge of Z, r/, Qn.r’, is defined as

Qprq + 3Qr, (2.3)

where QQpg denotes the charge of Peccei-Quinn symmetry, U(1)pg, and Qg denotes the
charge of U(1)g. Under Z, p/, the nMSSM fields transform as

®;, — P exp (z QZR/ 9> , (2.4)
where ®; denotes nMSSM fields. If the Lagrangian respects Zsg: or Z7p/ at the tree level,
the scale of the generated tadpoles can naturally be the weak scale [2, 4]. When the discrete
symmetry is Zsg/, tadpoles of six-loop order are generated. When the discrete symmetry
is Z7g, tadpoles of seven-loop order are generated. The tadpoles break the Zsg or Z7g/,
and therefore no cosmological domain wall problem exists.

The generated tadpoles are given by [4]:

1 2
(1672)! (Mp Mg,y S + Mgusy Fs + h.c.) , (2.5)

V;:ad ~ susy
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Table 1. Charge assignments of fields.
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Table 2. Charge assignment of the fields in the messenger sector.

where [ is the number of the loops at which tadpoles first appear. [ = 6 in the Z5sp case
and [ = 7 in Z7p case. In a deflected anomaly mediation scenario as well as an anomaly
mediation scenario, Mgyusy is O(10TeV); therefore, Z7ps is favorable. As we describe below,
Z+r also forbids direct couplings between nMSSM fields and messenger sector fields.

2.2 Direct couplings to the messenger sector

In a deflected anomaly mediation scenario, the messenger sector is introduced in addition
to the hidden sector, which is the origin of SUSY breaking. The messenger sector contains
a gauge singlet chiral superfield and messenger superfields. The messengers transmit the
SUSY breaking to the nMSSM sector, and this SUSY breaking is comparable to that
of anomaly mediation. In this subsection, we show that direct couplings between the
messenger sector fields and the nMSSM fields do not exist.

We consider the following superpotential in the messenger sector.
1 ) T T
Winess = §mxX + Ax XW,; 0", (2.6)

where X is a gauge singlet chiral superfield. ¥; and ¥’ are the messenger fields that trans-
form 5 and 5 for the SU(5) GUT gauge group respectively. The Z, g charge assignment
of the fields is shown in table 2.

In this charge assignment, there are no direct couplings between messenger sector fields
and nMSSM fields. A direct coupling between the messengers and nMSSM gauge singlet,
SW,; W, is forbidden by Z,p symmetry. SX? and X H,H, terms are also forbidden. On
the other hand, the S?X term is forbidden by Z7z but allowed by Zsr/. In the discussion
about tadpoles in the previous subsection, we assumed that Z7p symmetry exists at tree
level. Therefore, there are no direct couplings between nMSSM fields and the messenger
sector fields. The phenomenology of the nMSSM at the weak scale does not depend on the
detail of messenger sector.



3 SUSY breaking

In this section, we derive the SUSY breaking terms of the nMSSM in the deflected anomaly
mediation scenario. We also show the corrections to the soft scalar mass with the Fayet-
Iliopoulos D-term.

In the original deflected anomaly mediation scenario, the superpotential of the gauge
singlet X is flat; therefore in general, the lightest SUSY particle (LSP) is the fermionic
component of X, ©x. Threshold corrections to the sparticle mass squared are negative.
In the positively deflected anomaly mediation scenario, the superpotential of X is not flat;
therefore, 1x is not necessarily the LSP. Corrections to the sparticle mass squared are
positive. We consider the positively deflected anomaly mediation scenario. In appendix
A, we give an explicit example of the positively deflected anomaly mediation scenario in
which the fermionic partner of X is not the LSP.

When X acquires the VEV, messengers obtain SUSY breaking mass, X 4+ Fx#?. This
SUSY breaking mass introduces an intermediate threshold that depends on 62. In de-
flected anomaly mediation, corrections from anomaly mediation to soft breaking terms are
generated by the following threshold.

X+ Fx0> X Fx of _ X 2
v _A[L+<X«—F>9 :j\u+dﬂﬁ), (3.1)

where qAS is the chiral compensator field, ngb =1+ F¢92, and A is the ultraviolet cutoff. d
is the deflection parameter, which denotes the threshold correction to the SUSY breaking.
In the positively deflected anomaly mediation scenario, d is positive.

Messengers also affect the beta-functions of gauge couplings. The beta-functions of

gauge couplings above the scale | X| are written as

dlnp 1672 o= Np), (3.2)

where N; is the number of messengers. For the intermediate threshold and modification
of the beta-functions, soft breaking terms in an anomaly mediation are changed to those
of a deflected anomaly mediation scenario.

In a deflected anomaly mediation, the gaugino mass, soft breaking mass and scalar
trilinear couplings at the scale u are obtained using the following relations [12, 14].

m () _ Fqb 0 4 0 g |X|

9* (1) 2 \dlny  9ln[xX] T

22() = — @ B

= <3lnu daln!X\) nz (A A>
aijr(p) Fy 0 \X]

where Fj; is the F-term of the chiral compensator fields and corresponds to the gravitino

mass. |X| is the messenger scale and p < |X|. d is defined in eq. (3.1). |X| and d can



be determined by the superpotential and the soft breaking terms in the messenger sector
(see appendix A). However, we treat them as the parameters of SUSY breaking because
we focus on the phenomenology at the weak scale.

In general, the formula for soft breaking terms is complicated. However, by setting the
scale as p = | X|, the soft breaking terms are simplified as

g2
mAa = _(47'(')2 (ba — de) F¢,
N F g FP o on(IX
Y Y
Fqs
aije = =~ [i(IX]) + 7 (X[ + (XD yigne- (3.4)

Here, Ny is the number of messengers. b, and ¢! are the coefficients of the gauge coupling
beta functions and the anomalous dimensions of the fields respectively. b, = (—33/5,—1,3),
= (3/5,3,0), cE° = (12/5,0,0), & = (1/15,3,16/3), " = (16/15,0,16/3) and P =
(4/15,0,16/3).
The formula for gaugino masses is easily obtained with
) b 1% b Nf

~ Xl
— g 2(A —1 adl m Xl
9o (1) = g5 = (A) + X + g e

(3.5)

Equation (3.5) can be obtained by integrating the beta-functions explicitly. The derivations
of m? and a;j;, are given in appendix B.

For the first and second generations of squarks and sleptons, we can neglect the con-
tributions from Yukawa couplings. However, for the soft scalar mass and the A-term of
the third generation of squarks and sleptons, the contributions from Yukawa couplings are
important. For m%, mﬁﬁ, mﬁb and ay, contributions from Yukawa couplings are also im-
portant. The anomalous dimensions of H; and Hy are different from those of the MSSM
due to A and are given in appendix C. The anomalous dimensions of the other fields are
same as those of the MSSM and are given in [16]. When Yukawa couplings are small, we
obtain the results of [12, 14].

In a supersymmetric model, there is an additional source of SUSY breaking, the Fayet-
Iliopoulos D-term. This term contributes to the square of the scalar mass.

The Fayet-Iliopoulos D-term is

L>—ED. (3.6)

The D-term of the Lagrangian is written as

Lp=5D*—gD Zinl.Ai —¢D, (3.7)

where g¢; is the U(1) charge of the field A;. After eliminating the D-term with the equation
of motion, the Lagrangian £p becomes

2
Lp = —% (Z G ATA; + 5) . (3.8)



This leads to additional contributions to the scalar mass terms:
52 52 5+

In the Supersymmetric Standard Model, there is only one U(1) gauge group. In the
lepton sector, the hypercharge of the SU(2) doublet is —1 and the hypercharge of the SU(2)
singlet is +2. Therefore, we can not solve the tachyonic slepton mass problem in anomaly
mediation using only the U(1)y D-term.

So far, the additional contributions from the D-term to the soft breaking mass of the
nMSSM matter fields are

gmj, = —Dy (’ﬁZ ;

sm% = 2Dy éﬁz :

578, = 3P ity

L ]

smp = § Y%7

oMy, = — Y%,
Sy, = ygﬂj , (3.10)

where Dy comes from the common parameter £ in eq. (3.7).

We can now evaluate the soft breaking terms of the nMSSM at the messenger scale
using eq. (3.4). We solve the renormalization group equations (RGE) using them as the
boundary conditions, and then evaluate the soft breaking terms at the weak scale. We
use RGE codes contained in the NMSSMTools software package [17, 18]. We also add the
D-term contributions in eq. (3.7) to the soft breaking mass. In the next section, we dis-
cuss the phenomenology of the nMSSM with the soft breaking terms obtained by deflected
anomaly mediation.

4 Phenomenology

In this section, we investigate the phenomenological aspects of the nMSSM. First, we
discuss the existence of Landau poles. We demand that A should not meet the Landau
pole up to the scale at which the tadpoles are generated. Next we study the regions of
parameter space where successful electroweak breaking occurs, and we evaluate the mass
of the lightest Higgs. Subsequently, we discuss the lightest neutralino as a dark matter
candidate. We evaluate the relic density of the lightest neutralino. We also discuss the

direct detection of dark matter. Finally, we obtain sparticle mass spectra.
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Figure 1. The region that is consistent with the perturbativity of A up to the GUT scale is shown.
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The gray shaded region below the solid line is allowed. The region above the solid line is excluded
owing to the existence of the Landau pole below the GUT scale.

4.1 The Landau pole

In the nMSSM, tadpoles generated by supergravity interaction are proportional to powers

of X [4]. Therefore to maintain the tadpoles at the weak scale, A should not meet the

Landau pole up to the scale, at which the tadpoles are generated. We investigate the

region of A and tan  that satisfies the perturbativity condition below the GUT scale.
The beta-functions of A and y; are

1 3
By = <4A2 + 3y + 3y + Y2 — —gt — 395) A,

1672 5
1 13 16
Py = 12 (Az +6y; + i — 1—59f — 393 — 395) Yt - (4.1)

These beta-functions strongly depend on A and tan 8 through the top Yukawa coupling.
Figure 1 shows the allowed region where the perturbativity is satisfied up to the GUT scale.
The calculation is performed using the RGE code included in the NMSSMTools package.
The current experimental value of the top mass is 173.1+1.3 GeV [19]. We take the central
value for myop as 173.1 GeV. The shaded region is consistent with the perturbativity of A.
The result depends on the value of m¢,, and supersymmetric threshold corrections of .
Therefore there is small difference among the results of [20] and [5] and our results. In our
calculation, the region where tan 3 2 2.0 and A < 0.7 is allowed.

4.2 Electroweak symmetry breaking

In this subsection, we consider the conditions for electroweak symmetry breaking and
evaluate peg = A (S). We also evaluate the mass of the lightest Higgs.

After obtaining the soft breaking terms at the weak scale, we now evaluate the Higgs
potential, V' = Viee + AV. From egs. (2.1) and (2.2), the tree-level Higgs potential is



written as
Viree = m%ﬁHIHl + m%—]QH;rHQ + mg\S\Q + m%Q(Hl - Hy + hC)
2
FN2|Hy - Hol? + 2| S2(HHy + HIH,) + %|HIH2|2

=2
+%(H§H2 — HIH)? + (t,5 + h.c.) + (axSHy - Hy + h.c.), (4.2)

where g2 = g° + ¢’>. AV is the one-loop contribution to the effective potential [21]:

AV:# Zb:gbmg[ln< > ] ngmf[1n<Q2>—;] S (43)

gy and gy are the degrees of freedom for bosons and fermions respectively. We determine
pet = A(S), ts and m?2, using the stationary conditions of the Higgs potential. From
egs. (4.2) and (4.3), the stationary conditions are

oV - v B 1 OAV

o 201 _m%ﬁ + (miy + GAUs)a - Z(U% —v}) + X(v3 +02) + 20 oo | = 0,

oV [ (1 §2 1 0OAV

Doy 20y _m%{2+(m%2+a)\vs)v—2+z(02—v1)+)\2(v1+ )+2—v2 90g =0,
8V 2 2, 9 2 ts V102 1 8AV

Fo; = 2o |3+ (v +03) + o T T g (4.4)

where v; = <H?>, Vg = <H§> and vs = (S). As we describe later, there is only a small
region of parameter space where successful electroweak symmetry breaking occurs with
vs > 0; therefore, we take vy < 0. From eq. (4.4), ueg can be determined by,

1 9AV 1 0AV
M% mH1 + 201 Ovy ( H2 + 209 Ova >tan B

2
S 4.
Heft 2 tan? 3 — 1 (45)

Hott, M35 and tg are determined from eq. (4.4). We now evaluate the Higgs mass. We
expand HY, HY and S as

1
H? = ’Ul—{—ﬁ (h?-'—lal),
1
Hg = UQ—{-E (hg—l—zag),
1
SO — o, + 5 (s Fias). (4.6)
Using these expanded fields, the CP-even Higgs mass matrix is written as
hy
(hY B9 S)M* | hY | . (4.7)
S



At tree level, the components of M? are

M7y = s3MZ + ;M

M122 = —sgcg (Mf + M% — 2)\21)2) ,
M123 = (sﬁaA + 205)\21)?) ,

M3y = M7 + s3My

M223 = (cﬁaAZ + sﬁ)\st) ,

1
M§3 = (ts + spcparvg) , (4.8)

s

where c¢g = cos 3 and sg = sin 3. The CP-odd Higgs mass matrix at tree-level is

(‘;‘0> , (4.9)

where M? = — (m3, + ayvs) /cpsp. A® = agsg + aucg, and its orthogonal combination is
absorbed by the Z boson.

We now present the results of numerical calculations. Figure 2 shows the allowed

M? —a)v
AO a AUs
( as) —a)\Vsg —i (ts + 5505@\2}2)

region of successful electroweak symmetry breaking without tachyonic sleptons. We set the
messenger scale to 5Fy ~ 150 TeV. Successful electroweak symmetry breaking occurs in the
region covered by red squares. In the region covered by blue crosses, the mass of the lightest
Higgs satisfies the LEP bound with the electroweak symmetry breaking. When the number
of the messengers, Ny increases, the allowed region of the deflection parameter d is shifted
downward. Therefore, in the scenario with small d (d < 1), two or more messengers have
to exist. For simplicity, we assume that there is one messenger in the following analysis.
Although there is a region where successful electroweak symmetry breaking occurs with
large tan 3 and vg > 0, the region is very small. Therefore we take vy < 0.

Figure 3 shows the dependence of peg on SUSY breaking. We see that |ueg| is a
decreasing function of Dy, while it is an increasing function of d. This can be understood
from egs. (3.4), (3.10) and (4.5). When Dy increases, m%,l decreases and m%b increases.
This implies that |peq| decreases as Dy increases. When d increases, m%,l and m%b increase
at almost the same rate. This implies that |ueg| increases as d increases. In this scenario,
moderate values of e, 100 < |pesr| < 550, are obtained without meeting the Landau pole.

Figure 4 shows the dependence of the lightest Higgs mass on d and Dy. The calculation
is performed with NMSSMTools, including two-loop corrections. We extend the codes to

include tadpoles. In this scenario, the mass of the lightest Higgs can be heavier than the
LEP bound.

4.3 Dark matter

In this scenario, the lightest neutralino is the LSP in the wide range of parameter space.
Therefore, the lightest neutralino is a candidate for dark matter. In this subsection, we
evaluate the relic density of the lightest neutralino, which is mainly composed of a singlino.
We also calculate the the neutralino-proton scattering cross section, and discuss the direct
detection of dark matter.

,10,
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Figure 2. Successful electroweak symmetry breaking occurs in the region covered by red squares,
and the region covered by blue crosses satisfies the Higgs mass bound of the LEP. In other regions,

the sleptons are tachyonic. The calculation is performed with A = 0.69 and mg = Fj/(4m)*
200 GeV. The messenger scale is taken to be 5Fj4. tan (3 and the number of messengers Ny are

tan 3 = 2 and Ny =1 in the top-left figure, tan 3 = 3 and N; = 1 in the top-right figure, tan 3 = 2
and Ny = 2 in the bottom-left figure and tan # = 20 and Ny = 1 in the bottom-right figure. The

bottom-right figure is evaluated with vy > 0. The others are evaluated with v, < 0.
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Figure 3. The values of |\vg| are shown. The calculations are performed with A = 0.69, tan 5 = 2

and mo = 200 GeV. Moderate values of |\vs| are obtained.
In the nMSSM, the relic density of the lightest neutralino strongly depends on its
Although the dominant contribution to the annihilation cross section is s-

mass [2, 3].
channel Z boson exchange, the coupling between the Z boson and N is significantly small.
This is because the lightest neutralino, N is mainly composed of the fermionic component

— 11 —
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Figure 4. The dependence of the Higgs mass on the SUSY breaking parameter is shown. In the
left figure we set d = 2.5, and in the right figure we set Dy = 6. Other parameters are chosen as
A =0.69,tan 8 = 2.0 and my = 200GeV in both figures.

of the nMSSM gauge singlet, S. The resonant effect near the Z pole mass is important for
the sufficient annihilation of the lightest neutralino.

The neutralino mass matrix is

my, 0 —cgswMz sgswMz 0 B
0 My, CngMZ _SﬁCwMZ 0 W
(B W FI? Ng S) —CngMZ CngMZ 0 Meff )\1)2 f{? s (4.10)
sgswMyz —sgc,My Loff 0 Avq ﬁg
0 0 vy vy 0 S

where sg = sin 3, ¢g = cos 3 and s,, = sin fyy. B, W, ]:1102 and S denote the bino, wino,
higgsino and singlino respectively. The mass of the lightest neutralino, m,,, becomes
heavier as |uef| decrease. This is because the mixing of the higgsinos becomes small as one
can see from eq. (4.10). Since |ueg| is a decreasing function of Dy, a larger Dy leads to
a larger m,,. The dependence of the lightest neutralino mass on Dy is shown in figure 5.
On the other hand, a larger d leads to a smaller m,,.

Figure 5 shows m, and the relic density of the neutralino, Q,h%. m, and Q,h? are
calculated with NMSSMTools and micrOMEGAs [22, 23]. When m,, is large and close to
my, QXh2 is small. The observed relic density of dark matter is given by [24, 25]

0.094 < Qcpmh? < 0.136. (4.11)

This condition is satisfied with m, ~ 35 GeV. With such light dark matter, there are strong
limits for the spin-independent WIMP-nucleon scattering cross section from CDMS [26] and
XENONT10 [27]. The strongest limit for the cross section is for it to be less than 5x 10~*4c¢m?
for m,, ~ 30 GeV.
The spin-independent WIMP-nucleon elastic scattering cross section is written as
4m§<m2

ST nucleus 2
- Z A—2D) ] 4.12
il = T 7, 4 (4= 2)), (1.12)

fp.n is the coupling between the WIMP and a nucleon given by [28]

_ (pm) M, 2 (pn) mp,
fom=" 2™ aq W’L’" + 27fT’;" > aq—n’:". (4.13)
_ q _ q
q=u,d,s q=c,b,t
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Figure 5. The mass and the relic density of the lightest neutralino are shown as functions of the
SUSY breaking parameter Dy . The other parameters are chosen as mg = 200 GeV, d = 2.25, \ =
0.69 and tan 8 = 2.0.

ag are the WIMP-quark couplings. We focus on the dark matter-proton scattering cross

section in the following discussion. The parameter fr, is defined by
fr, =mq (N|qq|N) = mqBy, (4.14)

and fr¢ =1-3 _, ¢ fr, fr, can be written as [29]

muBu 20N

Jr, = ;
T my (122 (14 5)
mdBd 207N
de = P
T (1 5) (14 )
mp By
B <m_) OnxN
fr, = o = (4.15)
oy (14 5)
where o, is the m-nucleon sigma term:
1
OxrN = 5 (mu + md) (Bu + Bd) . (4.16)

The phenomenological value of o,y is 64 +=8MeV [29]. y denotes the ratio of the strange

quark component in the nucleon, defined as

2B,
=—_—. 4.17
V=B B, (4.17)
y can be determined by the relation,
1
op=o0;n(1l—y)= §(mu—i—md) (By + Bg —2B;s). (4.18)
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oo can be evaluated from baryon mass spectra using chiral perturbation theory. From [30],
oo = 36+7MeV. There is large ambiguity for y. When (o,n,0¢) = (64,36) MeV, y = 0.44.
On the other hand, according to a recent lattice calculation [31], y has a small value
such as 0.03.

The ratios of the quark mass are taken from [32].

T 0,553 + 0.043, Td _18.9+0.8. (4.19)
mq ms

The ratios of the form factors are written as

By  2+(z—1)y

— L 4.20
B, 2z—(z—-1)y’ (4:20)
where
B,—-B
=" (4.21)
By — Bs

z can be calculated from the baryon mass, and its value is 1.49 [33]. We can now determine
Jr, from egs. (4.15), (4.19) and (4.20). When y = 0.44,

fr, = 0.027, fr, = 0.039, fr. = 0.365, fra =~ 0.569, (4.22)
and when y = 0.03,
fr, = 0.029, fr, = 0.036, fr, = 0.025, fra = 0.91. (4.23)

In these two cases, fr, and frq are very different. This affects the spin-independent cross
section of the WIMP-nucleon scattering significantly.

WIMP-quark couplings, a4, consist of two parts. One part arises from squark s-channel
exchange and the other arises from the t-channel exchange of the neutral Higgs. The
couplings from squark exchange are given by [34]

~ 1 1
i - ° RelX, Y- —
U = o, )y e

Re [W;V/"] (4.24)

where

gqu'Nl*,S—‘
Xi = UEWBZ-Z — nizeig' Ni1,

Y w 9Mg, N1 5_;
Y = <519/N11 +gT3z‘N12) +7712W7

*
" ngiNl,E)fi

W; = o B me€ig Ni1
w 1

« gmg; N1s—i

Y; = 77;1 <%9/N11 + gT3iN12) +7722W, (425)
wi

and ¢ = 1 for an up-type quark and i = 2 for a down-type quark. mq; and me; denote a light
squark mass and a heavy squark mass respectively. n denotes a squark mixing such that

q@ = m1qr + Mm2gr- (4.26)
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200GeV, A = 0.69 and tan = 2.0. The upper three lines are calculated with y = 0.44. y is
evaluated with chiral perturbation. The lower three lines are calculated with y = 0.03, which is the
result from a recent lattice calculation.

Figure 6. The spin-independent cross sections, o°! are shown. o are calculated with mg =

yi, 13; and e; denote the hypercharge, isospin and electric charge of the quarks respectively.
Bi =sinf and By = cos .
The couplings from neutral Higgs exchange in the nMSSM are given by [35]

3

1 )
h i a
T2 4.2
g, Z m2, Cy oRelCH], (4.27)
a=1""hy
where
i gmyg,
Cy'! = — S o
Ya 4MwBZ a,3—1
C?{ - (_gNikQ + g,Nikl) (SalNikg - SagNil)
—V2A[Su3 N3Ny + Nis (SaaNi5 + Sar Niy)] - (4.28)

S;j denotes Higgs mixing. One can write the mass eigenstate of the Higgs as
ho = Sarhy + Sa2hl, + Sazhs. (4.29)

When A = 0, eq. (4.28) agrees with the couplings in the MSSM given in [34].

Figure 6 shows the spin-independent cross section as a function of d and Dy. When
y = 0.44, 0°T is already excluded by the current experiments. On the other hand, when
y = 0.03, ¢°7 is smaller than the upper limit from XENON10 in many regions of the

parameter space. In this case, o7 is large enough to be detected or be excluded by the
next-generation experiments.

4.4 Mass spectrum

Here we present the sparticle mass spectrum, the relic density of the neutralino and the
spin-independent cross section of dark matter-proton scattering. The mass spectra are
calculated using NMSSMTools, and the relic densities are calculated using micrOMEGAs.
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mog Ny d Dy A tanp
input p1 | 200 1 2.2 4.84 0.69 2
p2 200 1 3.5 874 0.69 2
| et Mo My Mg m A9 M 49 mpg= myo0
output pl | 264.2  127.2  328.8 460.1 285.5  487.8 433.8 34.2
p2 270.6 1275 313.5 590.0 286.6 601.6 582.7 34.3
8 M 8 M8 Mg My % Moy
pl 198.3 3105 336.4  403.8 262.1 197.2 350.2 174.5
p2 2371 317.0 4179 459.2  185.1  237.7 428.9 408.9
mp. me, mep msz ms, Ly Magp mgl
pl 174.4  184.5  651.7 1843 651.6 1231.7 991.9 829.5
p2 408.8  413.1  925.1 413.1  925.1 1682.2 1347.1 1126.7
mg, mg, mg. my, mg, Qh? O'EI (cm?)
pl 1177.4 1233.2 1169.1 1166.9 1170.1 0.111 3.3 x 10~%
p2 1605.4 1683.3 1573.3 1573.1 1598.9 0.131 3.1 x10~%

Table 3. Mass spectra.

In this scenario, the gluino is light in a wide range of the parameter space. This is

because the contributions from gauge mediation and anomaly mediation cancel. From
eq. (3.4), the gluino mass at the messenger scale is written as
mg = —g3 (3 — d)mo, (4.30)

where mo = Fy/(167°).
vanishes.

The results of the numerical calculation are presented in table 3. When the deflection
parameter d changes, the overall scale of the soft breaking terms changes. However, once
we impose the condition of the observed relic density, g is almost determined by m,.
Therefore the mass spectrum of the Higgs does not change significantly. Two samples in
table 3 satisfy the current experimental limits from LEPII and XENON10 and also explain
the observed relic abundance of dark matter. The mass of the gluino is mgz ~ 200 GeV.

The lightness of the gluino is the characteristic feature of this scenario.

Particularly in the region where d = 3, the gluino mass mg

5 Conclusions

We investigated the phenomenology of the nMSSM with a Fayet-Iliopoulos D-term in the
positively deflected anomaly mediation scenario.

In the deflected anomaly mediation scenario, the messenger sector is introduced. We
showed that the couplings between the nMSSM fields and the messenger sector fields are
forbidden by the discrete symmetry, and therefore the phenomenology at the weak scale is
not affected by the detail of the messenger sector. We evaluated the soft breaking terms
at the messenger scale without assuming small Yukawa couplings, and showed that the

,16,



contributions from Yukawa couplings are the same as those of anomaly mediation. The
soft breaking parameters are determined by the deflection parameter d, the messenger scale
and contributions from the Fayet-Iliopoulos D-term.

We also discussed the phenomenology of the nMSSM at the weak scale. We found that
electroweak symmetry breaking is successful, and moderate values of g are obtained.
The mass of the lightest Higgs is heavier than the LEP bound. We also obtained sparticle
mass spectra, and interestingly, the gluino is light.

We showed that the lightest neutralino is a good candidate for dark matter. The
relic density explains the observed abundance of dark matter. The spin-independent dark
matter-proton scattering cross section satisfies the upper limit from XENON10 when we
consider a small value of the strange quark content of the nucleon as indicated by a recent
lattice calculation. The cross section is large enough to be detected or excluded by next-
generation experiments of direct detection.

We consider this scenario phenomenologically viable. If the light gluino is discovered,
it may imply that SUSY breaking is mediated by supergravity and messengers, and these
two effects are comparable.
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A Explicit example of the positively-deflected anomaly mediation sce-
nario in the nMSSM

In this appendix, we show that the positively deflected anomaly mediation scenario is
achieved in the nMSSM.

Let us discuss the scalar potential of X. After rescaling the fields as X¢ — X, the
superpotential of X is

W(X) = %QBX?. (A1)
We also consider tadpoles generated by the supergravity interaction.
AW(X) = p4 X, (A.2)

and

AL = cxpi X + h.c. (A.3)
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The tadpoles are expected to be much smaller than the plank scale owing to Zyr. We
assume that all couplings of positive mass dimension in the messenger sector are on the
order of Fyy : mx ~ px ~ cx ~ Fy.

From eq. (A.1), (A.3), we obtain the scalar potential for X,

V(X) = ik +mxX|” = (cxud X - BEFXT + he) (A.4)

We assume that CP is conserved for simplicity. The messenger scale, X, is determined by
the stationary condition and

(A.5)

The minimum condition, % > 0 leads to mx > Fy; therefore, the fermionic partner of
X is not the LSP. We now evaluate the deflection parameter:

FX X(mX—F¢)—(mX—|—F¢)(mX—cX).

dFy=~= —F, A6
o=~ " to= Ty ox (A.6)

When cy is close to mx, d is positive and large.

B Soft breaking masses and trilinear couplings

In this appendix, we present derivations for the soft breaking mass terms and the scalar
trilinear couplings. We show that at the messenger scale, Yukawa contributions to the soft
breaking terms are the same as those for anomaly mediation.

We write the anomalous dimension and beta-functions as

dln Z; 1 ,
Vi = dln - = chhg% (B.1)
H A
dga b, 3
dinpg  1en27w (B.2)
dy 1 2 2
dhug =~ 1672 (dags + dyy®) v, (B.3)

where g4 = {91, 92, 93,y}. The coefficients of the gauge-coupling beta-function are b, — Ny
above the messenger scale.

We obtain the wavefunction renormalization constant Z; by integrating out the anoma-
lous dimension 7; in eq. (B.1) from u to A.

InZi(s,1) = W Zi(A) = 71— Z </ g4 (s’ t)ds' +/tlnAg§,(t’)dt'> . (B.4)

where s = Inp and ¢t = In|X|. To obtain soft breaking terms, we need to differentiate
In Z;(s,t) with respect to s and ¢. For this purpose, we define

In A

t
= / Fs s+ [ p@t, (B.5)
S t
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and differentiate this
ol

expression with respect to s and t:

© o= (st
= (),
ol ! af(st)
T /S —r 45+ fs, ) — f(O),
I _  0f(s,t)
s ds
or — 0f(s.t)
0sot ot 7’
oI LOrf(st) df(s,1) df (s, 1) of(t)
Rl AR LF PR ALY RS A B.6
I / a7 T s |, o |, ot (B6)
Using these formula, we obtain
0ln Z;(s,t) B Z 93
Os - " 1672’
0ln Z;(s,t)
Toa Y =0,
ot ot
0?1n Z;(s, 1) Z chgalt 8gA s,t)
0s? N 82 ot
0% In Zi(S,t) -y chga(t) 0ga(s,t)
gsot |, 4 8m o |,
0?1n Z;(s,1) chga(t) [0ga(s,t) 0ga(s,t)  0gal(t)
— = - : 2 - B.7
oz |, % 872 9s T o o | BD
From egs. (3.4) and (B.7), the scalar trilinear coupling is
Fy
aiji(t) = == [vi(t) + 75 (1) + ()] yisie- (B.8)
Next we derive soft breaking masses. For the gauge coupling
99a(s,t) _ ba 4
os  16m2 Y
0ga(s,t) Ny
T
aqa(t) b —Nf 3
= B9
ot 1672 o (B.9)
Therefore, from egs. (3.4), (B.7) and (B.9), the soft breaking mass is
F,
n2(t) | ¢| mE anga ) [ba + Nyd(d +2)], (B.10)
which agrees with [12, 14]. For Yukawa couplings,
1 t
y(s,t) = y(A) — W/ ds’ [dagg(s',t) + dny(s',t)] y(s',t)
1 InA ) )
/ / / /!
oz g + )] e, (B.11)
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Using eq. (B.6), we obtain

0
ygi’ t) - 36(7?2 [dagg(s’ t) + dny(S’ t)] s=t ﬁy(t) )
s=t
y(s,t)
a |, ="
0
W~ 5,0 o)

Therefore Yukawa contributions to the soft breaking mass at the messenger scale are

~ |F |2 Ci
i} = — 2y (1)By (1), (B.13)

which are the same as those in anomaly mediation.

C Anomalous dimensions

One-loop anomalous dimensions of S, H, and H, are

1
= —4\?
75 167T2( )\ )7
1 3 2 2 2 2
VH. = 63 <591 +3g2 — 6y; —2\7 |,
Vi, = 1 §g% + 392 — 6y — 22 — 222 ). (C.1)
d 1672 \ 5 T

At the one-loop level, the anomalous dimensions of other fields are the same as those in

the MSSM. By is

A
By = D) (vs +vm, +78H,) - (C.2)
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