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ABSTRACT

We compile phenomenological constraints on the minimal
low—-energy effective theory which can be obtained from the
superstring by Calabi-Yau compactification. Mixing with
the single additional neutral gauge boson In this model
reduces the mass of the conventional 9. Field wvacuum
expectation values are constrained by the exXperimental
upper bound on this shift. Then, requiring the sneutrino
mass squared to be positive constrains the scale of super-
symmetry breaking more than do lower bounds on the masses
of new charged particles and of sparticles. More model-
dependent constraints follow from the "naturalness”
requirement that observables do not depend sensitively on
input parameters. We find a preference for the second
neutral gauge boson to weigh £320 GeV, mv £ 250 GeV and m~
$ 5300 GeV. Dymamical generation of the éauge hierarchy 1
possible if me £ 70 GeV, with lower values of m, being
favoured.,
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Many possibilities exist for the low—energy effective four—-dimensional

L) 2)

and gauge symmetry breaking by Wilson loopsA). The only known

supersynmetric gauge theory after Calabi-Yau

3)

obtained from the superstring
compactification
source of soft supersymmetry breaking in the observable sector is a gaugino
masss) m%. No—scal? scenarios6) for the dynamical generationm of the gauge hier-
archy do not admit ) intermediate scales of gauge symmetry breaking. A unique

low energy gauge group with a single well-defined additional gauge generator is
7),8)
7. Inm

7)

7
then selected ), along with an almost unique set of light matter fields
this paper, we explore systematically the phenomenological constraints on the

class of models with the general structure so selected.

expected in these models mixes with the

E
conventional ZO, pushing its mass down. Observatioms by UAL and UA29) set an

The new neutral gauge boson Z

upper bound to this shift, which provides in turn a lower bound on the vacuum
expectation value x of the SU(3)C X SU(Z)L X U(l)Y singlet field N which gives

most of the mass of the second neutral gauge boson. This constraint is more

6),10) and from the non-

6)’11). The

severe than bounds from low-energy neutral current data
observation of the second neutral gauge boson at the CERN Sp collider
lightest charged scalar sparticle is then found to be the EL’ if m§§ is swmall

enough to yield sparticle masses of contemporary experimental interest. However,
imposing mEL > 22 GeV as required by PETRA limitslz) is not so severe a con—
straint on the scale my of soft supersymmetry breaking as is the requirement that

mg > 0. This bound 1is alsoc more severe than Ep collider bounds on my, mqlS),

méL ), as well as bounds on wmy and e from searches for ete™ » y + nothingls).
Constraints on m% from the masses of unseen charged Higgs—-like particles are
possibly more severe, but depend om their unknown Yukawa couplings. A model-
dependent and permeable upper bound on m% follows from requiring that the dynami-
cally determined ratio x/mw not be "unmnaturally” sensitive to other unknown input

Yukawa couplings. The possibility of such a naturalness problem was first

6),7

emphasized in Ref. 16). A "no-scale” scenario ),17) for the dynamical genera-

tion of m, which is consistent with all these phenomenological constraints is

only possible if m_ £ 70 GeV. Arbitrarily low values of m_ are allowed, while

t
values much above 50 GeV require very special values of the input parameters, so

smaliler values of w,_ are preferred.

The mass matrix for the massive neutral gauge bosons (ZU,ZE) in the minimal

low—energy theory that can be obtained from the superstring after Calabi-Yau

6) .

compactification and Wilson loop gauge symmetry breaking is *:
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where m%o = %(g22+g'2)(v2+\72) is the unmixed 2% mass, with v = <0lH0|0> and
v = '(O‘ITI0 'O) the conventional Higgs vacuum expectation values, and x = <0|N|0>.
The mixing in (1) pushes the mass m, of the lighter neutral gauge boson eigen-
1
state Z; below m,0 5 SO that:
2 1 2
.2 A . 2
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w = w = z
m 2 - 312 (2)
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Taking sin2ew = 0.224 + 0,011 and sin?8,_ = 0.212 + 0.022 from a recent compila-
9

tion of UAl and UA2 measurements of the W~ and 20 (sorry, Z;) masses”’, we infer

A= mzew - m}nz é-w = 0,042 ¥ 0.023 (3)

Figure 1 shows contours of A and the mass of the heavier eigenstate Z, in the
(v/v,x/v) plane. Since H is coupled to the t quark, we expect v/v < 1 in any
phenomenological model. Taking the 1o bound A < 0.035 from (3), and choosing as
the experimentally preferred input values sin29w = 0.224 and m, = 82 GeV, we

infer

% 5> 2.5, My, > 140 GeV (ha)
for v/v < 1, which can be improved to

%X 5320 , mg, > 240 GeV (4b)

v

if we take v/v < 0.6 as in most of our "no-scale” modelsn. The constraint (4) is

. 6),10
more severe than our previous constraints from low—energy neutral currents )»10)

6),11)

and from non—observation of the Z, at the CERN Ep collider , though less

severe than the more uncertain cosmological lower bound on o, coming from the
primordial nucleosynthesis bound on the number of effective speciles of light

18)

left-handed neutrinos .
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*
We turn now to the sparticle masses. The gluino and photino ) masses are
M= M Ml ~ L MMy, . (3)
g 4/21 bl ? i2
When the corresponding Yukawa couplings are negligible, as for the first two

generations, the spin-0 masses are given by:

2
ni,

mSL(m4;2)+ my, (1—).-»-—6), (6)

with the soft SUSY-breaking terms:

i
mz_ = m,fz-Z. Ca (m*lz): (7)

S a=3,2,1
where
.
C3 (M) = L, v bn Mx (8a)
n Wiag
; .
N |
Cz (W) = <2 |4 - AR (8b)
6 (h. 3o g Mx )
20 mai2
N . i
Cq (Mg Lo | 4 - ) (8¢)
18 (u g au b M\
2r m‘llz

aU is the gauge coupling at the grand unification scale MX’ and the numerical
coefficients c: are listed in Table 1. The general form of the D-terms in

Eq. (6) is

*)We recall that the physical neutral fermion mass eigenstates are in general
mixtures of the ¥ and other fields. We have checked that the lightest mass

eigenstate in the models discussed later in this paper has a mass similar to
that given in Eq. (5).
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where the numerical values of T%, Yt and YE

on the SUSY breaking parameter m% resulting from low-energy SUSY search experi-

are alsc listed in Table 1. Bounds
ments In the simplifying case x = v = v were quoted in Ref. 19). However, this
special choice of wvacuum expectation values 1s actually disfavoured by dynamical
7)

calculations aad 1s excluded by the Z; mass bound (4) shown in Fig. l. Since

one expects xfv > 1 > G/v, it is clear from Eq. (9) that the D-terms are most

negative if T:g > 0, Yt < 0, Yi < 0, and the quantum numbers in Table 1 therefore

E
indicate that the v, H’ and HY have the largest negative contributions m% to
1
their mass squared. One does not expect large supersymmetric masses for the v

because their Yukawa couplings are negligible. One must require m2 > 0 in the

physical vacuum, and this is shown in Fig. 2 as a constraint on m% a: a function
of %x/v for plausible values of v/v. 1In addition to the Higgs doublets H,H whose
neutral components develop non-zero VEVs, the models considered in Refs. 6) and
7) contain also physical "unhiggses” H;, ﬁ;(a = 1,2) with the same quantum
numbers but no VEVs. To give to the fermionic partners of their charged compo-
nents, ﬁ;+ and ﬁ;’, masses greater than 20 GeV, there must be in the superpoten—
tial couplings of the form ?\;H;H;N, which were assumed in Refs. 6) and 7) to be
small compared to AHHN. In general, the "unhiggs” mass matrices will have
diagonal contributions of the form n2

S
of the form t?\é(A;\.m%x + Avv). If the terms involving the Yukawa couplings can
a

+ mg + 7&;2;(2 and off-diagonal contributions

be neglected (which need not be the case, since the validity of thils approxima-
tion depends on the unknown value of 7\;), then we are left with Eq. (6), and in

this case myr+ > 20 GeV would give the more stringent constraint on LY shown in
a

Fig. 2 as a dashed line. Because of the previous lower bound on x/v shown in

Fig. 1, we can derive an absolute lower bound on m%:

140 (240} GeV
My, 2 !om
100 (4%0) GeV

0.2
0.6

(10)

= (o]
i

if we use mf > 0 (mH,+ > 20 GeV). We re—-emphasize that the mH,+ constraint is

v a a
less certain because of the unknown Yukawa couplings ?\.&'1.
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These constraints (10) are much more severe than those arising from unsuc-~

13)

cessful sparticle searches. The Ep collider bound on mg just translates, via

Eq. (5), into:

')77”2 ’>_, 45 66\/’ (11)

133

which is also shown in Fig. 2. The pp collider bound mg 2 50 GeV is even less

interesting, since Egs. (5) to (9) tell uss) that mq 2 1.95 mg before the inclu-

sion of D-terms, which do not change the situation drastically. 1In the relevant

range of x/v and my, WY < oy and the ete” constraintlz) gy > 22 GeV is also
L

R
shown in Fig. 2. The UAL boundlé) on (mEL’mV) from the absence of W+ &V decay

is not interesting in our model, because Eqs. (6) to {9) and Table 1l tell us

— F
2 4 2 { U/
- v
el_ ¥ - 2 H (12)
1+ (Grlu)
so that mi 3 0 provides a lower bound on wy which is greater than the UAl lower
v L
15)

bound of 33 CeV if v/v ¢ 0.85, as expected in our models. The ASP bound on

(mz, m?) is also uninteresting, since the constraints (10) due to mi > 0 and the
v

relation (5) tell us

’?’I’I? > 45 GeV, (13)

whereas the ASP experiment is only seunsitive to m? £ 13 GeV.

We now supplement the above bounds with some more model-dependent considera-
tions. We assume that the weak interaction scale is generated dynamically along
the lines proposed in Refs. 5) and 6) and discussed in more detail in Ref. 7).
There we discuss two possible variants of no-scale models for generating the
gauge hierarchy mw/MP << 1 by radiative corrections. In ome "hybrid” variant6)’7)
the gaugino mass m%, which is the seed of soft SUSY breaking, has a relation to
the vacuum expectation values v, v and x which is determined by dynamics at the

Planck scale:
2t 22T ow v‘,z_}'z
’m,uz = (Co‘n./.)b) x — . (14)
e S S

In the other variantS)’é), the constant in (14) is not fized at the Planck scale,

and m% is determined independently of v, v and x by dynamics at the weak inter-—
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action scale. In the rest of this paper we will concentrate on "hybrid"” models

(14), but similar results would apply to models of the other variant.

In these models, a field vacuum expectation value can appear when radiative

corrections drive the corresponding soft SUSY breaking mass squared mg <0 20).

. . i
This will occur at some renormalization scale y,:
i

/,,l,; = Mf’ Exp [‘O(i)/(“bomaaofcd&)], (15)

A = A2/47m and @, = k2/4w are coupling strengths related to the

following superpotential terms:

where ®, = hE/An, o

P = h@TH+2HHN + KDDN (16)

with Q3 the third-generation quark doublet, T¢ the right-handed t quark, and D,Dc
the additiomal charge =1/3 quark (and its antiquark) which is present in each Eg
matter generation. In order to get x > v,; as required by the phenomenological

bounds obtained earlier in this paper, we must demand that mé be driven negative
2

at a higher scale than mﬁ. (This would have happened before mZ went negative,

since m > o corresponds to ht > hb.) A generic sketch of the variation of mz,

mﬁ and mz, x, v and v with the renormalization scale p is shown in Fig. 3. The
H

vacuum expectation values v and v develop simultaneously because of the trilinear
term AHHN in the superpotential, which is reflected in a trilinear soft SUSY
breaking term ZAkm15 ReAHHN in the effective low energy potential. Close to the
threshold at By o the ratio v/v is essentially constant, taking a value between
0.2 and 0.6 which depends on details of the choice of model parameters. Clearly
also x/v » © at threshold, so that m%(lﬁ) tends to become much larger than m, =
(gzlff)(v2+;2)%. This limit appears "unnatural” in at least two respects. One
e the original motivation for SUSY, namely that it protects
the Higgs mass against radiative corrections, seems to be lost. The other

is that if m% >’ m

"unnatural” feature 1is that one must fine-tune the input Yukawa coupling para-
meters 1f one is to arrange that the physical vacuum is close to the threshold,
rather than at some generic renormalizatrion scale. The physical vacuum is found
by stopping the evolution of the model parameters at some renormalization scale

be = O(m%), and the "natural" expectation is that lkn “H/“f| = 0(1), not <<I1.

This requirement of “naturalness” is rather imprecise, and largely a matter
of taste. Nevertheless, we have tried to quantify the concept as follows. We

should worry that in a model with mw << m%, a small variation in the 1nput
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parameters would produce a large change in the ratio m%/mw. We can replace this
ratlo by the alternative and essentially equivalent sensitivity indicator x/v.
As 1input parameters which largely determine x/vwe have % and @y . Therefore, we

choose Sk A = lbln(x/v)/bln k,A -y 8§ our measure of sensitivity, and require
, =

L

e 9 bn (x/v) < 5
2 0n k,4

as our criterion of "naturalness”.

(17}

p=M_ we tend to find two
X

solutions to the counsistency condition e = O(m%), where m, is given by Eq. (14)

For any given choice of input parameters (ht,K,k)

with x, v and v evaluated at p = b in Fig. 3. One of these is close to the
threshold p = By and typically has x/v >> 1, while the other one is further from
threshold and has x/v smaller but still >1. We find that there is a finite
region in the parameter space where the latter solution is compatible with the
“naturalness” requirement (17), while the threshold solution is almost never

compatible and generally corresponds to a large value of laln my/dAn p=pg® The

threshold solutioms will be disregarded in the following, while the properties of
the other ones are illustrated in Fig. 4, where domains of the input parameters

{(k,A) wety compatible with the previous phenomenological constralats are deli-

neated. Fig. 4a shows the allowed domain for ht(MX) chosen to get m = 40 GeV:
we see that a sizeable fraction of the area allowed by purely phenomenological
considerations Ls also compatible with the "naturalness” comstralant (5). 1In the
case m =~ 55 GeV shown in Fig. 4b, we see that the area of the [k(MX),h(MX)]
plane allowed by the phenomenology is larger, but a smaller fraction Is
"natural”, so that the fully acceptable domain has shrunk considerably. Further
investigation shows that the acceptable domain does not disappear completely
until o~ 70 GeV, which is therefore the absolute upper bound on the top quark
mass, but this is rather an exceptional case and smaller values of m_ are more
generic. If one takes seriously our "naturalness"” constraint (17), one can also
give upper bounds on m% and x/v, and therefore on the masses of the new particles
predicted by the model. The allowed ranges for the different particles are given
in Table 2: some could well be detectable at the FNAL pE collider. Note also
that because of the bounds on x/v and ;/v in our model, there would alsc be a

lower bound on the 7% mass shift: A 2 0.02 in thils case.

In this paper we have explored systematically the constraints on the masses
of the new particles appearing in the minimal low energy theory which could be
obtained from the superstring by Calabi-Yau compactification. Some of our bounds

are quite model-independent, since they follow from the renormalization group



- 8 -

equations applied to supersymmetry breaking parameters initiated by a universal
gaugino mass. Other bounds are more model-dependent, since they emerge from a
particular no-scale scenario for generating the weak iInteraction scale. Our
results suggest that though sparticles and a new neutral gauge boson have not yet

been found, their discovery cannot be long delayed.
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Field Ty X Y cy ey | ¢}
u 1/2 1/6 1/3 | 16/3 31 1/3
u® 0 -2/3 1/3 | 16/3 0 | 4/3
d -1/2 1/6 1/3 | 16/3 31 1/3

d¢,p¢ 0 1/3 | -1/6 | 16/3 01 1/3
D 0 -1/3 | -2/3 | 16/3 0} 4/3

e, B -1/2 | -1/2 | -1/6 0 31 2/3

e 0 1 1/3 0 0| 8/3

v,HY 1/2 | -1/2 | -1/6 0 31 2/3

ve,N 0 0 5/6 0 0 | 5/3

gt 1/2 1/2 | -2/3 0 3| 5/3

a° -1/2 1/2 | -2/3 0 3| 5/3

Table

Quantum numbers with respect to SU(Z)L % U(l)Y x U(l)E of the fields coutained in
a 27 of E,- A conventional normalization has been adopted for the hypercharges Y
and YE: the properly normalized quantities, such that Tr(T32) = Tr(?z) = Tr (?é)
on the full 27, are given by § = /375 Y and fE = /37§:YE. In the last three

columns we show the numerical values of the coefficients c: appearing in Eq. (8),

needed for the computation of the scalar masses.




_10_

Particle | Lower Limit | Upper limit
t — 70
Z, 185 320
P 100 250
¥ 15 35
EL 55 150
ZR 90 170
v 0 150
El,z 180 500
Table 2

Limits on the masses of unseen particles in the minimal low-energy superstring
models considered in the text. The first column gives lower limits, using exper—
imental data, the assumption that supersymmetry breaking in the observable sector
1s triggered by a universal primordial gaugino mass and the result 0.2 ¢ v/v £
0.6 of our dynamical calculations. The second column gives more tentative and
model-dependent upper limits, obtained by imposing on our hybrid no—scale models

the "naturalness"” constraint (17). All the masses are expressed in GeV units.



_11_

REFERENCES

1) E. Witten, Nucl. Phys. B258 (1985) 75;

2}

3)

4)

5

6)

7

8

2)

10)

11}

12)

13)

14)

15)

16)

17)

18)

M. Dine, V. Kaplunovsky, M. Mangano, C. Nappl and N. Seiberg, Nucl. Fhys.
B259 (1985) 519;

S. Cecotti, J.-P. Derendinger, S. Ferrara, L. Girardello and M. Roncadelli,
Phys. Lett. 156B (1985) 318;

J.D. Breit, B.A. Ovrut and G. Segré, Phys. Lett. 158B (1983) 33.

M.B. Green, Surv. High Ener. Phys. 3 (1983) 127;
J.H. Schwarz, Physics Reports 89 (1982) 223.

P. Candelas, G.T. Horowitz, A. Strominger and E. Witten, Nucl. Phys. B258
(1985) 46.

Y. Hosotani, Phys. Lett. 126B (1983) 309.

E. Cohen, J. Ellis, K. Engqvist and D.V. Nanopoulos, Phys. Lett. 161B {1985}
85.

E. Cohen, J. Ellis, K. Enqvist and D.V. Nanopoulos, Phys. Lett. 163B {19853)
76.

J. Ellis, K. Enqvist, D.V. Nanopoulos and F. Zwirner, CERN preprint
TH.4323/85 (1983).

B. Campbell, J. Ellis, K. Enqvist and D.V. Nanopoulos, CERN preprint, in
preparation.

L. Di Lella, in Proc. of the Int. Symp. on Lepton and Photon Interactions at
High Energies, Kyoto (1985).

S.M. Barr, Phys. Rev. Lett. 55 (1985) 2778;

L.S. Durkin and P. Langacker, University of Penmsylvania preprint UPR-0287-T
(1985).

V. Barger, N.G. Deshpande and K. Whisnant, FPhys. Rev. Lett. 56 (1986) 30.

S. Komamiya, in Proc. of the Int. Symp. on Lepton and Photon Interactions at
High Energies, Kyoto (19853).

R.M. Barnett, H.E. Haber and G.L. Kane, Phys. Rev. Lett. 54 (1985) 1983.

C. Rubbia, in Proc. of the Int. Symp. on Lepton and Photon Interactions at
High Energies, Kyoto (1985).

D. Burke and R. Hollebeek (ASP Collaboration), private communication (1985).

M. Drees, N. Falck and M. Glick, Dortmund University preprint DO-TH.85/25
(1985).

J. Ellis, A.B. Lahanas, D.V. Nanopoulos and K. Tamvakis, Phys. Lett. 134B
(1984) 429; :

J. Ellis, C. Kounnas and D.V. Nanopoulos, Nucl. Fhys. B241 (1984) 406 and
B247 (1984) 373.

J. Ellis, K. Engvist, D.V. Nanopoulos and 5. Sarkar, CERN preprint TH.4303
(1985).



19) J.

20) L.
K.

Je
J.

- 12 -

Ellis, CERN preprint TH.4277/85 (1985), to appear in Proc. of the Int.
Symp. on Lepton and Photon Interactions at High Energies, Kyoto (1985).

Ibanez and G.G. Ross, Phys. Lett. 110B (1982) 215;

Inoue, A. Kakuto, H. Komatsu and S. Takeshita, Progr. Theor. Phys.
68(1982) 927 and 71 (1984) 413;

Ellis, L. Ibanez and G.G. Ross, Phys. Lett. 113B (1982) 227;

Ellis, D.V. Nancpoulos and K. Tamvakis, Phys. Lett. 121B {1983) 123;

L.E. Ibanez, Nucl. Phys. B218 (1983) 514;

L.

Alvarez—Gaumé, J. Polchinski and M. Wise, Nucl. Phys. B221 (1983) 495.



- 13 =

FIGURE CAPTIONS

Fig. 1 :

Fig. 2 :

Fig. 3 :

Fig. 4:

Contours of A = sin29W - sinzéW (s0lid lines) and m, (dashed lines) in
- 2
the {(v/v,x/v) plane, calculated for the input values L 82 GeV and

2 =
sin GW 0.224.

Bounds in the (x/v,m%) plane coming from various phenomenolcgical con-
straints. The two extreme values of the remaining parameter v/v,
allowed by our dynamical calculations, have been considered: (a) viv =
0.2; (b) v/v' = 0.6. The dashed line, representing the comstraint

my+ > 20 GeV on the masses of charged unhiggses, has been derived
a

neglecting the Yukawa couplings K; which give masses to the correspond—
ing fermions, which might not be a good approximation. On the horizon-
tal axis the values of mZZ (in GeV) associated to the different values
of x/v are also shown. As imnput values we have assumed o, = 82 GeV and

sin29W = (0.224 as before.

Sketch of the generationm of the vacuum expectation values x, v and v,
as an effect of the evolution of the relevant parameters in the scalar
potential, according to the renormalizatiom group equations. The

evolution of the soft supersymmetry breaking masses mﬁ, mﬁ and mé

is
also shown. At the scale by where mﬁ becomes negative a non-zero x is
generated, while v and v become non-zero at the lower scale by where
the determinant of the mass matrix M&}ﬁ for the fields H? and HY also

becomes negative.

Allowed regions in the [k(MX),k(MX)] plane for two different values of

the top Yukawa coupling:

It

40 GeV);
55 GeV).

{a) ht(MX) = 0.025 (corresponding to o

{

{b) ht(MX) = 0,035 (corresponding to o
Above the solid lines, it 1s not possible to generate an electroweak
breaking scale o as large as the experimental value =82 GeV. Dashed

lines correspond to the experimental constraints A < 0.05 and mp+ >
a

20 GeV: the latter is imposed considering the full mass matrix for the
charged unhiggses, but assuming that their Yukawa couplings satisfy the
condition h; < %A. It might also be that h; ~ A: in this case, the
R.G.E.s of Ref. 7) must be modified. Finally, dotted lines correspond
to the theoretical bounds associated with our "naturalness” constraints

{(17). The shaded area is the surviving region.
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