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Abstract 

We propose a supersymmetric extension of the Standard Model with an 
extra U( 1) gauge symmetry, so that all supersymmetric mass terms, including 
the p-term, are forbidden by the gauge symmetries. Supersymmetry is broken 
dynamically which results in U(1) breaking and generation of realistic p term 
and soft breaking masses. The additional fields required to cancel the U(1) 
anomalies are identified with the messengers of supersymmetry breaking. The 
gaugino masses arise as in the usual gauge mediated scenario, while squarks 
and sleptons receive their masses from both the U(1) D-term and the two- 
loop gauge mediation contributions. The scale of supersymmetry breaking in 
this model can be below 10’ GeV, yielding collider signatures with decays to 
goldstinos inside the detector. 
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1 Introduction 

The main theoretical shortcoming of the Standard 1Iodel (SM) is the lack of chirality of 

the Higgs sector: the gauge symmetry does not prevent a large mass for the Higgs dou- 

blet. which results in the hierarchy problem. Supersymmetry (SVSY) confers chirality to 

scalars, and therefore offers the hope of explaining the hierarchy between the electroweak 

scale and the Planck scale. However, in the iMinimal Supersymmetric Standard Model 

(MSSM), the Higgs sector is still not chiral: the gauge symmetry allows a p term of or- 

der the Planck scale. Furthermore, most realistic models with dynamical SUSY breaking 

require gauge singlets and additional vector-like fields. 

Given the current lack of understanding of quantum gravity, the only rigorous way of 

avoiding dangerously large masses for singlet or vector-like representations, is to introduce 

gauge symmetries which forbid any linear or quadratic term in the superpotential. Since 

at least one of the Higgs doublets must carry the new charges, the simplest choice for the 

additional gauge group is a CT(l). 

The known examples of U( 1) gauge symmetries that prevent a large p term [I] have 

been constructed in the framework of supergravity mediated SUSY breaking. However, 

in order to give large enough gaugino masses, the dynamical SUSY breaking sector has to 

include a gauge singlet which couples to the gauge superfields [2]. Therefore, such models 

are not chiral. 

Thus, we are led to consider a gauge mediated SUSY breaking scenario [3). The U(1) 

gauge group has to be anomaly free, so that the model must include extra fields which 

are vector-like under the SM gauge group and charged under the U( 1). These fields may 

naturally play the role of the messenger sector. In this letter we construct a complete, 

renormalizable and calculable model of gauge mediation, including an explicit dynamical 

SUSY breaking (DSB) sector. We use the new Cr( 1) gauge symmetry both to forbid the 

~1 term and to communicate SUSY breaking to the SM superpartners. As a result, the 

scale of V(1) b reaking and the ~1 parameter are related to the scale of SUSY breaking. 

The model has no pure gauge singlets, nor vector-like representations, i.e., it is a purely 

chiral supersymmetric Standard Model. 



2 Model Building 

Our starting point is, within the MSSM. to forbid the H,,Hd term in the superpotential 

by charging the two Higgs superfields under a new U(l), gauge group. In order to have a 

Higgsino mass. the usual /l term of t,he Higgs sector must come from an SH,,IId term in 

the superpotential. where 5’ (which is a SU(:3)c x SU(2)w x li(l)y singlet. but charged 

under C(l),) q ac uires a vacuum expectation value (vev) at or below the /T(l), breaking 

scale. 

The Yukawa couplings of the Higgs doublets require the quarks and leptons to be 

charged under U(l), too. Therefore, some extra fields charged under the U( l)P and SM 

gauge groups will in general he required to cancel the arising anomalies. These extra 

fields can play the role of the messenger sectoi used in gauge mediation [3]. This sector 

includes some chiral superfields. (I, S, 1, I, transforming non-trivially under the SM gauge 

group, and superpotential terms XqQ, Xll, where X is a SM singlet whose scalar and F 

components acquire vevs (X) and (Fr;). Note that the relevant 44, Ii, S and .I? operators 

in the superpotential are forbidden by the U(l),. 

The fact that X and the messengers carry U( l)P charges implies that this symmetry 

is broken at a scale of order (X) or higher, so that the U(l), D-term is expected to 

be significant. As a result, the D-term contributions to squark and slepton masses may 

dominate or be comparable to the usual two loop contributions mediated by the SM gauge 

interactions. Since the D-term contributions to the squared masses are proportional to 

the scalar charges, we need to give same sign U(l),, charges to all the quarks and leptons. 

Apparently, it is non-trivial to cancel the U( l)P anomalies in this case. The MSSM 

has [SU(3)c]* x U(l),, [SU(2)w]* x U(l),, U( 1): x U(l),, and U( 1)~ x U( 1): anomalies, 
which should be cancelled by the anomalies of the messengers. A simple solution is to 

observe that Es > ScI(5)s~ x U(l),, where sU(5)s~ includes the SM gauge group. The 

fundamental representation of Es decomposes as 27 = (10 + 5 + 1, +l) + (5 + 5, -2) + 

(1, +4), and is anomaly free. Motivated by this, although we do not require EC gauge 

unification, we introduce (in addition to the MSSM fields, which include the right handed 

neutrinos) three q,ij E (3 + 3) of SU(3)c, and two I,[ E (2 + 2) of SU(%),. Then, we 

can assign U(l), charge +l to all the quarks and leptons; and charge -2 to HU,d as well as 

to all the messengers. This ensures that the U(l), anomalies mentioned above cancel. In 

addition, the S and S fields can be identified with two of the three (1, +4) representations 

Of %‘(*?+M x u(l), re q uired for U(l)“, anomaly cancellation. 
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In order to allow ,Y to acquire an F term. we include a new SM singlet, :V, with 

U(l), charge -2, and a -~I.V’ term in the superpotential. The complete field content of 

the l\/ISShl + messenger sector is given in Table 1. One can check that indeed the gauge 

symmetries do not allow any supersymmet,ric mass term. The renormalizable superpo- 

tential that we consider includes. in addition to the usual couplings of Htr,d to quarks and 

leptons, only the following terms 

W = fs-~qi~; + f!Xljij + +-X-N’ - iSN* + KSHuHd. (2.1) 

Fields i = 1,2,3 SlJ(3)c SU(2)w li(l)v WL 

1 II I 

Table 1: Particle content and charge assignments for the MSSM+messenger sector. 

Apart from the MSSM + messenger sector described so far, there should be a sector 

that breaks SUSY dynamically. The DSB sector also contains fields which transform under 

U(l),, so that Cr( I),, can play the role of the messenger group which communicates SUSY 

breaking to the visible sector. The properties of this DSB sector are constrained by the 

low energy structure we introduced so far. The first condition is that the [I( l)P and V(l)“, 

anomalies of the MSSM + messenger sector, given by (-4) + (-2) and ( -4)3 + ( -2)3, have 

to be cancelled by the [i(l), and U(1): anomalies of the DSB sector. Another condition 

is that the supertrace of the [i(l),, charged fields in the DSB sector is positive, so that 

the X and S scalars receive negative squared masses and acquire vevs. In addition, we 
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have to make sure that after U(l), is broken by the !V. s’, S vevs. the I-(l), D-term 

contributions to the squared masses of the syuarks and sleptons are positive. 

An example of a DSB sector satisfying our requirements is the SIi(3) x sU(3) model 

described in Ref. [4]. The field content is shown in Table 2. One can check that all 

anomalies cancel in the combination of the LISSBI + messenger sector and the DSB 

sector. After including the superpotential which lifts the flat directions, it breaks SUSY 

dynamically. The SUSY breaking minimum is discussed in the Appendix. For the analysis 

of the visible sector we only need to know that the DSB sector generates a negative squared 

mass for each scalar charged under U( l)P, proportional to its U(l), charge squared, and 

a contribution to the li( l), D-term, -t2, (which is unimportant as long as t is much 

smaller than the Li( l), b reaking scale). Then, the relevant part of the potential for the 

Table 2: Particle content and charge assignments in the DSB sector. 

MSSM + messenger sector is given by 

2 

V = - gp (-F2 + 41X12 + 4pi2 - 2pq2 - 21Hu12 - 21&12 + . ..)’ 
2 

- r-h2 (16151’ + 161S12 + 41N12 + 41HJ2 + 41Hd12 + . ..) + ;,lv14 
+ ;N2 - KHuHd/2 + INI px - fS12 + K21S12 (IH,l” + lHul’> + . . . , (2.2) 

where the ellipsis stand for terms involving squarks, sleptons, and messenger scalars. The 

values of e and rTz are given in the Appendix as functions of the parameters in the DSB 

sector. In Section 3 it is shown that the constraints on the gaugino masses and on the B 

and p parameters from the Higgs sector lead to X3i2 < c << X << 1. We assume that the 

hierarchy of these couplings, as well as the hierarchy of fermion masses come from some 

unknown physics at high scales’. 

Minimizing the potential is straightforward, and for K > Jm we find a desired 

‘A supersymmetric model of flavor utilizing an extra gauge U( 1) for gauge mediation was just recently 
proposed in [5]. 
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minimum at (H,) = (Hd) = 0 and 

(‘V) = ;y2 ) (S) = i(S), (SZ) = & (; + $ + g-1 . (2.3) 
P 

This is only a local minimum. but we expect that its lifetime is sufficiently long. We 

comment more on this in Section 3. The corresponding SUSY-breaking F and D-terms 

are given by 

(FN) = 0, (F,y) = $v2) ‘v di%(N), (Fs) = +v’), g;(D) = 4m2. (2.4) 

The (S) and (Fx) vevs provide the SUSY preserving and breaking masses for the mes- 

senger fields, 4, q, 1, 2, while (S) and (Fs) provide the /L and B terms for the Higgs sector. 

Gaugino masses come from the usual one-loop gauge mediation contribution. The scalar 

squared masses receive. in addition to the usual two-loop SM gauge mediation contribu- 

tions, a 1!7( l), D-term contribution and a negative contribution from the Cj( l), mediation. 

For superpartner masses near the weak scale, we require 7iz. <, 1 TeV, fi >, 30 TeV, 

hence the 1/(l),, breaking scale (N) >, lo3 TeV and X <, 10s3. The resulting sparticle 

spectrum is discussed in the next Section. 

3 Sparticle spectrum 

The communication of SUSY breaking from the DSB sector to the visible sector proceeds 

in two steps. First, at the scale 

Mp 3 g,(N) N 2+2 (> 772) W) 

of II(l),, b rea ping, each scalar with Cr( l), charge Q, 1, f which does not acquire a vev receives 

a soft mass contribution 

m;(M,) = Q;(4 - Q;)riz”. (3.6) 

In particular, all squarks and sleptons get a positive squared mass +3&‘, while the two 

Higgs doublets get a negative soft squared mass of -1277~~. The ~1 and B terms are also 

generated at this scale: 



One may check that the condition K > dm ensures that the tree-level squared masses 

for the Higgs doublets are positive and thus electroweak symmetry is unbroken at this 

stage. 

The messenger fermions and scalars also become massive at the scale AI,,. The masses 

of the <Ii, ‘4i and li, 1, fermion messengers are 

IL” g,, - f&q N %@+2 (> 7%). 

The messenger scalars. on the other hand, have the following mass matrices: 

P-9) 

(3.10) 

The eigenvalues are positive if c > 0(X”/‘), assuming f,,l m O( 1). 

Finally, the gauge singlets S? S and !V also get masses. Their fermionic components 

mix among themselves, and with the U(l), gaugino. As a result, we find two Dirac 

fermions, with masses of order 24(g,/X) 7iz and 4ti, respectively. The scalar components 

of the singlets also mix, and the resulting mass spectrum is as follows. There is a massless 

Nambu-Goldstone boson, which is eaten by the U(l), gauge boson; and there is a scalar of 

mass 24(9,/A) rTz, which becomes a member of the heavy gauge supermultiplet. The rest 

of the scalars are light, with masses 2&%2,2&72,2~ti and 2$%2, correspondingly. 

Below the messenger scale, M N- Mq 21 MI, the messengers d;, & and l;, Ii are integrated 

out inducing gaugino masses 

fkf,(M) = c+\g (A/M) , (3.11) 

where n = 1,2,3 corresponds to U(l)y, SU(2)w and SU(3)c, cl = 4,c2 = 2,~s = 3 (we 

do not use the SU(5) normalization for Q~), and 

A = tFx) N &5x - 
- (X) T” - 

The messengers also contribute to the scalar masses, 

(3.12) 

(3.13) 

where the coefficients C! are zero for gauge singlet sfermions f, and 4/3, 3/4 and Y2 

(Y = Q - 13 denotes the usual hypercharge) for fundamental representations of SU(3)c, 

SU(2)w and U(1) y, correspondingly. The threshold functions f(z) and g(z) can be found 
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in Ref. [6]. In order to get large enough gaugino masses, we need i\ m 110 TeV >> fi. hence 

t << X. In eq. (13.13) we neglect small contributions of order [o/(.1~)‘]*ti’ ln(l\il,/rll), 

arising due to the nonvanishing messenger supertrace [7]. 

The effect of the renormalization group equations (RGEs) on the sparticle spectrum 

between the iUfi and ~11 scales is peculiar: due to their larger E-ukawa couplings, the third 

generation sfermions are driven heavier than those of the first two generations. The reason 

is that in our model the soft squared masses for the Higgs doublets are negative due to 

the [i(l), D-term, and as a result, the scalar mass combinations 

which appear in the RGEs, are also negative. Of course, below the messenger scale the 

usual gauge mediated contributions are included. and their Yukawa RGE effect on the 

third generation soft masses is just the opposite. The net effect depends on the values of 

the model parameters. Note that the charge assignments are such that Tr Qy . QLc = 0, 

so that a hypercharge D-term is not induced through RGE renormalization. 

The supersymmetric mass spectrum at the electroweak scale is determined as a func- 

tion of the following parameters: {&, K/X, e/X, f,,l/X,g,/X}. Using eqns. (3.5), (3.12), 

(3.7)-(3.9), and the requirement for radiative electroweak symmetry breaking, they can 

be exchanged for {A, A!, M,, tan@, sign(p)}. Note the presence of the extra parameter 

h4,, as compared to the minimal gauge mediated models. The only constraint on the 

parameter space is M,, >> bf > A. We would also expect to be in the large tan /3 region, 

since our model predicts low values of B. In Fig. 1 we show the RGE evolution of rep- 

resentantive soft masses for A = 40 TeV, AI = lo* TeV, Al,, = lo4 TeV, tan/? = 40 and 

p > 0. We find that these values correspond to 7% = 70 GeV, K/X = 1.8, e/X = 6 x 10m3, 

fq,,/X = 6.7 x lo4 and g,/X = 2.9 x 104. 

Qualitatively, the superpartner spectrum looks similar to the pure gauge mediation 

scenario, if iiz is smaller than the SM gauge mediated soft masses. Then: as Cz gets larger 

than the SM gauge mediation contributions, the squarks and sleptons become heavier in 

comparison to the gauginos. and increasingly degenerate, since they carry the same U(l), 

charge. 

4 Discussion 

Several features of the model presented here warrant further comments, 
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Figure 1: RGE evolution of the soft mass parameters: gaugino masses (dotted lines), 
first two generation squark masses (dashed) and stop, stau and Riggs masses (solid). 
Since the soft Higgs masses can be negative, we plot sign(m*) m. 

1. It is well known that the “p problem” is more difficult to solve in gauge mediation 

models. Besides the general problem of a potentially large p-term induced by Planck scale 

physics, a totally separate sector is often required solely for generating the p-term [3,8]. If 

one tries to generate the /J term directly from the messenger sector by a small coupling or a 

loop contribution, the resulting ratio of Bp and p is too big*, Bp/p - Fx/X - lo4 - 10’ 

GeV. In our model, the supersymmetric Higgs mass term is forbidden by the U(l), 

gauge symmetry, and the p term is generated only after U(l), is broken. The S field 

which gives rise the p-term is an integral part of this model and is required for anomaly 

cancellation. The Fsl.5 ratio is small. allowing accept.able values for R,u/~. However. 

without understanding the small Yukawa couplings ( <, 10m3) needed in this model, we 

can not claim that the scale of the /L term is completely natural. 

2. The intrinsic SUSY breaking scale in this model can be as low as 10’ - lo6 GeV, 

lower than that in the original models of gauge mediation 131. To see this, we assume that 

the U(l),, breaking scale ((N), d e ermined by jj2 and A) is about the same as the scale t 

?However, there are ways to cure this problem [9]. 
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of heavy fields in the DSB sector. (R), so that the formulae (A.8). (.A.$)) in the appendix 

can still apply. Then we have 

Fx M &Gz(iv) - cm EL 7 (4.15) 

where c. c’ are (3( 1) constants. E& is the vacuum energy density, and Ilxb is defined 

in (A.?). \Ve can see that the intrinsic SUSY breaking scale E,,, has to be only about 

less than an order of magnitude higher than the messenger scale. For fi rv lo4 - 105 

GeV, Eva, can be lower than 10” GeV. In that case: the next to lightest supersymmetric 

particle (NLSP) can decay inside the detector, yielding interesting collider signals [lo]. 

Note that most gauge mediation models have the SUSY breaking scale so high that NLSP 

will escape the detector. giving similar signals as in the traditional supergravity mediation 

scenario. All previously known models with the SUSY- breaking scale below lo6 GeV so 

far involve some assumptions about noncalculable strong dynamics [ll], therefore it is not 

certain that they are viable. 

3. The vev of the :V field can give Majorana masses to the right-handed neutrinos 

on the order of the lJ( 1 )cl b rea *in scale via superpotential interactions Nvivj. However, 1, g 

without knowing the Yukawa couplings of the neutrinos, we are not able to predict the 

neutrino masses and mixing patterns. 

4. We did not include all possible terms consistent with the gauge symmetry in the 

superpotential (2.1). S ince we allow small Yukawa couplings, most of the missing couplings 

could be sufficiently small, so that they do not have significant effects on our model. Some 

of them may change the low energy parameters. For example, a small coupling between X 

and H,, Hd can give extra contribution to the Bp parameter, and hence affect tanp. The 

only dangerous terms are those matter-messenger couplings which induce proton decays, 

so we may need an extra symmetry to forbid them (the flavor changing constraints are not 

very severe [12]). A more attractive solution in this framework would be to have different 

messenger fields or different charge assignments so that the messenger-matter couplings 

which allow rapid proton decays can not exist. 

5. The U(l), gauge symmetry forbids R parity violating operators. Moreover, the 

U(l), is broken only by fields with even charges, such that a Z2 symmetry, identified as 

the R parity, is automatically conserved. 

6. As in the original models of gauge mediation [3], the minimum we considered is 

a local minimum [1:3, 141. Th ere exist lower minima and even runaway directions with 

(X) = 0, (44) and/or (II) # 0. Ref. [14] .t es imates the vacuum tunneling rate. It is 
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found that in order for the lifetime of the local minimum to be longer than the age of the 

universe, some Yukawa couplings have to be small (X < 0.11, which is easily satisfied in 

our case. 

To our knowledge, the model we have presented here is the first example of a purely 

chiral supersymmetric Standard ZvIodel. This is a viable model and yields interesting 

superpartner spectrum and phenomenology, which may be tested in future experiments. 

Acknowledgements: We would like to thank Jon Bagger, Joe Lykken and Sandip 

Trivedi for useful discussions. and G.-H. Wu for careful reading of the manuscript. Fer- 

milab is operated by URA under DOE contract DE-AC02-76CH03000. 

A The DSB Sector 

An interesting set of DSB models is the SU(N) x SU(N - 1) models of Poppitz, Shadmi 

and Trivedi [4]. One can require that the superpotential preserves an SZr(N - 2) global 

symmetry. If we add a fundamental representation of the SCr(N - 2) (singlet under 

W(N) x SU(N- l)), t i is anomaly free [15]. In addition, there is a non-anomalous V(l), 

so that we can gauge a V( 1) subgroup of SU( N - 2) x Cr( 1) and use it as the messenger 

to transmit SUSY breaking to the visible sector. 

The model which we use is the SU(4) x SU(3) model. The field content of the DSB 

sector and their charges under the “messenger” V(l), are shown in Table 2. The U(1); 

and V(l),, anomalies (which would be cancelled by adding two fields with charges -4, 

-2) are cancelled by the combination of the MSSM fields and the messenger sector. 

The superpotential of the DSB sector is given by 

WDSB = (4 

For this model to be calculable. we assume that cr < X1, X2, X3 N 1, so that the vacuum 

lies in the weakly coupled regime. The detailed analysis of this family of models can be 

found in Ref. [15]. H ere we just sketch the result. The Ri fields develop large vevs and 

give large masses to the Li and & fields. After integrating out the heavy fields, the low 

energy nonlinear SUSY sigma model is described by the baryons bi, where 

bi = ‘fijklRjRliR/: 3! (A4 
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with a superpotential 

We, = (A9,6,): + crb3. (A-3) 

The first term comes from the gaugino condensation of the SU(4) gauge group (with scale 

A4). We have absorbed the Xi couplings into AD, :\L - Xi&&A:. Combining it with the 

IGhler potential, 

K?fi = :3(bfbj)1’3, (A4 

we find that the minimum occurs at 

b3 = -0.075(6hiD)3, b4 = 0.102((r-&,)3. (A-5) 

The energy density at the minimum and the masses of the scalar components of bl, bz 

are 

G.c = 0.220cA”,, W-6) 

mL zrn; = 0.445cY %I;. (A.7) 
One can easily see that E& - mb(R). Because the light fields 61 and 62 have U(l), 

charges +4 and +2 respectively, they will generate the Fayet-Illiopoulos D term for the 

U(l), gauge group as discussed in Ref. [3], 

where MV represents the mass scale of the heavy fields in the DSB sector, and p2 is the 

larger scale between the V(l), b rea -in h g scale, !M,3, and mi. They also generate a negative 

contribution to the mass squared of each scalar field charged under U(l), at tw+loop, 

proportional to the field’s charge squared, 

m? 1= 
q” - 

-g = -F” (&)‘(Q~)‘m~,in$ = -80 (&)2m~h~. (A-9) 

Note that the formulae (A.S), (A.9) only apply when p2 < M;. If the U(l), breaking 

scale (p2 = M,2) is higher than M;, the results will be suppressed by a factor M;/Mz. 
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