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In this paper we present a solution to theproblem in an SQL0) supersymmetric grand unified model with
gauge mediated arid-term supersymmetry breaking. Peccei-Quinn symmetry is broken at the messenger scale
M~10' GeV and enables the generation of theterm. The boundary conditions defined Mtlead to a
phenomenologically acceptable version of the minimal supersymmetric standard model with novel particle
phenomenology. Either the gluino or the gravitino is the lightest supersymmetric paki®mRe. If the grav-
itino is the LSP, then the gluino is the next-to-L8¥LSP) with a lifetime on the order of one month or longer.

In either case this heavy gluino, with a mass in the range 25-35 GeV, can be treated as a stable particle with
respect to experiments at high energy accelerators. Given the extensive phenomenological constraints we show
that the model can only survive in a narrow region of parameter space resulting in a light neutral Higgs boson
with a mass~(86-91)+6 GeV and tag~9-14. In addition the lightest top squark and neutralino have
masses~100-122 GeV and~-50-72 GeV, respectively. Thus the model will soon be tested. Finally, the
invisible axion resulting from Peccei-Quinn symmetry breaking is a cold dark matter candidate.
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[. INTRODUCTION of order the electroweak scale. Clearly, all three scales, i.e.,
M, Mz, and the SSB scales must be of the same order. This
SupersymmetrySUSY) is a strongly motivated candidate is the u problem[1].
for new physics beyond the standard mo@&i). It provides In order to avoid large values fon, a symmetry is
a natural framework for resolving the hierarchy problem.needed which prevents the term at the tree level, but al-
The minimal supersymmetric standard mo@diSSM), with lows such a term once this symmetry is broken. Moreover,
conservedR parity, has an economical particle content with since in the MSSM the. term is contained in the superspace
well defined interactions most of which are already con-potential, there are two possibilitiegt) it can be generated
strained by experiment. It has two Higgs doubldtk, (and  via a term in the Khler potential(at the tree level or radia-
Hq) which are necessary for giving mass to both up andively) once supersymmetry is broken @ no supersymme-
down quarks, respectively. In the MSSM, electroweak sym4ry breaking is required if it is generated through higher di-
metry breaking EWSB) occurs naturally sincmﬁu, the soft ~mension operators in the superspace potential. Several

SUSY breaking(SSB mass ofH,, is automatically driven simple mechanisms for generatinguaterm have been sug-

negative as a result of a large top quark Yukawa coupling. 9ested2,3]. _ _
The MSSM solves the hierarchy problem by allowing for In the context of gauge mediated supersymmetry breaking

dimensionful SSB parameters of the order of the electroweakCMSB) models/4], there is an additional problerp. can be

scale and protecting scalar masses from large radiative cogenerated at one loop order once supersymmetry is broken.

rections above the SSB scale. However, this in itself is noffowever, theB parameter(the SSB scalar Higgs bilinear

sufficient to solve the hierarchy problem. In addition, it is COUPIing is usually generated at the same loop order and is

necessary to demand that theparameterwhere x is the too large. A solut!on generating at higher loop order than

bilinear Higgs coupling in the superpotential of the form # Was proposed in Ref5]. _

uHyHg) is also of order the electroweak scale. Consider the !N this paper we use an extension of the GMSB model

vacuum conditions obtained by minimizing the tree leveldiscussed in Ref6] to solve theu problem. This model has

Higgs potential, we have GMSB with nggs-messenger mixing in an 150)] theo_ry
and naturally leads to a gluino lightest supersymmetric par-
ticle (LSP). The gluino LSP is stable due ®parity conser-

M2 ma _ma tarf 8 vation. The specific signature of a gluino LSP i.e. +mi_ssing
ul=— _Z+d—“, (1) momentum has been_ analyzed in Réf] for CERN e’e
2 tarfB—1 collider LEP and Collider Detector at FermildaEDF) data

and in Ref[8] for CDF data. Referende] concludes that a
stable gluino with mass in the range 25-35 GeV is still

where ta=(H)/(Hg), sin28=2B/mj, m, is the mass of allowed by both the LEP and CDF data. Our model, with a

the CP odd Higgs boson, an8 is the SSB Higgs bilinear modest adjustment of parameters, gives a gluino with mass

coupling. On the left hand side of Efl), the u parameter, in this range.

multiplying a supersymmetrige term in the Lagrangian, The w term is absent in this modéat the tree levgldue

breaks no SM symmetries; it could in principle be as large aso a U1) Peccei-QuinPQ symmetry. Both SUSY and PQ

the Planck or grand unified theof@UT) scales. On the right symmetry are broken when the chiral superfiéldevelops a

side, theZ boson mass and the SSB Higgs boson masses axacuum expectation valu&¢/EV)
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(X)=M+ 6°F. (2 W, contains the coupling of the third family matter mul-

) tiplet (16;) to the Higgs field 10,) which includes both the
Note that the following dimension five operator in theth@&  weak doublet and color triplet Higgs fields.

potential, W, serves two purposes. In the first case, it provides
doublet-triplet splitting using the Dimopoulos-Wilczek
KO ixfloﬁJr H.c &) mechanisnj10]. The adjoint fieldA gets a VEV,
Mo .C.,
(A)=(B-L)Mg, (6)

is, however, allowed by the symmetries. Thus we fjad
~Fx/M P B,. on the other hand,_is generated radiatively viawhereB— L (baryon number minus lepton numbés non-
renormalization groudRG) running below the messenger vanishing on color triplets and zero on weak doublets and the

scaleM. singletX gets a VEV
In addition to solving theu problem, the PQ symmetry
provides a natural solution to the stro@P problem[9]. (X)=M+ 6?Fy. @)

The strongCP violating 6 term dynamically tracks to zero.
Moreover, as a bonus, the axion is a candidate for cold darffhis gives mass of ordévl 5 to the color triplet Higgs states
matter. and of orderM to the weak doublets iri0,. The Higgs
In the next section we discuss the model, saving some afioublets in10, remain massless. The SUSY breaking VEV,
the details for the appendices. We derive the low energyn the other hand, exhibits the second purposéNer
spectrum consistent with electroweak symmetry breaking, In the second cas&y, andWj; also provide the messen-
gauge coupling unification, and third generation quark angyers for SUSY breaking.The auxiliary field 10, and the
Iep_ton masses. We the_n consider experimental constraings,|qg ;1,772 feel SUSY breaking at tree level due to the
which constrain the available parameter space to a very naggy, Fy. They are thus the messengers for GMGRLI].
row region. In this region we find a light neutral Higgs bosonWe take the messenger scale- 10" GeV with the effec-

with m_ass~(86—91)i6 GeV and taﬁ~9__14_ In addition e SUsY breaking scale in the observable sector given by
the lightest top squark and neutralino have mass

~100-122 GeV and-~50-72 GeV, respectively. Finally, A=Fy,/M~10° GeV. (8)
in an appendix we investigate the possibility of obtaining a

reasonable mass for the tau neutrino in the model. Clearlyy, ;s the Higgs field in this model plays a central role with
this model is preeminently testable. regards to supersymmetry breaking. It is this central role
which also provides a natural framework for solving the
Il. THE MODEL problem using the PQ symmetry. Whigets a VEV, both

The theory at the GUT scale is defined by the(8® SUSY and the PQ symmetry are broken. ghé¢erm is gen-

invariant superpotentiaV> W, +W,+W; and a nonrenor- erated at the scalil:
malizable term in the Kaer potentiaK where E
X

W, =16,10,16;, K=Ng ©
4) while B remains zero at tree level.

The PQ symmetry solves the stro@d problem and pro-
— — — duces an axion; the Goldstone boson of the broken PQ sym-
Wa=N171AN1t NoamAnt AX 99, metry. The axion gets mass due to the QCD chiral anomaly
of order m2=(f2/f2)m2N?[z/(1+2)?] [12] where Z
=m,/my~0.56, f,=M=10'2 GeV is the PQ symmetry
breaking scale and =3 is the number of families. Putting in
o - the numbers we finth,~2x10°° eV.?

(163, 71, 7m,) are 16's, (7, 7,) are 16's, (104, 104) We refer the interested reader to Appendix A for the com-
arel0s, (X) is a singlet, andA) is an adjoint under SQO0). plete model defined at the GUT scale. Note, in order to ob-
At the GUT scale, the theory is invariant under @l)JPQ  tain realistict, b, and 7 masses, we find it necessary to

and aR symmetry. TheR symmetry is broken spontaneously abandon Yukawa unification & . How this is obtained in

at the GUT scale. The PQ symmetry, however, is not broken

at the GUT scale and preventgaerm in the superpotential.

The PQ ancR charges of the fields are defined in Appendix 2Because of an accidental cancellation, gluinos receive no mass at

A. one loop fromW,. ThusWj is introduced with additional messen-
ger fields (71,71,7%2,7,) contributing to the masses of gauginos
and scalars at the sca\é .

INote that the mechanism used here to generateutherm is a SWe takeM =10'2 GeV, so that the energy density in the axion
combination of the ideas discussed in R¢&.and[3]. field does not over close the universe.

W, =\ 310,A10,+ A X103,

XT
K:)AKM—quﬂ+ H.c. (5)
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the complete model is discussed in Appendix B. Finally, asignificantly larger. In this model the field which gets both a
simple extension of the model to include-aeutrino mass is  scalar and=-component VEV is the third component of an
presented in Appendix C. SU(2): vector fieldS;. In this theoryX is a composite field
with (X)=M = S3/Mg; andFy=2S;F s, /M. The gravitino
lIl. BOUNDARY CONDITIONS AT mass is therefore given Hy1]
THE MESSENGER SCALE

The boundary conditions at the messenger scale are deter- m= = Fs, _ 1 VM MstA (15)
mined by two sources of SUSY breaking, gauge mediation G \/§Mp 23 Mp '
and D term [6]. The messengers give mass to the gauginos
and Higgs at one loop and to squarks and sleptons at twwith A still given by A=Fy/M. The gravitino mass is thus
loops. Since the color triplet messengers have mass of ordenhanced by the factor Iy 4,/M. For example, letting the
the GUT scale, the gluino mass is suppressed compared #tring scaleM ;=M p and requiring the scale of PQ symme-
the other gauginos. The gaugino mas&#d) are given by  try breakingM =102 GeV, we findmgz=18.6 GeV? To

conclude, in this model, witl\=10° GeV, the gravitino,

o . . .
mazf./\bz, gluino and wino masse@t M) are given by
mg=18.6 GeV,
1e] 28
M,=—=A 1+—b2), (10) 2
A 9 mg=| =] X14 GeV, (17)
0.1
M=o 2L\ (14 ap2 M,=340 GeV
175 7, A(1+4b%), 2= ev.
h Hence either the gluino or the gravitino is the LSP depending
where on the particular SUSY breaking model and the value of the
a2 M2 parameteb.’
b2=— —>0. (12) For phenomenological reasons we assume that SUSY is
Ao M2 also broken by théd term of an anomalous U(%)gauge

symmetry as already discussed in Ri]. Moreover, the
The two loop GMSB contribution to the scalar masses iSGMSB and D term contributions are necessarily

given by comparablé. The D-term contribution to scalar masses is
iven b
m2=2A2C (ﬁ (@24 ab2)+ C (ﬂ (14 33bz) o
Slan 2 an 9 Spmi=dQiMm3, (18
+C1(ﬂ)2<§+za2+ 1—2b2)], (12) Whgre QX is the U(1) charge of _the fielda and d is an
47) \5 5 5 arbitrary parameter of order 1 which measures the strength

) of D term versus gauge-mediated SUSY breaking. The value
wherea=AyM/\;Mg, C3=4/3 for color triplets and zero ¢ QX for a=16, 10, 1 of SO(10) is given by 1, —2, 4
otherwise,C,=3/4 for weak doublets and zero otherwise [6]. a
andC,=(£)(Y/2)2. aandb are free independent parameters \We now summarize the messenger scale boundary condi-
which we use to fit the data at the EWSB scale. tions. The gaugino masses are given by @d) and scalar
The gravitino mass is given by

A2

mg= susy (13) ‘It is necessary to check that the supergravity contribution to
\/§|\/| P’ squark and slepton masses is small compared to the GMSB contri-
bution. This ratio scales as
where Ag,sy IS the scale of SUSY breaking antflp 2
=(87Gy) Y?=2.4x10'® GeV is the reduced Planck mass. M~ J3a, Mp’ (16)
For A2, ~=Fy=10" Ge\? the gravitino mass is 2 Vsaz TP

susy Thus S; cannot be much larger than #0giving mg/M,=0.04.

M Taking the string scalé=Mp and requiring the scale of PQ
mg=——A=0.024 GeV, (14) ~ Symmetry breakingM = 10'?> GeV, one getsS;=1.5x10'® and
J3M p mg/M,=0.056 which is reasonable.
SIn order to haveb=0.1 with M/Mg~10"* we need to take
making the gravitino the LSP. However, this conclusion isx?/x;x,~10°.
model dependent. ®Reference[13] presents a model which dynamically breaks
For example, we show that in the particular model of SUSY and leads to comparable SUSY breaking effects from gauge-
SUSY breaking discussed in R¢13], the gravitino mass is mediated and-term sources.
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mass by Eqs(12) and (18).” D-term SUSY breaking only ! T T
contributes to the scalar masses. The SSB trilinear scala 5

coupling A and scalar Higgs mass squar@dsanish at tree 1000.0 + A=10" GeV <7
level but are generated via RGE running belblwWe have
chosena=10"“. We then determine the free parametars

b, d, andu (at M) and agyt, €3, the top ), bottom

(\p) and 7 (N\,) Yukawa couplingsiat M) by fitting the >
low energy data which we take to include 3
m¢, My, M,, aem, as, and siféy.® Imposing gauge
coupling unification at the GUT scale, we renormalize the
effective Lagrangian parameters to the EWSB scale using
one (two) loop equations for dimensionfydimensionless
parameters. We have also included the effect of a light
gluino in the running oim, and a4 below the EWSB scale ) ) ) , )
[14]. Finally the one loop SUSY threshold corrections for the “0.0 1.0 2.0 3.0 4.0 5.0
b and r masses at the EWSB scale have also been includec. d

- (messenger €~ —/7/
scale) “

500.0 -

FIG. 1. — 1 at the messenger scale,u, —B/u, and/B at the
IV. PHENOMENOLOGY AT THE EWSB SCALE EWSB scale are plotted in this figure.

The péarameteb is varied to keep the gluino pole mass at 3
30 G_eV. d and A set the scale_ for squark, slepton, and ,3(51)2513|Yt|2+3|Yb|2+|YT|2—39§——9§]
gaugino masses. We have examined cases of fixedary- 5
ing d, and vice versa in order to study the effects of these two
SUSY breaking mechanisms on the low energy phenomenol- +u
ogy separately. taghis solved from Eq(1l) and helps deter-
mine the quark and lepton masses. We have allowed for

values of €3<4%). SinceB and the trilinear couplingd , , vanish at the mes-

In the first part of our analysis) is fixed to the value senger scale, we must chogse 0 in order to get a positive
A=10° GeV whiled s varied. Figure 1 shows the values of B at the EWSB scale.

|u| at the messenger scale giving the best low energy fit. The values 0ﬂM|,\/§, and|B/u| at theZ scale are also

Note thatu <0 gnd |"t’)“| mcreazes W'th.jd' The rﬁasfor:l for  shown in the plot. It is notable that RGE running gives small
negativen can best be seen by considering the followingy ) yes ofB, eliminating fine tuning in the Higgs potential,

equation: and thus giving a good solution to the problem. Note that

tan2g ,sin2B |,u|,\/§ are both increas_ing functions df with a sh_arper rise
5 ~Mz— (19 at small values ofl. This can be understood using E@).

For moderate values af, the M andmy, terms are negli-

At small tang, the second term on the right-hand side of thegible (the latter due to the fa¢mﬁ|d|<|mﬁ|u| and the factor
equation is negligible. Although, andmy, have a com- of tang?—1 in the denominator Hence the approximate
mon value at the messenger scam,%,u is always driven to  relation u?= —mﬁu>0 holds. Increasingl leads to a linear
smaller values thamﬁ|d by the RGE because of the larger increase idmﬁul [theU(1)y charge ofH, is —2] and there-
top Yukawa coupling. We also know that tg82 0 as long fore in|u|. For very small values o, |mﬁu| becomes com-

as tag>1. We therefore nee@>0 at the EWSB scale. parable toM2/2 and the significant cancellation in the rela-
The one loops function for B is given by tion u?~—M3/2—mj, leads to a sharp decreasen Since

B is generated fromu via RGE’s, the dependence ¢B on
d follows that of u.

"Note that the Higgs states also get a SSB mass correction at one We mentioned thatnﬁ _ma is zero at the messenger
u d

loop due to their direct interaction with the messengers. This cor- le but i f t thscale. D ind h I
rection is negligible however because of the small values we hav8CaI€ BULIS negative a scale. Decreasind has a sma

chosen for the free parametrs b, effect on the value off, —my, at theZ scale. However,
8Note that we allow for a small one loop threshold correction tofrom Eq. (19) we see that a sharp decreaseBirat small

gauge coupling unification a¥l g which we have parametrized by values ofd has to be compensated by small values of

the free parameted; = (a3— ag)/ ag evaluated aM g . |tan 28|. This is the reason for the sharp increase ingan

%Using the RGE’s we evaluate?'° atmy and then calculate the plotted in Fig. 2, at low values al.*
one loop corrected gluino pole mass. It is the pole mass which is
constrained to lie between 25 and 35 GeV. Note, that an 18-GeV
modified minimal subtraction schem#@) running mass defined  °Note that a smalltan 28| gives a large tafi assumingm/4
at My is roughly equivalent to a 30-GeV pole mass. <B<ml2.

T T T 2 6 2
BAY{+6A,Y]+2AY]+6G5Mo+ IM .
(20

2 2
B=(mg —mg,)
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20.0 T T T T 140.0 . : . ;
5 ] 1300 F - j
A=10" GeV L T d=L e .
= rd
150 i 1200 | — A=10GeV - |
110.0 -
[==% > I
§ 1007 T g 10007 light Higgs mass
90.0 4
A ; ]
5.0 - - 80.0 - - 1»10 GeV 7
I / x Axis ]
70.0 - 4
i / T d |
!
60.0 ' 1 3 ] 4
00 1 [ 1 1
0.0 1.0 2.0 3.0 4.0 5.0 0.0 1.0 20 3.0
d FIG. 4. A magnified variation of the mass of the lightest neutral
FIG. 2. Variation of ta versusd for fixed A=10° GeV. Higgs bosorh for smalld andA. The solid line shows the variation

versusd for a fixed A=10° GeV while the dashed line shows the
variation versus\ with a fixedd=1.

In Fig. 3 we plot the masses of the Higgs states. The
masses of\,H’, andH " are determined at tree level while
we have included the one loop SUSY threshold correctionyalue of B decreases when decreases and thus so does
to the mass oh. SinceB increases withd, the masses of Mh-
A,H® andH* also increase whilé stays the lightest. One ~ For completeness, we show the behavior ofgamith
might think that since the mass of the lightest Higgs steite  changingA and fixedd=1 in Fig. 5; tars decreases rapidly
an increasing function of tg it should decrease when in- for A<10° GeV. This is becausgtan 28| must increase to
creasingd. However, since our model is constrained d@d Ccompensate fodmﬁ.u—mﬁdl which is decreasing propor-
increases withd, the effect ofB dominates over that of t#h  tional to A2 [see Eq(19)].
and the mass df slowly increases witll. The reason for the Figure 6 contains plots of the masses of charginos and
slow increase is that the massfofs determined by EWSB  neutralinos versud. The mass of the heavy charging()
and hence it cannot be a strong functiondof
In Fig. 4, we have magnified the smalandA regions in  jncreases withd. However, for most values af, the mass of
order to show the rapid variation in the valuenaf here. The X? scales as, while the masses th andy; scale asvl,

solid line shows the change in the masshofersusd for a
fixed A=10° GeV while the dashed line shows the variation
versusA with a fixedd. As discussed abovd3 decreases
with decreasingl. This decrease iB is directly reflected in

and the two heaviest neutralinogy x3) increase, agu|

and do not run withd. At very smalld, tan3 gets very large
and the off diagonal elements, proportional to 8im the
chargino and neutralino mass matrices, become larger than
the diagonal elements including resulting in a sharp drop

the decrease in the tree level value mf. Similarly the . the masses.

Squark and slepton masses are plotted in Fig. 7. Dhe

500.0

400.0 -

300.0

GeV

200.0 -

100.0 +

—

term contributes positively to the masses of squarks and slep-
tons since the U(1) charges of these fields arel. Conse-
quently, we see an increase in their masses with increasing
The mixing due toA and w terms for the third generation
squarks and sleptons is very small. Nevertheless, due to the
different boundary conditions at, the right handed squarks
and sleptons are lighter than the left handed ones. The right
handed stop is always the lightest and beldw0.7 it be-
comes lighter than the top. This is because the right handed
stop mass squared is driven negative by RGE as a conse-

The Higgs mass apparently increases without bound &s-
creases. We believe this result is due to the fact that we only use the

0.0
0.0

1.0

2.0

d

3.0

tree level Higgs potential for EWSB. Note that we have checked
that we cannot obtain reasonable fits to the data for1.1
X 10° GeV; hence we believe that our range for the allowed Higgs

5.0

FIG. 3. MSSM Higgs bosons masses versudor fixed A mass will not be significantly affected when including higher order

=10 GeV.

corrections to the Higgs potential.
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' ' y " 1000.0 ——— 1
5
A=10 Gev
800.0
3.80 -
600.0 -
>
T 360 - 3
4000 +
3.40 -
200.0 +
32005 ' 10 ' 20 ' 30 %%0 1o 20 30 40 50
N10’ GeV d
FIG. 5. Variation of tag versusA for fixed d=1. FIG. 7. Squark and slepton masses versugor fixed A
=10° GeV.
guence of the large top Yukawa coupling.
Fin_ally in Fig. 8_We plot the_mass_es of squarks, sleptons, o? m2 mé 3
charginos, neutralinos, and Higgs fields versus As one ~ - 59 |1 _Z (22)
- . . 9-9C7 487 M2 m2 2
expects, all these masses increase withxcept the lightest Mpmg 9

Higgs whose mass is determined by EWSB. Recall that all

scalar and gaugino masses at the messenger scale are direq-:t(yen in the case that2 . = F,~101 GeV?, which gives a
proportional toA. susy ,

very light gravitino as in Eq(13), a gluino mass of 30 GeV
has a lifetime ofr;=2x10° s=1 month. We therefore con-
clude that the gluino is in all cases a stable particle with
Let us first consider the heavy gluino. If it is the LSP it regards to (_jetector experiments._Hence the missing momen-
was shown that it can survive in a narrow window with massiu™ analysis Of_ Refs[7] a_md [8] is relevant and a hgavy_
between 25 and 35 GeM,8]. We note that to get this limit, g_lumo NLSP with mass in the range 25-35 GeV is still
Refs.[7] and [8] assume very large squark masses. ReferYiable. o
ence [8] however also argues that lowering the squark, Note that the_re are several significant advantages for hav-
masses increases the allowed range for the gluino mass. NdRe @ heavy glumq LSP or NLSP. .
consider the possibility that the gravitino is the LSP and the It 'reduces thg fme tuning necessary for EWSB, since Fhe
gluino is the NLSP. In this case we must check whether thélominant contribution to scalar masses due to RG running
analysis of Refs[7] and[8] still applies, i.e., whether the rom Mg to Mz comes from color corrections proportional
gluino lifetime is greater than-10"8 s. The decay rate of to the gluino mass squar¢ds].
the gluino to a gluon and a gravitino is given by

V. LABORATORY AND COSMOLOGICAL CONSTRAINTS

T T
o 15000 d=1
1000.0 F A:105 GeV squark, slepton
l —-——- chargino, neutralino
—-—-. Higgs
800.0 - 58
1000.0 +
>
[0}
- 6000 r 0]
R
+
X X
400.0 + + 500.0 +
/ ‘
,V 1
2000 4 4
4
— 0.0
0.0 . ' . L M. 0.0 1.0 5 20 3.0
~0.0 1.0 2.0 3.0 40 5.0 A10™ GeV

d
FIG. 8. Squark, slepton, chargino, neutralino, and Higgs masses

FIG. 6. The chargino and neutralino masses vetstor fixed versusA for fixed d=1. Many of the masses are almost degener-
A=10 GeV. ate, therefore one representative is shown from each set.
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Even if the gluino is the NLSP, its lifetime is long enough " ' ' '
for it to be a candidate for the UHECRonN, i.e., the source of '
the ultra high energy cosmic raj$6]. 10} — d=1 -

The model with a Higgs mass of order 90 GeV and a stop L\ _____ A=105GeV
mass less than the top satisfies some of the dynamical cor
straints necessary for electroweak baryogenesis in supersyns
metric theorieg17). g

We now consider the LEP constraints on other SUSYE 06
parameters in our model. The most important constraints
come from the latest Higgs search results at [B6]. The < g4 L
light neutral Higgsh and the CP odd HiggA in the MSSM
are produced at LEP via the Higgs-strahlung proeess”
—hZ or the pair production process'e” —hA. h and A

decay predominantly intbb and 7" 7~. Thus LEP experi-
ments search for eitherteb or 7 7~ plus the decay products 0'00,0 ' 1.0 ' 2.0 ' 3.0

. +, -

OT the Z; or forbbb_b and 7”7 bb. In our model the off- FIG. 9. The ratio of the SUSY contribution to the amplitude of
diagonal elements in Fh? stop mass-squared_ mat_nx are Ve'ﬁy—>57 to the SM contribution. The dashed line shows the variation
small, thus th_e_LEP I'm'ts,for the neutral H|_ggS in the no versusd for a fixed A=10° GeV while the solid line shows the
stop-quark mixing scenario are most applicab0,21. . iiation versus\ with a fixedd=1.
These limits are very severe. Looking at our data in Figs. 2
and 4, it can be seen that ontl~0.40-0.45 survives the o ) ] )
LEP constraint forA=10° GeV. With these values of the nonumﬂcgﬂon of Yukawa couplmgs in this $IJD? theory.
parameters, the mass of the lightest neutral Higgs resides faléarly this feature of the model is not very satisfying. -
the narrow range-(86—91)+6 GeV with tang~9-141? The proces®*e”— hadrons can constrain the chargino
At this point, our model also survives the limit on the massmass based on the OPAL® bound on new physics afs
of A as indicated in Ref.20]. H" andHP are also too mas- =172 GeV[23]. We analyzed the contributions ® e~
sive to be constrained. Fo~0.40-0.45 and\=10° GeV  — hadrons coming from chargino and neutralino pair pro-
we find the lightest stop and neutralino with mass in theduction using(SPYTHIA, A SUPERSYMMETRIC EXTENSION OF
range 100-122 and 50-72 GeV, respectively. Noted if pyTHIA5.7[24]), which has been modified by S. Mrenna and
increases, then the Higgs mass andstaemain unchanged K. Tobe to accommodate a gluino LSP. The result is that
while all other masses increae. except for very small values af or A which are strongly

This narrow region of parameter space is obtained withryled out by the Higgs constraint, the cross section is below
the fit values of the parametersag=5.28-5.49 the limit of 3 pb reported in Ref[23].1
X 10" GeV, €3=2.44-2.42%, Ny, 1 ,=(0.065, 0.42, We have evaluated the rate for-sy.® The ratio of the
0.096)-(0.042, 0.42, 0.061) aM¢ and wu=(-854)  sysSY amplitude to the SM amplitude févarying d-fixed
—(—139) GeV ancb=0.06 atM. Note that we are not able Ay and (varying A-fixed d) are given in Fig. 9. The main
to get a good fit to the data assuming Yukawa coupling Unijgy contribution in our model comes from the charged

fication. This was not the case in R¢6] and is due to the Higgs-top loop. Figure 9 shows that we always get an am-

fact that, unlike the model presented here, the paraniketer . . -2
was a free parameter. In Appendix B, we show how to COm_plltude larger than the SM amplitude approaching it at large

lete the model described earlier in order to accommodaté\ since<0. Note that our result is at the "”_““”9 edge of
P values allowed by CLEO dati®5]. Our result is, however,

incomplete. We approximate flavor mixing using the known
L _ o _ CKM elements as a crude approximation to squark-quark
AWVe use the tree level Higgs potential in our analysis and thefjqyor mixing and we only use a one-loop analysis. With
masses oA,H® andH " are determined only at tree level. We have regards to the latter, it is clear that a one loop analysis is not
however included one loop SUSY threshold corrections to the masg fficient since the higher order corrections have recently

of the lightest Higgs scaldn. In order to ascertain the theoretical been shown to be very importafsee, for example, Ref.
errors associated with the Higgs boson mass, we have also used ' '

FEYNHIGGSFAST[ 18] to perform a two loop calculation of the Higgs

boson mass al=0.45. We findm,=95 GeV; instead of 91 GeV

found at one loop. MoreoverEYNHIGGSFAST has a quoted error  ““For example, wherk =10° GeV, the cross section of the pro-

margin of =2 GeV. Hence our prediction for the range of the light cesse”e”— hadrons through charginos and neutralinos exceeds

Higgs boson mass includes a theoretical uncertainty- 6f Gev.  the 3 pb limit only ford<0.37.

Note our model thus survives a very recent limit on the Higgs mass °In order to do this calculation we need to assume some values

by the ALEPH Collaboratio19]. for flavor mixing elements. As a rough estimate we use the ob-
3Note that a recent LEP bound on a heavy gluino LSP using stogerved CKM matrix elements in the appropriate places. This is

production and decal22] does not constrain the model since the clearly just a rough estimate which gives us at best an order of

stop mass in our case is larger than the values probed in this searahagnitude approximation.

A

02t N10°GeV
L X AXiS ~-., g
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[26]). Hence within the approximations considered here, the VI. CONCLUSIONS
model is roughly consistent with the observed rate Ifor
—SY.

Now consider the low energy consequences of the P
symmetry which is spontaneously broken at the sdale
=M=10"? GeV. This generates an invisible axion which is
a significant component of the energy density of the universg
and thus a candidate for cold dark maft2v]. The axion is
predominantly the angular part of the complex scalar ﬁeldEit
component of the chiral superfiekKl The radial part of this . O : o
scalar field and the fermion component of the supermultiplelS the LSP, then the gluino is the NLSF.) with a I|fet|m.e on the

= T i order of one month or longer. In either case this heavy
are named saxind) and axino ) in the literature, respec-  g1,ino, with mass in the range 25-35 GeV, can be treated as
tively. In our model, these fields obtain large radiative 5 gigple particle with respect to experiments at high energy

In this paper we have presented a solution to ghand
trongCP problems in the presence of a heavy gluino LSP.
he model has a natural Peccei-Quinn symmetry which pre-

vents theu term at tree level. However, when the PQ sym-
etry is broken at the messenger sddle- 10*? GeV theu

rm is generated.

The particle phenomenology of the model is quite novel.
her the gluino or the gravitino is the LSP. If the gravitino

masses via a messend, loop, accelerators.
We have studied some of the phenomenological con-
\g 2 \Z ) straints on the model. The most significant comes from LEP
M7A=—8W2A, M~S=—6W2A . (22)  searches for the neutral Higgs boson. Our model is most like

the no stop-quark mixing benchmark which is severely con-
) ) ) strained by the data. In fact the model only survives in a
The axino decays mainly to a gluino and a gluon. Thenarrow region of parameter space resulting in a light neutral

decay rate is calculated to 28,29 Higgs with mass~(86—-91)-6 GeV and tag~9-14. In
addition the lightest stop and neutralino have mass
a? , m? m§A X x In x ~100-122 GeV and-50-72 GeV, respectively. Thus the
i go=— =t === fx= m+ > model will soon be tested. Finally, the invisible axion result-
16m my, My, | Ta (1=x) ing from PQ symmetry breaking is a cold dark matter can-

(23)  didate.

and we find 10% GeV<Iz_g3<10'" GeV for 0.2
<m¢/m,m,<1 and 0.5\\yx<3. This translates into an

axino lifetime of 107 s<7z .43<10 2 s.
The saxino decays either to 2 gluons or 2 gluinos. Th
decay rate of the saxino to 2 gluons is given in Raf],
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(24) APPENDIX A: COMPLETE MODEL
9 3 ¢2
327> fy

In this section we present the complete model with all the
symmetries and charges. The model is defined at the GUT
scale by the SQO0) invariant superpotentiaW>W; +W,

+ W5+ W, +Ws and a nonrenormalizable term in the Kahler
potentialK where

For 0.5<\y<3, the decay rate is 10° GeV<Iz .,
<10 ' GeV with a comparable decay rate into two glui-
nos. This gives the saxino an approximate lifetime of 9.0
<7%.2¢< 106 s. The heavy axino and saxino have very
short lifetimes and decay before nucleosynthesis starts. Their
decay therefore does not affect the standard nucleosynthesis
calculations.

Finally, the relic gluino density, assuming the glum.o is W2=)\a10HA10A+)\XX1O,§,
the LSP, should be small enough that it does not constitute a
significant fraction of the dark matter halo densisee, for _ _ _
example, Ref[31]). Reference$7] and[11] show that tak- Ws=N171An1+ Mo mAnt N X1,
ing into account the nonperturbative effects of gluino-gluino (A1)
annihilation into quark-antiquark and gluon-gluon the relic
gluino density is extremely smallQzh?~108-101%. W,=\y. 7, Y165,
There are, however, stringent limits on a gluino LSP coming 3
from searches for anomalous heavy isoto[®3 and from o o
energetic neutrinos due to gluino annihilations in the Sun W5=)\H10Hzp<p’+)\YlY¢’¢’,
[33]. Both of these latter constraints apparently rule out an
absolutely stable gluino LSP. They do not, however, con- 1
strain the case of a gluino NLSP and gravitino LSP also KD —10,+H.c. (A2)
considered in this paper. Mp

W1=16;10416;,

055010-8
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TABLE I. The R and PQ charges of different fields in the complete model.

Fields 10, 10, A X 5 m 7 16 ¢ 7

3
R +1 +1 +2 +2 +1 +1 +1 +1 +3/2 0 0 -—-1/2 +3 +3/2
PQ +1 -1 0 +2 -12 +1/2 -52 +52 -1/2 0 0 +1 -1 0

(165,71, 72,4, ¢') are all 16s, (71,7,,4,¢') are 16s,  Note that we can safely ignore the last term in &) since
(104,10,) are10s, (X,Y) are singlets, an@A) is an adjoint  the VEV of X'is much smaller thaM .
under SQ]_O) W11W21 and W3 were discussed earlier in The massles46’ is identified with the matter mUIUpIet
Sec. Il. containing the third generation quarks and leptons. Shice
The theory is invariant under (@) PQ andR symmetries. 9ets a VEV in theB—L direction andB—L quantum num-
The charges of the fields under these symmetries are given ers are different for quarks and leptons,— A ; unification
Table I. will be lost, but we still have\;— \, unification. In fact this
The R symmetry is broken by the VEVs of several differ- mechanism is an S@O) version of the one introduced in
ent fields at the GUT scale. However, the PQ symmetry ifRef.[34]. Considering Eqs(6) and (A3) we define
not broken at the GUT scale and preventg derm in the
superpotential. pTEL
W, contains the field¥ which gets a VEV (B4)
(Y)=Mg. (A3)

W al s in & bottorm-Yuk i . where T2™" is the B—L quantum number of the state

, also results in a bottom-Yukawa coupling nonunifica- —— ——. . . 16

tion at the GUT scale as discussed in Sec. 1 of Appendix g~ Q.U.D.L.E,vin the matter mu_lt|ple_t ang=A/hy, _
We useWs in a standard way to split the top and bottom FromW; we see that the fermions in the matter multiplet

Yukawa couplings by giving VEV's tay and ¢ of order 16' obtain mass at the electroweak scale due to the term
Mg . This mechanism is discussed in Sec. 2 of Appendix B.
(—s,16')10,4(—s,16"). (B5)
APPENDIX B: YUKAWA COUPLING NONUNIFICATION
IN AN SO(10) SUSY GUT We therefore have

In minimal SQ10), all standard model fermions in a B )
given generation are contained in a single spiri®) (repre- ﬁ _SoSp _ E 1+p
sentation of SQLO). The coupling of the fornw, results in N osisg 91+p%9
a unified Yukawa couplings for the top and bottom quarks
and ther lepton, i.e.,\;=A,=A, at Mg. Itis interesting, \herer, and\, are the effective bottom and Yukawa
and necessary for our model, to see if it is possible to rela’éouplings. We thus find
this condition in a simple way. The low tanfit of our
SQO(10) SUSY GUT to the infrared-scale physical observ- 1\
ables requires;— Ny, splitting at the GUT scale. We are also “ohg (B7)
interested in the possibility of splitting,— X\ ,. The reason 9 A,
is that our best fits to the data come from bottom Yukawa
couplings which are-30% smaller than the Yukawa cou-  depending on the choice @=N\1/\y,. Forp=4.2 we get
pling at the GUT scale. (A ,— \p)/\,=30%.

(B6)

1. A\p— A\, nonunification —
2. A¢— Ay, nonunification

W, ,W3 andW, contain interaction terms - .
s 4 The splitting between, and\,, \, Yukawa couplings

;1()\1A771+ Ay Y163+ AX7,), (B1) is best achieved in the Higgs sector usifvg. Sinceys andZ
$ get VEV’s of orderM ¢, the Higgs doublet mass term can be

resulting in a heavy¥6’) and a massledat the GUT scalp  Written as
(16") multiplet given by

168" (N g (A) 71+ Ny (Y)165) (B2) 181n calculating the one loop gaugiritwo loop scalarmass con-
tributions fromWj; in Eq. (10) [(12)], we have ignored an ordergdl/
and correction coming fronW,. Sinceb is a small free parameter, this
does not affect the wino, bino, and scalar masses while the gluino
16" c(Ay3(Y) 71— N 1(A)163). (B3)  mass is varied by the free parameter
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0 0 0 a. TABLE II. The R and PQ charges of the new fields in the
H neutrino sector.
(dv da dy)| O A(X) 0 da
)\H<E> 0 7\Y1<Y> EW Fields N P
(B8) R +5/2 -1
. _ PQ +1/2 -1
From the abgve we see that the two light Higgs doublets are
dy and cosydy—sinyd,, which are identified with the light _
Higgs dogjblets of the MSSMH,,,Hy), respectively. coy Nn,¥N163+ N, NP (CyY
is given by
We assume tha® gets a VEV of order the messenger scale
o' (10*2 GeV). The neutrino mass matrix is then given by
COSy= —f—, (B9)
'2 S.SE
1+p 0 m, LSE 0
SoSy
where . oY
v, vg N SLSE A
Ay (Y) e flopes ° ~ S {Y)
pl=— (B10) Q™Y _
Au(¥) 0 —se\(¥)  An(P)
Note that the rest of the Higgs doublets remain very heavy. n
FromW; we see that —
X VR | - (Cz)
N
)\—bzcos% (B11) N

t
The mass of the lightest neutrino, identifiedas is given

where\; and\, are the effective Yukawa couplings of the by
top and bottom quarks. A hierarchy of 50 is easily achieved

. 2 2
by choosingp’=1/50. s Nn, mé(P An
g ¥ mVT=( L_) — ﬁ,ﬁ =6.3x107"| —
SQSU )\nl <¢> )‘nl
APPENDIX C: 7 NEUTRINO MASS
In this section we show that it is possible to get a reason- 10° Gev|”
. \ POSS getar x| ———"| ev~6x102 eV. (C3
able 7 neutrino mass, in agreement with atmospheric neu- (¢)
trino oscillations. Let us add two S@00) singletsN andP to _
the model withR and PQ charges given in Table II. Thus one gets a reasonable value foy with A, ~3
The only possible couplings for these singlets are x10"2 and Ap,~ 1.
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