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1 Introduction

Low energy supersymmetry(SUSY), which is one of the most attractive extensions of stan-
dard model(SM), can solve elegantly the gauge hierarchy problem by introducing various
TeV scale superpartners. It can also realize successful gauge coupling unification as well as
providing proper dark matter (DM) candidates and baryogensis mechanisms. The Higgs
scalar, which was discovered by the ATALS and CMS collaborations of LHC [1, 2] in 2012,
lie miraculously in the small ‘115 — 135’ GeV window predicted by low energy SUSY. De-
spite of these impressive successes, low energy SUSY confronts many challenges from LHC
experiments, especially the null search results of superpartners at LHC which constrain the
gluino mass my to upon 2 TeV [3-5] and the top squark mass mz to upon 1TeV [6, 7] in
some simplified models. Such difficulties imply that the soft SUSY breaking parameters in
low energy SUSY should have an intricate structure.

It is well known that the low energy soft SUSY breaking parameters can be determined
by the SUSY breaking mechanism in its UV completed theory. Therefore, it is important to
survey which type of SUSY breaking mechanism can accommodate better the phenomeno-
logically favored low energy soft SUSY breaking spectrum, for example, SUGRA [8-16],
the gauge mediated SUSY breaking (GMSB) [17-23] mechanism or the anomaly mediated
SUSY breaking(AMSB) [24, 25] mechanism. The mSUGRA scenario, which is very predic-
tive, was however disfavored by the global fit of the GAMBIT collaboration even if only the
DM relic density upper bound is considered in addition to the muon g—2 anomaly [26]. The
discovered 125 GeV Higgs boson, which needs a large trilinear coupling A; for TeV scale
stop masses, challenges ordinary GMSB scenarios with light stops in which the trilinear
couplings are predict to vanish at the messenger scale [27].



Minimal AMSB, which contains only one free parameter Fy ~ ms/;, is insensitive
to the UV theory [28] and predicts a flavor conservation soft SUSY breaking spectrum.
Although it is very predictive, minimal AMSB predicts tachyonic slepton masses so that
the minimal scenario must be extended [29-33]. The most elegant solution from aesthetical
point of view is the deflected AMSB [34-37](dAMSB), in which additional messengers are
introduced to deflect the renormalization group equation (RGE) trajectory of AMSB and
push the negative slepton squared masses to positive values [38, 39]. On the other hand,
N > 4 messenger species are always needed to generate positive slepton squared masses
with a naturally negative deflection parameter, possibly leading to strong gauge couplings
below the GUT scale or Landau pole below the Planck scale. Besides, (radiative) natural
SUSY spectrum [40] in general is not predicted by ordinary (d)AMSB scenarios. Additional
gauge or Yukawa mediation contributions from messenger-matter interactions(mixing) in
dAMSB can be advantageous in various aspects. Scenarios with such extensions had been
studied in [41-45] by one of the authors.

Axion is the pseudo-Goldstone boson associated to the spontaneous breaking of the
anomalous Peccei-Quinn(PQ) symmetry [46-49] that is introduced to solve the 'strong C' P’
problem of QCD. There are two types of popular "invisible axion’ model in the literatures,
the KSVZ model [50, 51] and the DFSZ model [52, 53]. KSVZ axion model, which can
possibly appear in some SUSY breaking mechanisms with a messenger sector, introduces
a PQ scalar and additional heavy quarks. Therefore, the induced topological term in its
low energy effective theory is the only modification to the standard model Lagrangian.
So KSVZ axion model, which predicts no unsuppressed tree-level couplings of axion to
standard model matter fields, can evade some of the stringent experimental constraints
and is well motivated theoretically. Axino is the fermionic SUSY partner of axion and can
act as a cold DM candidate [54]. Knowing the axino mass, on the other hand, is essential
to determine whether the axino is the LSP or not. In the SUSY extension of KSVZ axion
model, the axino mass is always of order ms/, in anomaly mediation scenarios [55] and is
heavier than ordinary MSSM sparticles. It is therefore interesting to see if the axino can
possibly be the LSP and act as the DM particle in anomaly mediation scenarios.

In this paper, we propose to introduce minimal Yukawa deflection by the holomorphic
terms in the Kahler potential. Predictive MSSM spectrum can be generated. We also find
that the axino can be the LSP through proper Kahler deflection. This paper is organized
as follows. In section 2, we propose our scenario and discuss the salient features of this
scenario. In section 3, the soft SUSY parameters are given. The axino mass in an extension
of our scenario with a PQ sector is discussed. Our numerical results are given in section 4.
Section 5 contains our conclusions.

2 Minimal Yukawa deflection from Kahler potential

Two approaches are proposed to deflect the AMSB trajectory with the presence of messen-
gers, by pseudo-moduli field [34-36] or holomorphic terms (for messengers) in the Kahler
potential [37]. Additional Yukawa deflection contributions from messenger-matter interac-
tions(mixing) can also be introduced in both approaches [41-45]. However, many salient



features in scenario [45] with the Yukawa deflection of the Kahler potential are obscured
by the complicate structure of NMSSM. We show that Yukawa deflection from Kaher po-
tential may take the minimal form through Higgs-messenger mixing and its salient features
can be seen clearly in this scenario.
We introduce the following holomorphic terms involving the compensator field ¢ in the
Kahler potential
Ns
Ky O ngQﬁ 01X5X5 + 02H5X5 + 63X5H5 + C4H5H5 + Z mkS‘kSk + h.c., (2.1)
k=1
with Hg, Hs the Higgs superfields and X5, X5 the messenger superfields in 5 and 5 rep-
resentations of SU(5), respectively. Sy, Sy are respectively the spectator messenger fields
in 5 and 5 representations of SU(5), which are introduced to change only the gauge beta
functions. Note that Sy, Sy cannot be the PQ messengers Q;, Q; introduced in KVSZ axion
model because the PQ messenger combinations Q;Q; will carry non-trivial PQ charges and
cannot appear as holomorphic terms in the Kahler potential.
As any non-singular matrix can be diagonalized by bi-unitary transformations M/, =
UTMYV, the previous expressions can be rewritten in the matrix form

(X5, Hz) < 2 Z ) <§:> = (XgaHg)UT< CS c(l )V<§:> ,
= (XL, 0 ( CO Cob ) <§i> , (2.2)

with the new mass eigenstates defined as

Bk @) e

The eigenvalue of the Higgs fields corresponds to the (negligibly) smaller one. Requiring
the MSSM Higgs fields H', H' to stay light and keep naturalness, we require cq > ¢, =~ 0.
So we can safely neglect the cbﬁéH ¢ term in the following discussions. The coefficients
need to satisfy the approximate relation

C1C4 = C2C3 . (24)

This requirement is trivially satisfied with ¢4 = co = 0 or ¢4 = ¢3 = 0. For example, with
c4 = c3 = 0, we can define

o L o =3 o

X5 = c%+c§(01Xs+02H5)7 Xs = X5,

_ 1 _ _

Hé = — (_CZXS + Clﬂg) R H,!/5 = Hs, (25)

to rewrite the Kahler potential into

K DcexXgXs+he, with cx =4/c? + 2. (2.6)

In this special case, the mixing angle between X5 and Hg are given by tan = ca/c;.



The holomorphic terms in the Kahler potential reduces to

f
K2 (Z [caX§X5] +hec., (2.7)

after the rescaling ¢® — ®. With the F-term VEVs of the compensator fields ¢ = 1 +F¢92,
we have

£ el FyPX4X5 + F / P0c, XEX, + he. . (2.8)

We thus arrive at the mass matrix for scalar fields Xé, Xi

- o[ S ca X
(% X?’)(ca > (;) . (29)

We require |cq| > 1 so that the scalar components of messengers will not acquire lowest
component VEVs.

The SUSY breaking effects can be taken into account by a spurion superfields R with
the resulting effective Lagrangian

L= / d*0c, XEXLR, (2.10)
and the spurion VEV as
R= Mg+ 0°Fp = Fy(1 — 60°Fy). (2.11)

The deflection parameter is given by

Fr

d= —
MRgF,

1=-2. (2.12)

After integrating out the heavy messenger Xé, X{, we can obtain the low energy effec-
tive theory involving only the MSSM superfields. Besides, the heavy triplet parts within
H é, H{ are integrated out by assuming proper doublet-triplet splitting mechanism.

On the other hand, such spurion messenger-matter mixing can affect the AMSB RGE
trajectory. The superpotential in terms of SU(5) representation can be written as

W = gabpaHBQb + gngaQbHS +R [CaX:F,Xé] . (2'13)

Here P, and Q, with a,b = 1,2,3 the family indices, are the standard model matter
superfields in the 5 and 10 representations of SU(5), respectively. At the messenger scale
characterized by F, the superpotential will reduce to
W 2 §5,QroH.Uf y — §5QroHaDS y — iy Lo HaEY
= o [(V Y2 Xy + (V22 Hy) QraUs
— [0 QLaDS p + G LraEL ) [(UT)21Xg + (UT)22Ha) (2.14)



which includes the couplings between the MSSM superfields and messengers. Here H,, Hy
correspond to the doublet components of Hs and Hz, respectively. The superfields
Hy,, Hy, on the other hand, correspond to the physical doublet components of H{ and
H &, respectively.

We can rewrite the mixing matrix elements as

(V_1)21 = sin 64, (V_l)gg =costy ; (UT)21 = sin 6y, (UT)22 =cosfy . (2.15)
We should note that the Yukawa couplings ygb, yﬁ), yﬁ) in the MSSM corresponds to
Yab = Jab 0801, Yah = Jap 0802, Yai, = Gai,c0s b2, (2.16)
so we have the messenger-matter interaction strength
GOV o =Y tanby, §0(U )9 = yhtanby, §5(UT)e = y5 tanby . (2.17)

Appearance of scaled Yukawa couplings involving the tangent of the mixing parameters
for messenger-matter interaction strengths is one of the salient features of this deflection
scenario. They are required to be less than v/47 in the numerical studies.

The effects of integrating out the messengers can be taken into account by Giudice-

Rattazi’s wavefunction renormalization [56] approach. The messenger threshold M2 is

replaced by spurious chiral superfields X with M2 . = XTX. The soft gaugino masses at

mess
the messenger scale Fy, are given by

Fy 0 dF, 0 1
, S _27¢ —
M) = 37 (50~ o) 0 D (2.18)
with
mgz(ay‘XD = 16772% . (2.19)

The trilinear soft terms can also be determined by the wavefunction renormalization ap-
proach because of the non-renormalization of the superpotential. After integrating out
the messenger superfields, the wavefunction will depend on the messenger threshold. The
trilinear soft terms at the messenger scale Fy, are given by

i Aji Fy 0 dF, 0
ijk _ “ligk _ L ) .
AO - XZ:( + 9 61n|X|)Z(M"X|)’

Yijk 2 9lnyp
F .
=3 <—2¢’G; + dF¢A2G’) : (2.20)

with AG = GT — G~ the discontinuity across the messenger threshold. Here 'GT(G™)
denote respectively the anomalous dimension above (below) the messenger threshold. The

soft scalar masses are given by

F, 9 dF, o |?
2 | _te ¢ .
msoft - ' 2 81HM =+ 2 8111 |X| ln [Zl(lu'v ‘X‘)] I (221)
F?2 52 d’F? o dF? 52
=-(=2 7+ — 2 — In [Z;(p, | X )],
4 O(lnp) 4 IJ(In|X]) 2 Oln|X|0lnp



at the messenger scale. Details of the expression involving the derivative of In |X| can be
found in [41, 57-62].

3 The soft SUSY breaking parameters

We will discuss the consequence of Yukawa deflection from H, ( or Hg)-messenger mixing
in the Kahler potential, respectively. The soft SUSY breaking parameters at the scale Iy
after integrating out the messengers can be calculated with the formulas from eq. (2.18) to
eq. (2.21).

3.1 Scenario I: H,-messenger mixing

This scenario corresponds to tanfs = 0 in eq. (2.14).

e The gaugino masses are given as

M; = —F, O‘Z(:) [bi — (—2)Ab;] (3.1)
with
(by,bs, bs) = <3§’ 1,-3), (3.2)

and the changes of S-function for the gauge couplings

A(blab27 b3) = (1+N571+N571+NS) (33)

e The non-vanishing trilinear couplings are given as

Fy 14 2 2
At = @ |:Gyt — (_2)3yt tan 91:| s
For-
Ap = F;; [Gyb — (—2)y? tan? 91} ,
Fy ~
AT — WG?JT, (34)

with the beta function of the Yukawa couplings

. 16 13
Gy, = 6y +yp — <3g§ +3g5 + 159%) :

N 16 7
Gy, = y; +6yp +y2 — <3g§ + 395 + 159%) :

. 9
Gy, = 3yp + 4y — (393 + 59%) : (3.5)

and the discontinuity of the anomalous dimensions

AGg, = yitan®6y,  AGe = 2% tan® 0, . (3.6)



e The scalar soft parameters are given by

F2?2 13 3 F? -
2 @ 2 2 ¢ 2
mHu = W §G2042 + 10G1a1] + m |:3yt Gyt:| s
F? 13 3 3
mi, = 16i2 5 G205+ mGlO‘%} U= (16 2y2 [3%(;% +yTGyT} :
F? T8 3 1
2 _ ¢ |© 2 9 2, = 2
Mo = o2 [3030% T 50200 T 30G10‘1}
F§
2 A 2 A 2
+5a,3m [yt Gyt + Up Gyb:| + 5“’3AmQL,3 )
F2 18 8 ] Fyoro,x
2 _ @ 2 2 ¢ 2 2
mUlCl’a = ]_67‘('2 _§G3a3 + 7G1a1 +5a 37(1677 )2 _2yt Gyti| +5a73Am~E’3,
F2?2 18 F2 -
2 _ ¢ 2 ¢ 2
by, = s 50503+ g500d] + g iG]
F2 13 1 F?2 ..
2 _ ¢ 2 2 @ 2
mi/L;a = 1672 _§G2a2 + EGlal +5a,3 (167’(2)2 _yTGyT:| y
> F 6 s .o T, G 3.7
mEi;a_lﬁ 25 107 + “(16 2)2 [yT 147 (3.7)
with
33
Gi = _bia (b17b27b3> = (57 17 _3> ) (38)
and Yukawa deflection contributions
d*F2 d°F;
2 _ ® 2 ass _ ¢ +
AmQL’S = (167’(’2)2 |:yQ3XutRGQ3Xu7§Ri| = (16 2)2 |:yt tan 0 GQ XutR] )

dZF(g d2F2
2 2 +
", = oo enninCaia) = Trom e 2 0t 016G i) - 09)

Here d = —2 and 44,3 is the Kronecker delta. The beta function for y, x, ¢, upon
the messenger threshold Fy is given by

16 13
G axain = 3V + Y + Oy tan® 01 — == — 3¢5 — T-ai - (3.10)
3.2 Scenario II: Hiz-messenger mixing
This scenario corresponds to tan#; = 0 in eq. (2.14). Similar to scenario I, the soft

SUSY breaking parameters at the scale Iy after integrating out the messengers can be
readily calculated.

e The gaugino masses are given as

M; = —F¢O‘jl(:) [b; — (—2)Ab;] (3.11)



with

33
(b1,b2, b3) = < 1 —3>
5’
and the changes of S-function for the gauge couplings
A(by,ba, b3) = (1+ Ng,1+ Ng,1+ Ng).
The non-vanishing trilinear couplings are given as
F¢ [ ~
A = 6.2 _Gyt — (—Z)yg tan? 92} ,
By 14 2 2
Ay = = _Gyb — (—2)3y; tan 92] ,
F¢ [ ~
AT = @ _Gyr - (—2)3yz tan2 02] s
with the beta function of the Yukawa couplings
~ 16 13 5
Gy, =6y?+y§—(393+392+ e )
- 16 7
Gy, = yi + 6y +y2 — <3g§ + 395 + 159?) :
. 9
Gy, = 3y + 47 — (393 + 59%) :
and the discontinuity of the anomalous dimension
AGg, = yi tan®6s, AébcL = 2y} tan® 0,
A@L3 = yz tan? 6y , AG‘EE = 2y3 tan? 6 .
The scalar soft parameters are given by
F? 13 3 F? -
m%{u = 16:;2 §G2a§ + H)Gla%] + 7(167:;)2 [Snyyt] ,
F2 :3 3 2
m%{d = 163-‘)-2 2G2C¥2 + 0G1041:| (16 ) [3ybGyb + y G i|
F? :8
¢
Mo = Tor? 3G3a3 - Gz% * Glal]
Fy
+5a73m |: Gyt + Yy Gybi| + 60, 3Am ~ L3 y
B 1L, E
mUzya = 167-‘-2 *GgO[g + GlOél +6a73m Qyt Gyti| ,
F? 138 2 T F? -
2 _ 9 2 2 ¢ 2 2
Mhs. = Tom? 30308 T 150101 T 0as ey beGyb] +OasAmp,
F? 13 3 T F? .
2 _ ¢ 2 2 ¢ 2 2
e = 1622 _§G2a2 + 10G1a1_ +5a’3(16712)2 yTGyT} +5“73Am13L;a’
2 2
2 = O a4 6ug—at [ 2Gly, | + da3A
"B, T 16n 25 0f 3 16x2)2 [“Y7 eplbmi,

)

(3.12)

(3.13)

(3.14)

(3.15)

(3.16)

(3.17)



with

33
G; = —b;, (b1, bo, b3) = <5,1,3) , (3.18)

and Yukawa deflection contributions

d2F2 r d2F2
2 7% 2 ot | = ¢ 2., 2 +
861 = W6m)? -yQ3deRGQ3deR} (1672)2 [yb tan GZGstdbR} ’
d2F2 r d2F2
2 TP 9,2 ot _ ¢ 2.2 +
AchL;a o (16772)2 _2yQ3deRGQ3XdI;R] B (16712)2 [be tan 02GQ3Xdl~)R] ’
d2F2 r d2F2
2 _ ¢ 2 + _ ¢ 2 2 +
AmﬂL;a ~ (1672)2 _yLSXd%RGLst?R} = 1622 [yT tan HQGLSXd%R] )
d2F2 r d2F2
2 _ ¢ 2 + _ ¢ 2 2 +
AmE‘z;a - (1671-2)2 _2yL3Xd7~'RGL3XdFR} - (167‘(2)2 |:2y7— tan 92GL3Xd7:Ri| .
(3.19)
Here d = —2 and 4,3 is the Kronecker delta. The beta functions for YQs Xuin and
YLsX,7r Upon the messenger threshold Fy are given by
+ 2 2 2, .2 2 16 4 9o T o
GQ:&X(J)R — Yt + 3yb + (Gyb + yT) tan 92 - 393 - 392 - Bgl 5
9
Gl xin = 3U2 + (3yp + 4y7) tan® 05 — 395 — 593 . (3.20)

3.3 SUSY KSVZ axion in (deflected)AMSB

It will be seen soon that in the allowed parameter space of the previous SUSY spectrum,
the lightest ordinary supersymmetric particle(LOSP) can not act as a good dark matter
candidate. Fortunately, the axino, which is the SUSY partner of the axion to solve the
strong-CP problem by the PQ mechanism, can act as a DM candidate if it is the true
LSP [63-68].

We introduce the following prototype axion superpotential and KSVZ-type coupling
involving Npq species of heavy PQ messengers Q;, Q; in the 5,5 representations of SU(5)
gauge group

Npq
W 2 XX (SS = f2¢%) + > 45 SQiQ:, (3.21)

i=1

with the PQ charge assignments

PQ(X) =0, PQ(S) = —PQ(S) =1, PQ(Q:) = PQ(Q:) = —1/2. (3.22)

Since the global U(1)pq symmetry is anomalous under QCD, the strong CP problem can
be solved.

In the SUSY limit, the scalar potential for X, S, S after integrating out the PQ mes-
sengers can be given as

Vo = MIXI2 (IS +IS12) + 23188 — £ . (3.23)



The PQ scalar, however, will not be stabilized because there is a moduli space characterized
by SS = f2¢? with X = 0, which parameterize the scale transformation adjunct to the
complexified U(1)pq symmetry [69]. This argument breaks down if we take into account
the SUSY breaking effect. Thus, in order to stabilize the PQ scalar at an appropriate scale,
we have to take into account the SUSY breaking effects in the scalar potential. In this
scenario, we will include the AMSB-type SUSY breaking effects in the potential.

We have the discontinuity of the anomalous dimension for S across the PQ messenger
threshold determined by Ag = A\o(S)

1 7
Gy = ) [25(?@)2 +)\(2)] ,

AGg = —# [Zs(yéz)Q] : (3.24)

)

with Gg the anomalous dimension of S upon the Q;, Q; scale Ag. So we can obtain that
the discontinuity of Byb , By, acrossing Ag
_ 1 i\2 J\2 2
ABy, = 153 [2<yQ> +2_5(p)" + X5
J

1 J\2
ABy, = 1672 {;5(QQ) ] . (3.25)
The soft SUSY parameters for S from AMSB with Yukawa deflections can be given similarly
as eq. (2.21)

2 F¢2) 4 1N\ 2 11y 2 L \2
mh = o N @+ 201 0]

@ S0 2+ st ] b o
i J
with d’ a typical deflection parameter to characterize the deflection induced by integrating
out the heavy P(Q messenger fields.
The soft SUSY parameters for gauge singlets S, X come entirely from AMSB, which
will not receive additional Yukawa deflection contributions

2

F
=mk (167f2)2 3] - (3.27)

2

mg

The form of the trilinear couplings A), XS S at the Ag scale will be generated by

3N\ — d’(;5(y22)2>] . (3.28)

So the full potential for S, S, X will be given by

Iy
Ay, = No—2
Yo = Aoge

V(5,8,X) =mg|S|> + m3|SP +mX|X|* + Ay XSS + 220 Fy f2(X + XT) + Vo, (3.29)

~10 -



with Vp the prototype scalar potential in eq. (3.23). The minimum conditions are given by

[2m% + 233 (v + 03) | x + (AN Fuf? + Ayvsvg) = 0,
[27”% + 2)‘37@(] vs + 2)\(2) (Usvg - f2) vg + Ayyuxvg =0,
[2m% + 2)\(2)1)_%(} vg + 2)\3 (vgvg — f2) vg + Ay, vxvs = 0, (3.30)
with
(X) = vx, () =vs, () =vg.

We can see that for all Ag, y(’é ~ O(1) and f > F,, the VEVs can be approximately
solved to be

Fy  Fomi Ay

VX R — — e — )
TN NP
m2 — m? F? m2 + m? A
T)S%f-i-f S 2S+ 2¢2 S 2 S —F¢7;02,
2F; 205 f Fy 20 f
m2 — m? F? m2 4+ m? A
S S ¢ S S Ao
&~ f— 1 — Fy—. 3.31
RIS e\ TR PN f2 (3:31)
In this limit, the deflection parameter d’ can be determined to be
F
d = S;ﬁ—lz—/\og—l ~ 2. (3.32)
The PQ breaking scale fpq can be determined by
frq = \/v§ +vZ/Npw ~ f, (3.33)

which is constrained to lie within the “azion window” at 109GeV < fpq < 102GeV by
astrophysical and cosmological observations [70-74]. Here Npw = Npq is the domain
wall number. The axino, which is the fermionic components of (S — 5‘) /V/2, acquires a
mass A\vx ~ Fy. So we can see that the axino will in general be heavier than the soft
SUSY breaking masses predicted by (d)AMSB, which are typically of order Fy/1672. This
conclusion agrees with the results in [55] for ordinary AMSB.

After integrating out the PQ messengers, the following effective term can be generated

L2 Neq ! / 20 1n(S)WAW + e,

V)

(673 FS ;

Npo— | d?0==0°W*W™ + h.c.

PQ W/ g i +h.c.,
a;

= —Npo—— FyA%\¢ 3.34

rag Iy (3.34)

(]

which will contribute to gaugino masses

SM; = —NPQ%Q, . (3.35)

- 11 -



Combining eq. (3.1) [or eq. (3.11)] with eq. (3.35), the gaugino masses can be given as

;= R, gy p ) - (9 (3.36)

if the RGE effects between F; (which typically lies between 10° GeV and 10® GeV in AMSB)
and fpq are neglected. So it can be seen that ordinary messengers and PQ messengers
play a similar role for the deflection contributions to the gaugino masses. Other soft
SUSY breaking parameters will neither receive contributions from P(Q messengers nor from
ordinary messengers at the UV scale.

As noted earlier, the axino, which acquires a mass typically at Fy, is heavier than
ordinary SUSY particles. However, there is a possible way to generate a light axino mass.
We can add holomorphic terms for S, S, X to the Kahler potential in addition to standard

canonical kinetic terms
KD (XTX 4878+ 81S) + (¢555 + cxX? + h.c.). (3.37)

Following eq. (2.7), the scalar mass parameters for S, S and X will receive additional
contributions from anomaly mediation

L2 —es|Fyl’5S — ex|Fy|’ X + F / d20 [CSSS + cXXQ} +he. (3.38)
Then the scalar potential is changed into
V(S,8,X) = mg|S|* + mE[SP + Mm% |X[* + ex|Fo[*(X? + X*) + cs| Fy|*(5S + §*5%)
+ A0, XSS + 200 Fs (X + X1+ NIXP (ISP + IS12) + X188 — 2P
(3.39)

with

mg = m%—‘rC%Fg, Th%zm%%—chj, m%k :m%—l—c?XFq% . (3.40)

The minimum conditions are given by
2[5 + 23 (v& + 03) + 2ex | Fol?] ux + (1oFuf? + Axyusvg) =0,
2 [m% + )\(2)1)%(] vg + 205\F¢|2U§ +2X\2 (vsvg — f2) vg + Axvxvg = 0,
2 [ + Mok | vg + 2es|FylPus + 238 (vs05 — 12) vs + Apuxvs =0, (3.41)

with the minimum

Fy  Fy(mx +2cex|Fy?) Ay

v N

o IE AN
m2 — m2 F? m2 + m2 A 2cg|Fy|2
g s ) g S ro T 2¢s|Fyl
vs = f+f 27 +2)\§f2 + 72 T ;
m2 — m2 F? m2 + m2 A 2cg|Fy|?
3 s ) g S Ao T 2¢s|Fyl
“ o~ f— 1 S el Mt kL N 3.42
RIS e\ TR YD (3.42)
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The axino mass are therefore given by

ma = Aovx + csFl
Fy(mk +2cx|Fy?) Ay,

~ Fy— —
¢ A2 f? Ao

+ CsF¢, (3.43)

which can be much lighter than F for ¢g ~ —1. So the axino can possibly be the LSP and
act as the DM candidate.

3.4 The p — Bu problem

In AMSB, the generation of ;1 — Bu term is always troublesome because of the constraints
from EWSB. It was argued that the following holomorphic term,

;
/ d49‘ichqu, (3.44)

which possibly be present in eq. (2.2), will lead to a too large By term. However, if the
following p-type term is also present in the superpotential, the resulting p — By term can
possibly be consistent with the EWSB condition which typically requires By < p?. In
fact, the ordinary p-term in the superpotential in AMSB will receive dependence on the
compensator field

W :_> Mo(bﬁuﬁd;
= po¢ (Xy sinby + cos 01 Hy,) (Xgsinbs + cos O Hy) . (3.45)

It will change into
W D pg¢cos by cosboH,Hy , (3.46)

after integrating out the heavy messenger fields. Combining with the eq. (3.44), we
will obtain

p = pugcos bt cos by + cpFy,
Bp = pgcos by cosaFy — chg . (3.47)

An important observation is that a minus sign appears within the r.h.s. of B,,. For

fo cos 01 cos O — cp Iy,

< ¢, 3.48
o F, S o (3.48)
we can obtain By < p? with order 1/¢, fine tuning. The EWSB condition
M2 m?%, —m?2 tan 3>
2z _He — 2, (3.49)
2 tan® g — 1
requires Mz < (1 = 2cpFy, so the value of ¢, should satisfy
! (3.50)
cp~—s .
" 16m2

for generic value of m%lu in (d)AMSB.
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Csaki et al. [75] found the other interesting possibility for EWSB condition
which requires

p? ~mi, <<Bu<<m%{d. (3.51)

Spectrum of this type can be realized by introducing other types of messenger-matter
mixing (for example, the lepton-messenger mixing) so as that the H, soft masses can
receive additional contributions from new Yukawa couplings while H,, not. Such a scenario
can not only generate positive slepton masses easily, but also solve the u — By problem.

The solution of y — By problem is quite model dependent. So we leave u, B as
free parameters in our numerical studies with their values determined (iteratively) by
EWSB conditions.

4 Numerical results
There are only four free parameters in each scenario, namely
F4,a,0 <tanfh o < 50,tanf3, (4.1)

with a = Ng + Npq/2 to replace the Ng in eq. (3.1) and eq. (3.11). This setting do
not distinguish between PQ messengers and ordinary messengers. The tiny RGE effects
between Iy and fpq are neglected.

In our scan, we require that the tachyonic slepton problem which bothers ordinary
AMSB should be solved. Besides, we impose the following constraints

(I) The conservative lower bounds on SUSY particles by LHC [3-7] and LEP [76] as well
as electroweak precision observables [77] from LEP:

Gluino mass: mg 2 1.8 TeV .
— Light stop mass: mz 2 0.85TeV .
— Light sbottom mass mj 2 0.84TeV.

Degenerated first two generation squarks mg 2 1.0 ~ 1.4TeV.
— mg= > 103.5GeV and the invisible decay width I'(Z — xoxo) < 1.71 MeV.

(IT) The lightest CP-even scalar should lie in the combined mass range for the Higgs
boson: 123GeV < M} < 127GeV.

(III) Flavor constraints [78] from B-meson rare decays are imposed as

1.7x107% < Br(B, — pTp~) <45x 1077, (4.2)
0.85 x 107" < Br(B"™ — 77v) < 2.89 x 1074,
2.99 x 107* < Br(Bs — Xsv) < 3.87 x 107* .
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Figure 1. Allowed regions of tan6, vs Fy with a = 3 (left panel) and a = 2 (right panel) in
scenario I. All points satisfy the constraints from (I) to (III).

(IV) The relic density of the dark matter should satisfy the upper bound of the Planck
data Qpyh? = 0.1199 + 0.0027 [79] in combination with the WMAP data [80](with
a 10% theoretical uncertainty). In our scenario, the neutralino or axino can be the
DM paticle. The axino DM can be generated dominantly from the decay of lightest
ordinary supersymmetric particle (LOSP), such as 71, ér. The left-handed sneutrino
DM scenario had already been ruled out by DM direct detection experiments [81-83],
SO Uer,, U, €tc are not good DM candidates. However, the left-handed sneutrino can
possibly act as the LOSP and decay into LSP axino after it was produced in the early
universe or at the collider.

We have the following numerical discussions:
Scenario I:

e Many points can survive the constraints from (I)-(IIT) for a > 2. However, we check
that no point can survive the previous constraints for a = 0 or 1. It is interesting to
note that tachyonic slepton problem can not be solved for N < 5 messenger species
in ordinary Kahler deflection [37] of AMSB. With Yukawa deflection induced by
messenger-Higgs mixing, 3 < 1+ a < 5 messenger species are adequate to push the
negative squared masses for sleptons to positive values in our scenario.

We show the allowed region of tan 61 versus Fy in figure 1, within which various types
of the LOSP are marked by various colors. For a = 3, the lightest neutralino ¥} can
possibly be the LOSP with Fj, ~ 10"GeV. However, for a = 2, the lightest neutralino
%) cannot be the LOSP in the whole parameter space. Other types of superpartner,
such as 7.y, ér, 71, can also serve as LOSP.

e The Higgs mass in MSSM is given by

3mé M2 A2 A2
mi =~ m% cos® 283 + T;Lt2 log SUQSY + 2t 1-— ; ,  (4.5)
4 my Mgysy 12Mggy
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Figure 2. Allowed regions for various LOSP with a = 3 (left panel) and a = 2 (right panel)

in scenario I. All points satisfy the constraints from (I) to (III). In the upper panels, the BGFT
measure is used to parameterize the level of EWFT.

with 4; = A, —pcot B and Mgysy = NUCN the geometric mean of stop masses. To
increase the loop contributions to the Higgs mass, we can either choose Msysy /m; >>
1 or Msysy/m¢ > 1 with flt /Mgusy > 1. Without stop mixing, the stop masses have
to be heavier than 5 TeV.

The Higgs mass mj, versus the gluino mass mg for the survived points are shown
in the upper panels of figure 2. We also show the parameters A; vs ,/m;m;, in
the middle panels of figure 2, which can be used to estimate the dominant loop

~16 —



102 . . 102 ; . . . "
104 ¢ i 104 | = 3
10°f E 10° | e ]
102 £ : 10? : 1 :
10t ¢ ; 10 F 5 1
% 100} R L :
c 10 c 10 5
102k 1 10-; i v Qh?=0.1226 ]
1073 1 103 ¢ : .
10% | ; 107 - 1
10° | 3 10'2 3 o ]
10-6 1 | | | | 10' | i | L L
10° 10* 10% 10° 10* 10° 10° 10° 10 10% 10° 10* 10° 10°
Mosp(GeV) Mposp(GeV)

Figure 3. The relic abundances of various LOSP particles for a = 3 (left panel) and a = 2 (right
panel) in scenario I.

contributions to the Higgs mass. We can see from the figures that it is fairly easy to
accommodate the 125 GeV Higgs mass in our scenarios. As a large trilinear coupling
A; at the messenger scale can be generated by eq. (3.4) and eq. (3.14), our scenario
can accommodate the 125 GeV Higgs mass with the geometric mean of stop masses
as low as 2TeV. This is in contrast to ordinary GMSB scenario, which predicts a
vanishing A; at the messenger scale and is difficult to accommodate the 125 GeV
Higgs mass with such light stop masses (unless the messenger scale in GMSB is
extremely high).

Low value of Fj, which sets the whole soft SUSY spectrum including the stop
masses to be light, needs low electroweak fine-tuning(EWFT). The involved Barbier-
Giudice(BG) FT measures [84] are shown with different colors. In our sceanrio, the
least BGFT value can be O(10%). To see more clearly the EWFT, we plot the param-
eter 11 vs my, in the bottom panels of figure 2. Low EWFT in general corresponds

to low value of p.

e As noted previously, the LOSP in our scenarios can be the D.r, €g, 71 other than the
lightest neutralino 9. If the lightest neutralino is lighter than the axino, the x{ LSP
can act as the DM candidate. On the other hand, if axino is the LSP and act as the
DM particle, the LOSP can later decay into axino after its freezing out. The relic
density of axino is therefore related to that of LOSP by

mg

Qzh? = Qrosph? . (4.6)
mrosp

The relic abundances of those various LOSP are shown in figure 3. We can see from
the figure that the lightest neutralino can serve as the LOSP for a = 3. However,
XY particle, if it is also the LSP, has a relic abundance exceeding the DM upper
bound and is therefore ruled out as the DM particle. Axino DM scenario, on the
other hand, is still allowed. It can be seen from equation (4.6) that the LSP relic
abundance is always smaller than that of the LOSP. So, if axino is the LSP, the !
LOSP can decay into the axino and its relic density can therefore possibly lead to
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Figure 4. Allowed regions of tan 6, vs Fy, with a = 3(left panel) and a = 2(right panel) in scenario
II. All points satisfy the constraints from (I) to (III).

a right amount of axino DM. Other LOSP species, such as ér, 7, can not be the
DM candidates because they are not electric neutral. The left-handed sneutrino DM
scenario had already be rule out by DM direct detection experiments. All of these
LOSPs can decay into axino DM particle after they freeze out if the axino is the
true LSP.

It is hopeless to detect the axino DM via DM direct detection experiments and
collider experiments because of its extremely weak interaction strength. However,
the axino DM may show up its existence from the properties of the LOSP. The
LOSP typically decays into axino with a lifetime less than one second and practically
be stable inside the collider detector. The electrically charged particle would appear
as a stable particle inside the detector. The injection of high-energetic hadronic
and electromagnetic particles, produced from late decays of the LOSP into axino
(with lifetime less than one second), will not affect the abundance of light elements
produced in the Big Bang Nucleosynthesis(BBN) era.

Scenario II: similar discussions can be carry out for Scenario II. Allowed regions of
tan 0 versus Fy for various types of the LOSP are marked with various colors in figure 4.
As scenario I, the survived regions admit 7.z, €r, 71, X} as the LOSP. Besides, the 125 GeV
Higgs can also be accommodated easily in this scenario. In fact, as can be seen in the
middle panels of figure 5, | /m; m;, can be as low as 3 TeV with an intermediate large value
of A;. From the allowed ranges of the p vs m; parameters, it is clear that the case a =3
can adopt relatively light p in compare with the case a = 2, therefore less EWFT. This
observation is consistent with the conclusion from the values of the BGFT measure in the
upper panels of figure 5.

The freeze out relic density for various LOSP are shown in figure 6. Again, the lightest
neutralino Xy (in a = 3 case) LOSP can not be the DM candidate because its relic abun-
dance will over close the universe. If the axino is the LSP and act as the DM particle, the
LOSP can later decay into axino after its freezing out.
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Figure 5. Allowed regions for various LOSP with a = 3 (left panel) and a = 2 (right panel)
in scenario II. All points satisfy the constraints from (I) to (III). In the upper panels, the BGFT
measure is used to parameterize the level of EWFT.

5 Conclusions

We propose a minimal Yukawa deflection scenario of AMSB from the Kahler potential
through the Higgs-messenger mixing. Salient features of this scenario are discussed and
realistic MSSM spectrum can be obtained. Such a scenario, which are very predictive,
can solve the tachyonic slepton problem with less messenger species. Numerical results
indicate that the LOSPs predicted by this scenario can not be good DM candidates. So
it is desirable to extend this scenario with a Peccei-Quinn sector to solve the strong CP

~19 —



10° ¢ ; . . 107 .

104 _ 5 ’5’:1 ” E 103 ' = :.’"1

10° : 102E . &y

10? . 10t}

107 fh =0, 1298 10-1 7 Qh?=0.1226]

107F AT 1 107 ¢ il q

10_3 _ '.__;. e ] 10-3 _ = i
-4 | | | i -4 r " | |

4 10! 102 10° 10* 10° 10° = 10 102 103 10* 10°

M osp(GeV) Miosp(GeV)

Figure 6. The relic abundances of various LOSP particles for a = 3(left panel) and a = 2(right
panel) in scenario II.

problem and at the same time provide new DM candidates. We propose a way to obtain
a light axino mass in SUSY KSVZ axion model with (deflected) anomaly mediation SUSY
breaking mechanism. The axino can possibly be the LSP and act as a good DM candidate.
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