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Abstract

Gauge mediation predicts 10 TeV or heavier squarks because such a heavy stop is required
to explain the observed 125 GeV Higgs boson mass without a large trilinear soft mass term in
the minimal supersymmetric standard model. Although such a high scale cannot be searched
by the LHC directly, gauge mediation also predicts a hierarchy p? < B, by a simple and
naive solution of the p problem. We point out that this simple and naive way of generating
i (B,) term works in the case of 10 TeV or heavier squarks with a slight breaking of a GUT
relation among messenger B-terms (or supersymmetric mass terms). Furthermore, the upper
bound on the Higgsino mass is obtained from the observed Higgs boson mass, perturbativity
of a relevant coupling, and conditions avoiding tachyonic sneutrinos and stop. It turns out

that the light Higgsino of O(100) GeV is a promising signal of gauge mediation.



1 Introduction

LHC experiments search the physics beyond the standard model (SM) and one of the promis-
ing candidates is supersymmetry (SUSY), which can solve the hierarchy problem. Theory with
gauge mediated SUSY breaking [II, 2], 3] is an interesting scenario because it can naturally
suppress dangerous flavor changing neutral currents.

One of the generic feature of gauge mediation is small trilinear A terms. The stop radiative
corrections to the lightest Higgs boson mass [4] is, however, maximized if the A term is as
large as the stop masses. If the A term is much smaller than stop masses, relatively large stop
masses are required to explain the observed Higgs boson mass. Therefore, in gauge mediation,
the observed 125 GeV Higgs boson predicts relatively large squark masses, e.g. mg ~ 10 TeV
with tan 8 ~ 10 (mgz ~ 10® TeV with tan 8 ~ 2).

This prediction will drastically change the difficulty to solve the u-B, problem. The p
problem can be solved by considering a mechanism of the generating p term from the SUSY
breaking. Such a mechanism, however, usually provides also very large B, term, u? < B,
in gauge mediation. This is called as u-B,, problem [B] [6]: The p? < B, ~ mg spectrum is
required in order to achieve the electroweak symmetry breaking (EWSB), while such a very
light Higgsino have already excluded if m; ~ O(1) TeV. However, once we suppose such a
relatively high SUSY scale, m; ~ 10 TeV, even the light Higgsino mass can be O(100) GeV
and has not been excluded. Thus, this hierarchical relation, p* < B, may be no longer a
problem and will be a prediction of the light Higgsino!T|

In this paper, we investigate the phenomenology expected from such a simple solution of
the p-B,, problem. In particular, we have interested in mg ~ 10TeV region rather than a
region of 103 TeV or heavier squarks because the naturalness of achieving the correct EWSB
is much better than that region.

We point out that such a simple and naive u-B,, solution works considering a slight break-
ing of a grand unified theory (GUT) relation in messenger sector | The doublet/triplet split-
ting can provide such a small p term by a cancellation in Higgs soft masses through radiative
corrections. This focusing effect [8, O] [10] is compatible with the hierarchical spectra of the
simple p-B,, solution, y* < B, ~ mZ ~ (10 TeV)? with tan 8 ~ 10.

We also suggest that the size of p is bounded from above. Taking into account the

perturbativity up to the GUT scale and avoiding tachyonic sneutrinos and stop, we show that

! In Ref. [7], it have been suggested that the u-B,, problem is solved simply in mini-split SUSY spectra
with stop mass 2> 100 TeV.

2 Actually, such spectra, p? < B, ~ mfi ~ (10 TeV)? with tan 3 ~ 10, are not consistent with the
EWSB conditions in the minimal messenger model. Remember that the next-to-lightest SUSY particle is not
Higgsino but either bino or stau in this case.



the light Higgsino of O(100) GeV is a promising signal in gauge mediation.

2 Generating ;¢ term and light Higgsino prediction

To address the p problem, we assume that the p term is initially forbidden in the superpo-
tential due to a symmetry, then it is generated by SUSY breaking. It can be realized if the
Higgs superfields are coupled with the messenger sector in gauge mediation.

As a simple and concrete model, we consider the following superpotential which includes

Higgs-messenger couplings,

W = —£37 4 (Myess + kZ)00,
+ AHULN 4+ N\ HyN + MyNN, (2.1)

where W (V) is the messenger superfield transforming 5 (5) in SU(5) GUT gauge group
and can be decomposed as ¥ = U, + Uy (U = U, + ¥p). The mass parameters, Mess
and My, are R-symmetry breaking parameters with R-charge 2 and we assume their origin
are the same, then M .s ~ Mpy. The breaking of R-symmetry is essential to generate
non-vanishing gaugino masses. From interactions in the first and second line of Eq.,
R-charges of H, and H, are fixed as Q(H,) + Q(H4) = 4, which forbids the bare p-term.
It is assumed that k (Z) < Myes which is ensured by e.g. K = —|Z|*/M? in the Kahler
potential (M? < Myess Mp with Mp = 2.4 -10'® GeV). For simplicity, we drop ZN N term in
the following discussions.

As we will discussed in the next section, a slight violation of the GUT relation of messengers

is essential for achieving the correct EWSB. Therefore, we define the messenger sector as
(Mmcss + /{ZZ)\I’@’ — (ML + ]CLZ)\I’L@L + (MD + k’DZ)\IID\IID. (22)

Then, soft SUSY breaking mass parameters are determined by A; = kp (Fiz) /My and Ap =
kp (Fz) /Mp, where (Fz) = £7. If the GUT relations, k;, = kp and M, = Mp at the GUT
scale, are satisfied, A = Ap at any scale. These messengers mediate the SUSY breaking to
the minimal supersymmetric standard model (MSSM) sector. The explicit formulas for the
soft SUSY breaking masses are shown in Appendix A.

After integrating out messengers, N and N, not just p term but also B,-term and other

Higgs soft masses are generated. The leading and sub-leading contributions are given as

£ > —mi HiH, —m} HH,

0 5,
B,H,H;— AH,—W — AyH;—— d’0uH, H, h.c.
+< putlyddd U uaHuW d daHdW+/ 2222 d)+ c.,



W = e [R@)+ JER),
o= [ + i),
B, = igig/\% :Rl(fﬂ)ﬂL]j\X/[—%zRﬂx)}
Apa = f;i’;AL :sl(x)+%sg(x)}, (2.3)

where we use the same character to denote the Higgs superfields and the scalar components.

The loop functions of the leading contributions are written as

l‘2

P (z) = m[2(1—x)+(1+x)1nx],
Q(z) = m[(:v —1) —2*Ina?],

@@= 17
—1+4+ 22— 2%Inzx?

Si(x) = RS (2.4)

Ri(z) = 1— 2" +22°na?],

with = My /M. In the limit of z = 1, Pi(1) = 1/6, Q1(1) = —1/2, Ry (1) = 1/3, S1(1) =

—1/2. The loop-functions of the sub-leading terms are

1+ 922 — 92* — 2% + 6(22 + 2?) In 22

P2(x) = 6(1’2—1)5 )
—2(2 + 322 — 62" + 2% + 622 In 2?)
Qa(z) = 6(x2 — 1) ;
(=3 — 102 + 18z — 625 4 2® — 1222 In 2?)
Ry(z) = 6(2% — 1)5 ?
—2 — 32% + 62" — 25 — 622 In 22

which are numerically smaller than leading ones, and can be safely neglected unless Ay /M,
is very close to 1. Here and hereafter, we take x = 1 as a reference value.

Neglecting the sub-leading contributions, generating p and Higgs soft masses can be writ-

ten by
IO WY IO
— = A B,~-|>—= 2
H 2 (16 2) L P73 (16 2> L
1A 1[N
2 ~ u,d 2 u,d
MH,q 6 (16 2) L» Au,d’\“_§ (167T2> L (2 6)



The difference between p and B, are B, ~ —(2/3)uAp.
These generated soft masses and p-parameter should be consistent with the vacuum con-

ditions. In MSSM, the tree level vacuum conditions are

L Pl AL 27

2 tan?B—1 ' '

2B
sin28 = £ , 2.8
T AT A 2
where myz is the Z boson mass. From Eq. (2.8)), in the large tan 5 case, we obtain
1A

B, tan ff ~ m%d —  tanf ~ 5/\—'1, (2.9)

therefore, the value of u is determined by

1 >\62l AL tanﬁ -1 >\d 2 AL
o = ~ 158 GeV Ay 2L ) 2.10
1~ 3 167 tan 5 ¢ ( 10 ) (1.0) (1000TeV) (2.10)

The lightest Higgs boson mass is depend on A, and tan 8. The lighter squark masses, the

larger tan [ is required to obtain the observed 125 GeV Higgs mass. Although the details
of the dependence will be shown below, actually, in mz; ~ 10 TeV region of our interest,
relatively large tan 8 ~ 10 is required. Therefore, once we fix the value of Ay, the value of u
is determined by the \; by Eq. .

Note that the value of A\; is bounded from above. The one of the bounds comes from
the requirements for avoiding the Landau pole below the GUT scale. We show the upper
bound on A, from the Landau pole constraint by the dashed-line in Fig.[I] The Landau pole
constraint is obtained for each My,ess(= My, = Mp) by using one-loop renormalization group
equations (RGEs) (shown in Appendix B), demanding that couplings be perturbative up to
the GUT scale. The other is the constraint from the tachyonic sneutrinos, which caused by

non-vanishing U(1)y contribution,

dm% g; 3 2 2 3 g M
- — —  Am? ~ - I 2 | B
dIn g 16#25(de i, i 5167T2de . mp,
A2
S —(011-030N b, (21)

for Mpess = 107-10'2 GeV with Ay > \,. The above estimation implies \; can not be much
larger than unity, otherwise the negative U(1)y contribution becomes larger than the contri-
bution from gauge mediation. We show also the tachyonic sneutrino bounds in Fig. [1| using
SOFTSUSY 3.6.2 [11] to evaluate MSSM mass spectra. By combining the Landau pole con-
straint and tachyonic sneutrino constraint, the value of Ay should be Ay < 0.9-1.1 in whole

~Y

parameter space.
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Figure 1: The upper bound on )\; from the Landau pole constraint (dashed-line) and the
constraints from the sneutrino mass for A;, = 1000 TeV and 4000 TeV with Ap = A (solid-
line). Above the solid lines, the sneutrinos become tachyonic. We take A\, = A\s/(2tan ).
Here, as(Mz) = 0.1185 and my(pole) = 173.34 GeV.
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Figure 2: The region consistent with the Higgs mass of 125 GeV, for Ay = Ap and M ess =
107 GeV. We take A\, = Ay = 0 and x = —200 GeV. The blue band indicates a theoretical
uncertainty including the experimental error of the top quark mass (m;(pole) = 173.34+0.76
GeV). The other parameters are same as in Fig. 1.

In Fig. 2] we show the region consistent with the observed Higgs boson mass on the
tan 0-Ap plane. The Higgs mass is computed using SUSYHD1.0.2 [12]. The blue bands
indicates theoretical uncertainty, including the experimental error of the top mass, m,(pole) =
173.34 £ 0.76 GeV [13]. From the Higgs boson mass constraint, tan /3 is bounded from below
for fixed Ap.

As a result, for the fixed Ay, the upper bound on the Higgsino mass can be obtained from



the upper bound on A, and lower bound on tan 8 discussed above. From Egs.(2.9) and ({2.10]),

the upper bounds on the Higgsino mass are obtained as
ln| < (158,575,1580) GeV for Ay, = (1000, 2000, 4000) TeV, (2.12)

where \y = 1.0 and Ap = Ap is assumed. At the large Ay case, the value of u is pushed up by
not only the large Ay but also small tan £, which is required to satisfy 125 GeV Higgs mass.
However, as shown in the next section, such a small tan 8 and large A\; region is constrained
requiring consistency with the EWSB conditions. As a result, the Higgsino is likely to be
light as O(100) GeV, at least, in this model.

3 Electroweak symmetry breaking

In this section, we point out that a simple and naive way to generate p-B,, term discussed in
previous section actually works for the soft masses around 10 TeV, with a slight breaking of
a GUT relation among messenger B-terms.

At first, we demonstrate the difficulty to satisfy the EWSB condition Eq. by this
simple p generating mechanism with a simple messenger sector. Considering 1/tan? 8 < 1

case, the EWSB condition can be written as

m> m2

where (CW) denotes a contribution from Coleman-Weinberg potential. The Higgs soft masses

at the messenger scale are provided by the generating ;. mechanism and usual gauge mediation.

Using Egs. (2.6) and (2.9)), it is written by

2 2 4 2
2 M, Ad 39 1 AL
LY/ O ° 1— 3.2
(mH“ tan? B) e { 8 tan? 3 216w tan? 3 ) | 1672’ (3:2)

which is negative for large Ay and small tan 5. Additionally, there are radiative corrections

from stop and gluino loops, estimated as

(AM3; )stop/gluino = —(0.3-0.5)m§— (0.1-0.5)]\/[5
g§ A2
(1672)2° 1

Q

—(0.8-1.8) (3.3)

depending on the messenger scale (Mpess = 107-10'2 GeV), and also from wino loops and a
U(1)y contribution. Therefore, Eq. (3.1) can be rewritten as

2 m2
P~ ——% — Kqu — ﬁ) + (Aquu)stop/gluino +(0.1-0.2) M2 + Ayayy | + (CW), (3.4)
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where Ay, is the same as Eq. but with an opposite sign. The right hand side of
Eq. is positive and its size is much larger than p? ~ (100GeV)? for A; ~ Ap. As a
result, the EWSB conditions can not be satisfied by this simple p generating mechanism with
a simple messenger sector.

The difficulty can be solved by a breaking of a GUT relation with r;, = A, /Ap > 1, which
enhances the contributions from the wino-loops and Ag(1),. This is similar to a setup of the
focus point gauge mediation [14]. Note that r; is a RGE invariant quantity. The correct
EWSB can be achieved with r;, = 1.6-2.0 depending on \; and tan 3. In Fig. [3] we show the
value of the generated p term (see Eq.(2.3)) and the required value pgwsp from the EWSB
condition, Eq. , as a function of r;. The correct EWSB occurs at a point where two-lines
of u and pgwsp cross. It can be seen that the correct EWSB is explained for rp ~ 1.6.

One might think that by taking large r, the correct EWSB is always explained for any
Aq. However, this is not true: much large r; causes tachyonic stop because radiative correc-
tions gives a large negative correction to the right-handed stop mass squared. The negative
corrections come from a U(1)y contribution similar to Eq. and Yukawa interactions
with top Yukawa coupling because of larger mQQ3 due to large SU(2), contributions.

In Fig. |4, we show the lower bound on tan 3 for each \;. We take Ap = 1000 TeV, and
show the bounds for My,es = 107 and 10'2 GeV. At each point, r, is scanned to find a solution
realizing successful EWSB. Below the solid lines, the stop becomes tachyonic with large r; and
there is no solution to explain the EWSB. It is found that for \; =0.9-1.0, tan  is required
to be larger than about 9-10, while for more smaller tan 3, the constraint is much stronger
than the Landau pole and tachyonic sneutrino constraint as shown in Fig. I} Considering also

this constraint, the upper bound on the Higgsino mass can be estimated roughly
| < (250,400,500) GeV for Ap = (1000, 2000, 4000) TeV, (3.5)

for Miess = 107 GeV. As a results, it turns out that the Higgsino is always light.

We emphasize that although the lower bound on tan in Fig. 4] is model dependent,
it is generically true that small tan § with large \; makes it difficult to be consistent with
the correct EWSB. This is because the contribution to the Higgs potential m%[d /tan? 8 o
A2/ tan? 3 becomes large in such cases. Therefore, the light Higgsino is always favored together

with the smaller fine-tuning.

3.1 Mass spectra

Finally, we present sample mass spectra in Table 1 (I-IV). The input parameters are M e,
Aq¢ and tan 3, and r; and A, are fixed by the EWSB conditions. The MSSM mass spectra is

7
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Figure 3: p and pgwss as functions of r, = A /Ap. We take Ap = 1.5 10° GeV, Mess =
5-10%GeV, tan 8 = 10, and Ay = 0.7. The other parameters are same as in Fig. 1.

tanp

Figure 4: The lower bounds on tan 3 for My = 107 GeV and 10'2 GeV from the stop mass.
Below the line, the right-handed stop becomes tachyonic. We take Ap = 1000 TeV. The other

parameters are same as in Fig. 1.

calculated using SOFTSUSY, and the Higgs boson mass calculated using FeynHiggs 2.11.2 [15]
and SUSYHD, denoted by (ho)ru and (ho)sup, respectively. For the point IV, (hg)sup is
consistent with the observed Higgs boson mass including theoretical uncertainty about 1 GeV.
Although the SUSY particles other than the Higgsino are heavy and beyond the reach of
the LHC, the Higgsino is always light as O(100) GeV. At all sample points, the lightest

supersymmetric particle (LSP) and next-to-LSP are the gravitino and Higgsino, respectively.



Parameters Point I Point 11 Point 111 Point IV
Ap (GeV) 8-10° 1.5-10° 3-10° 10°
Mess (GeV) 5-10° 107 107 5-10°
Ad 0.8 0.7 0.39 0.9
tan 3 10 10 6 13
p (GeV) -147.6 -190.3 -214.5 -146.7
rr 1.864 1.664 1.740 1.517
Particles Mass (TeV) | Mass (TeV) | Mass (TeV) | Mass (TeV)
t12 5.5, 8.3 10, 15 21, 29 7.1,9.7
g 5.4 9.6 18 6.6
mi, Mg 4.4, 4.4 7.6, 6.9 17, 10 4.3, 4.8
X3 4.0 6.6 14 4.0
X5 1.7 3.0 6.4 1.9
A 37 55 65 43
(ho)ru(GeV) 125.4 128.4 133.1 127.6
(ho)sup(GeV) 122.7 125.2 125.9 124.1

Table 1: Mass spectra in sample points. Here, A, and r, are determined by the EWSB conditions,
and (ho)rg and (hg)sup are the Higgs mass computed by FeynHiggs and SUSYHD, respectively.

4 Conclusion

We have shown that a simple and naive way of generating the p (B,,) term can work in the 10
TeV or heavier squark case with the small breaking of the GUT relation among messenger B-
terms. The required doublet/triplet splitting, A;/Ap > 1, may be naturally accommodated
in more general gauge mediation models even if GUT relations among parameters in the
messenger sector are satisfied [16), [17].

In this paper, we also investigate the upper bound on the Higgsino mass focusing on the
O(10) TeV squark case. Such a squark mass region is favored by the naturalness of achieving
the correct EWSB rather than a region of much heavier squarks. The ratio between the two
couplings of messenger-Higgs interactions, which generate the p (B,,) term, is fixed by tan 3,
and the size of the coupling is bounded from above by the conditions of not just keeping
the perturbativity up to the GUT scale but also avoiding tachyonic sneutrinos. Then, the
Higgsino mass is bounded from above for a fixed SUSY mass scale. (Here, tan g is determined
by the observed Higgs boson mass.) Furthermore, in cases of the larger squark masses, the
stronger upper bound on the messenger-Higgs coupling is imposed in order to satisfy the
EWSB conditions. Consequently, it turns out that the light Higgsino, |u| < 500 GeV, is

a promising signal of gauge mediation. Although the signal also depends on the Higgsino



lifetime which can be taken broad, it can be accessible by the LHC[I8] and ILC [19].
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A Soft SUSY breaking masses with splitting messenger B-terms
The relevant superpotential is given by
W = (l{LZ—i-ML)\I’L\I’L—F(k’DZ—l—MD)\IfD\IJD, (Al)

where Uy and Wp are SU(2), doublet and SU(3).. triplet, respectively, and U(1)y charges of
U, and ¥p are taken as (1/2) and (-1/3).

Then, gaugino masses are given by

2 2 2

97 3 2 gs g3
-~ “AL+ZA Mg~ 22 AN, M.~ 23\ A2
b 167r2<5 LTy p); 1672 % 9T qep2 D (A2)

where A, = kg (Fyz) /My and Ap = kp (Fz) /Mp. The SM gauge couplings of SU(3)., SU(2) .
and U(1)y are denoted by g3, g2 and g;. Here, kz p (Z) < M|, p is assumed. Scalar masses

are
wh i o+ et + et an
= o | soth S (3) ]
wh = o [peinh + et
w9+ SR |
= e | 2]
my, = mpy, =mj, (A.3)

with A2 = [(3/5)A2 + (2/5)A%)].
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B Renormalization group equations

We list the RGEs for Ay and A,:

A 3
B = 153 <4A§ +3Y +Y? — 3¢5 — gﬁ) :
By, = A 4\ 31/2—32—32 B.1)
)\u, - 167T2 U + t 92 ggl bl ( *

where we have neglected contributions from kp, k;, and Yukawa couplings of first and second
generations. Also, the beta-functions for MSSM Yukawa couplings are modified. The changes

of beta-functions are

_ Yy
55% - 167T2 >\'u,7
Yo 1o
OBy, = 1672 Ad
Y,
6By 63 2. (B.2)

Above the messenger scale, the beta-functions of gauge couplings have additional contribu-
tions:

3

9i
6591' = WNmessa (B3>

where Ny 1S @ number of messenger superfields.
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