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PHYSICAL REVIEW D, VOLUME 61, 075005

Focus points and naturalness in supersymmetry

Jonathan L. Fen§Konstantin T. Matche?,and Takeo Mordi
School of Natural Sciences, Institute for Advanced Study, Princeton, New Jersey 08540
2Theoretical Physics Department, Fermi National Accelerator Laboratory, Batavia, lllinois 60510
(Received 20 September 1999; published 6 March 2000

We analyze focus points in supersymmetric theories, where a parameter’s renormalization group trajectories
meet for a family of ultraviolet boundary conditions. We show that in a class of models including minimal
supergravity, the up-type Higgs mass parameter has a focus point at the weak scale, where its value is highly
insensitive to the universal scalar mass. As a result, scalar masses as large as 2 to 3 TeV are consistent with
naturalness, andll squarks, sleptons and heavy Higgs scalars may be beyond the discovery reaches of the
CERN Large Hadron Collider and proposed linear colliders. Gaugino and Higgsino masses are, however, still
constrained to be near the weak scale. The focus point behavior is remarkably robust, holding for both
moderate and large tgh any weak scale gaugino masses angarameters, variations in the top quark mass
within experimental bounds, and for large variations in the boundary condition scale.

PACS numbs(s): 11.10.Hi, 11.30.Pb, 12.60.Jv, 14.80.Ly

[. INTRODUCTION then demands that scalar Higgs boson, squark, and slepton
masses all be near the weak scale. Such light particles are
An understanding of electroweak symmetry breaking iswithin the discovery reach of the CERN Large Hadron Col-
currently one of the most important objectives in high energylider (LHC) and future lepton colliders.
particle physics. Renormalizability requires that electroweak Another possibility is that a hierarchy exists between the
symmetry be spontaneously broken; in the minimal standargiarious scalar masses. This hierarchy may be present at the
model, this is realized by the condensation of the elementargcale at which supersymmetry breaking parameters are gen-
Higgs field. In such a theory, however, the squared Higgerated 3] or may be generated dynamically through RG evo-
boson mass receives quadratically divergent radiative correddtion [4]. In either case, one finds that naturalness bounds
tions. The Higgs boson mass, and with it the weak scale, isn the first and second generation squarks and sleptons are
therefore expected to be of order the cutoff scale, which isnuch weaker than those for the third generatiéh First
typically identified with the grand unified theofGUT) or  and second generation sfermions may then be much heavier
Planck scale. The fact that the weak scale is much smallghan 1 TeV and far beyond the reach of near future colliders.
than the cutoff scale requires a large fine-tuning and is therddowever, top and bottom squarks, for example, are still con-
fore considered unnatural in the minimal standard mgifel ~ strained to have masses of order the weak scale, and should
Supersymmetry removes quadratic divergences and ther&€ discovered by the CERN LHC.
fore provides a framework for naturally explaining the sta- A third possibility, however, is that the RG trajectories of
bility of the weak scale with respect to radiative correctionsth® Higgs mass parameters may meet at a “focus point”
[2]. However, the requirement of naturalness constrains su8:7l, where their values are independent of their ultraviolet
persymmetric models, as, in these models, the weak scale Rpundary values.If this focus point is near the weak scale,
generated when electroweak symmetry breaking is inducet® Higgs potential at the weak scale may be insensitive to
by (negative squared mass parameters for the Higgs scalardhe ultraviolet values of certain supersymmetry breaking pa-
The weak scale is therefore related to these supersymmetf@meters, including the scalar masses. In this case, natural-
breaking parameters. It is hoped that an understanding of tH&ess. while constrainingunphysical Higgs mass param-
mechanism of supersymmetry breaking will shed light on the2ters, may lead to very weak upper bounds on the squark,
origin of the weak scale. Even without this knowledge,Slépton, and heavy Higgs boson masses, and these scalars
though, it is clear that naturalness in supersymmetric theorig®y all be beyond the reach of near future colliders.
requires that the supersymmetry breaking parameters in the The last possibility is the subject of this study. We will
Higgs potential be not too far above the weak scale. shoyv that it is rea!lzed in a class of moqlels_ that includes
As naturalness impliespper bounds on supersymmetry Minimal supergravity. Minimal supergravity is at present
breaking parameters and superpartner masses, its implicBlobably the single most widely-studied framework for
tions are obviously of great importance for supersymmetr;PVama“”g the potential of new experiments to probe physm;
searches. These implications depend on the assumed striReyond the standard m(_)del.. We therefore concentrate on Fh's
ture of supersymmetry breaking. With respect to the scalafodel and explore the implications of focus points in mini-
masses, broadly speaking, three possibilities exist. In the
first, all supersymmetry breaking scalar mass parameters are
roughly of the same order; for example, they may be of the Focus points are not be confused with the well-known phenom-
same order when generated at some high scale and then v of fixed and quasi-fixed poin8]. As we will see, when RG
main of the same order when evolved through renormalizatrajectories have a focus point behavior, they do not asymptotically
tion group (RG) equations to the weak scale. Naturalnessapproach a limit curve, but rather meet and then disperse.
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mal supergravity for naturalness and the superpartner speselution to Eq.(1) with fixed values of the gaugino masses

trum. and A parameters, then for arbitrary constant
The organization of this paper is as follows. In Sec. I, we
analyze the focus point behavior of the RG evolution of su- miZ(Q):mi2|p(Q)+§Ai2(Q) (4)

persymmetry breaking parameters. In Sec. lll, we discuss the
!mp".Cf_*“O”S of the up-type nggs focus point for naturalne_ssls also a solution if thexi2 obey the following linear and
in minimal supergravity. In particular, we will see that multi- —

; . . homogeneous equation:
TeV scalar masses are consistent with naturalness. The im-
plications of these results for superpartner searches are con- )
sidered in Sec. IV. Finally, we conclude in Sec. V with a dA; _ 1
summary of our results and some philosophical comments dinQ 1642

concerning the concept of naturalness.

2 yAf. ©

The evolution of the\? depends only on tha?, and theA?
ll. FOCUS POINTS are themselves solutions to the RG equations in the limit

In this section, we explore the phenomenon of focusMa.Aj—0.
points in the RG evolution of supersymmetry breaking pa- With a given boundary conditionA? may vanish for
rameters. We will see that, in certain circumstances, the stsomei at some renormalization sca@ . At this scalem?
persymmetry breaking up-type Higgs mass parameter has given bymi2|p irrespective of¢, and the family of bound-
such a focus point at the weak scale, where it becomes irary conditions parametrized bymiZ(QO):miz|p(Q0)
sensitive to its boundary value at the high scéde example,  + £A%(Q,), with variousé, all yield the same value oh? at
%he t(h;UL'Scam Since tlh(ta gutpetr;ymmetkry br?aktiﬂ_g Taisﬁﬁihe scaleQ). (Here, Q, is the scale where the boundary
or the Higgses are related to the weak scale, this fac PP (i) ;
implications for naturalness, as we will discuss in Sec. lll. afrs]%r::c:gon _|s”g|verb.2We call Qf thg focus p20|nt scale or
point” for m{. For large¢, m™(Qg)>m; |p(QO), and

We start by considering the RG behavior of supersymme:, > 2 ) . 2
try breaking scalar masses. Denoting the mass ofitie in'\]"z?(Q?g))lAs E;(gg)erarglip(%)' a large hierarchym;’(Qo)
=M (Ve .

scalar field bym;, the one-loop RG evolution of scalar Thi lud | di . £1 . W
masses is given schematicdllyy the inhomogeneous equa- IS concludes our general discussion orfocus pom_ts_. €
now consider the existence of focus points in the minimal

tions supersymmetric standard model. Before showing the results
dm? 1 of detailed numerical calculations, we first analyze the focus
— ' _g§|\/|§+2 y2m?+ > y?A?|, (1)  point behavior by using one-loop RG equations. In the mini-
dinQ 1672 R mal supersymmetric standard model, the possibly large

. Yukawa couplings are those for the third generation quarks,
whereg, andy; are gauge and Yukawa coupling constants,y, andy, .* The system of RG equations for the’ is then
respectivelyQ is the renormalization scale, and the summa-

tion is over all chiral superfields coupled to thah chiral A2 T TA2 T
superfield through Yukawa interactions. The gaugino masses Hy r3 3 3 0 01 M
M, and supersymmetry breaking trilinear scalar couplings AEJ 5 2 2.0 0 Aa
A, have RG equations d 23 y2 23
o AQ, :_tz 1 1 1 0 0fAg,
dM, 1, ) 8
—a_ - 0 000 O 2
dan 167ngaMay (2) AD3 AD3
2 0 000 O 2
AHd - = AHd
AL g S y-ZA} 3) - a2
dinQ 16727 % T ] 0 0 0 0 O]
AZ
As one can see, the evolution of the parameters de- y2 00000 ;3
pends on the gaugino masses d@nplarameters, as well as on + —b2 0 01 11 AQ3 ;
the scalar masses themselves. On the other hand, the gaugino 87 00 2 2 2||a2
masses ané parameters evolve independently of the scalar D3
masses. This structure implies that, il‘ni2|p is a particular L0 0 3 3 3 AZ
- d-

(6)

2In Egs.(1)—(3) and(5), we neglect positivé)(1) coefficients for
each term.

3Note that this implies that if a hierarciy , ,Aj<m; is generated “For large targ, the 7 Yukawa couplingy. may be sizable, too.
at some high scale, for example, by an approxinfasymmetry, it  Here, for our simplified discussion, we neglect, although its
will not be destabilized by RG evolution. effects are included in our numerical calculations.
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whereQs, Us, andD5 represent the third generation @)  The focus point fom3 is then given by
doublet, singlet up-type, and singlet down-type squarks, and !

H, andH are the2 up- and down-type Higgs bosons, respec- 3K7e7I(Q$:H“))+3K5e5I(Q'(:H“))+ Ko=0. (11)
tively. All other A{”’s are not coupled to large Yukawa cou-
pling constants and hence a@mos) scale independent. The actual focus point depends on the boundary condi-

To find the focus point, it is simplest to begin by consid- tion. Here, we first consider the well-studied case of minimal
ering small or moderate values of t@n for which y, is  supergravity. In this framework, the supersymmetric La-
negligible. In this caseA? and Aﬁd remain constant, but grangian is specified by five new fundamental parameters:
the RG equations foA? | zz , andAé are solved by the universal scala_r massy, the unified gaugino ma$\_ﬂ_1,2,

u 8 s the supersymmetric Higgs mags,, the universal trilinear
A2 (Q) coupling Ay, and the bilinear Higgs scalar coupliriy,.
Hy 3 1 0 These parameters are given at the GUT sbéig,r, which,
A63(Q) =gl 2|9+ | O )| 1, in our analysis, is def_ined as the scale v_vhere the2gland
U(1)y gauge couplings meet(Numerically, Mgyr=2
A<233(Q) 1 -1 -1 X 106 GeV.) All the supersymmetry breaking scalar masses
(7)  are universal aM g7, and we may take

where mZ|,(Mgur) =0, (12)

1(Q)= dinQ’. t)

fanytz(Q’) EAF(Mgur)=mj. (13
InQy 87 With these boundary conditions, the coefficiertare
The «’s are constants determined by the boundary conditions (ke Ko kL) =2 =, — =0 <

at the scaleQ, and are independent of the renormalization 6:70%0 o227 YYo
scaleQ. For givenk’s, the focus point formﬁu is given by

(14)

’ " 2 3 2 1 2
(K7,Ks,K0,Kq.Kg) =My 7,0,—7,—7,—7 v Yo=Yt

(HY
3kee® Q)+ k=0. 9) 15
For large targ, we cannot neglecy,,, and the above ang the focus point scale is determined by
arguments do not apply. For a general largegatthe evo-
lution of the parameters is complicated and will be studied ef@=1/3, for y,<y,, (16)
numerically below. However, for the specific case fan
=m,/m,, we can assumg,=y,; and follow an analysis e"'@=2/9, for y,=y;. 17
similar to the one aboveln this case, the\?'s evolve ac- ) ) )
cording to Note that thd (Q) in Egs.(16) and(17) are not identical, as
y; runs differently for small and large tgh
r Aﬁ (Q)- Equationg16) and(17) determine the focus point scale in
u M 37 37 r 17 terms of the gauge couplings and the top quark Yukawa
AﬁS(Q) 2 2 1 coupling, or equivalently, the top quark mass. Remarkably,
5 for the physical gauge couplings and top quark masgs
AQs(Q) =7 2@+ gl 0 [+ O ~174 GeV, both conditions yield focus points that are very
AZD (Q) 2 -2 0 close to the weak sga{e. 'I.'hus,.in min-ir.nal supergrgvity, the
23 3 3 0 weak scale value o’nHu is highly insensitive to the universal
AR, (Q) o ST ST scalar massn,,.
i ) -0 -0 We now show numerically that the focus point is near the

weak scale fom,=~174 GeV.(For an analytical discussion,
1 0 see the Appendix.To study the focus point more carefully,
we have evolved the supersymmetry breaking parameters

-1 "m0 ) .
t Ko t Ko : 10 With the ful two-loop RG equationg9]. The one-loop
1 -1 threshold corrections from supersymmetric particles to the
1 gauge and Yukawa coupling constants are also included

[10,1]. We take as inputsag.=137.0359895, G
=1.1663%10°%,  ay(m;)=0.117, m,=91.187 GeV,

%In fact, y, andy, , even if initially identical, will be slightly split
in their RG evolution byy, and the W1)y gauge interaction. In this
discussion, we neglect this difference. This approximation is justi- We choosemiz|p(MGUT)=0 SO thatmi2|p is independent o,
fied by the numerical calculations to follow. and is alwaysO(Mi,z) [or O(AS)] or smaller.
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i ' ' ' L iy ' : ' ] pling constants, which depend on the soft supersymmetry
(a) tang=10 (b) tang=50 breaking parameters. As a result, the RG trajectories do not
all meet at one scale, and the focus point given in Fig. 2 has
N 7 a slight dependence amy. For small values of tag, say,
tanB~2—3, the focus point is at very large scales. How-
ever, the important point is that, for all values of g=5,
including both moderate values of t@nand large values
wherey, andy, are not negligible,Qf:H“)~(9(1OO GeV),

and the weak scale value crfﬁu is insensitive tomy.

1500

1000__|

500 So far, we have considered only the case of a universal
0 P 250 ] scalar mass. However, thlaﬁu focus point remains at the
03 108 109 1012 1015 108 106 107 1012 105 weak scale for a much wider class of boundary conditions.

Q (GeV) Q (Gev) For example, for small ta@, Eq. (7) shows that the param-
eter x;, does not affect the evolution mﬁu. As a result, the

focus point 01‘mE|u does not change even if we vagy,, and

the weak scale focus point is realized with any boundary
condition of the form

FIG. 1. The RG evolution ofnﬁu for (a) tanB=10 and(b)
tanB=50, several values ofm, (shown, in GeVy, My,
=300 GeV,Ay=0, andm,=174 GeV. For both values of tgh
mf,u exhibits an RG focus point near the weak scale, WN@E@)

~O(100 GeV), irrespective afn,. (mﬁu,mﬁs,még“(l,lﬂy1—X), (18)

?R(mz)=1.7463 GeV, bottom quark pole mass, with x an arbitrary constant. Similarly, for the case \of
=4.9 GeV, and, unless otherwise noted, top quark pole massy,, the possible variation is
m,=174 GeV. s o 9 o

The scale dependence wf, for various values offg in (M, My, Mo, Mp My ) o (1,14 X, 1=x, 1+ x=x", 1+x'),
minimal supergravity is shown in Fig. 1. To high accuracy, (19
all of the RG trajectories meet §~ O(100 GeV). In fact, with bothx andx' arbitrary.

in this case, the weak value mau is determined by the Another possible modification of the boundary conditions
other fundamental parameteml,z anq Ay, and hence at may be seen by viewing thmi2|p(QO) as perturbations.
least one of these parameters is required tObBO0 GeV).  gince it was never necessary to specify the particular solu-
In Fig. 1, two values of tag were presented. In Fig. 2, {jon in the general focus point analysis, we may consider
we show the focus point scale sz as a function of tays. arbltrarym |p(Qo) without changing the focus point scale.
The “focus point is defined here as the scale wherehe only constraint om?|, is from naturalness. As will be
amy, /gmo=0. As noted above, we have included the low- discussed in the next sectionny, is required to be

energy threshold corrections to the gauge and Yukawa coy9((100 GeVy) at the weak scale for natural electroweak
: 2 2 2

symmetry breaking. As a resumHulp, mg,|p, and mQ3|P

(and alsomﬁdlp andm%3|p for large tarB) are required to be

of the order of the weak scale. Therefore, deviations from the
boundary conditions of Eq918) and (19) of order sm?
~O((100 GeVY) are acceptable and do not lead to fine-
tuning problems. Similar arguments show that deviations
M,,A;~0O(100 GeV) are allowed. In particular, the focus
point is independent of gaugino massfoparameter univer-
sality, and may therefore be found in many other frame-
works. For example, focus points also exist in anomaly-
mediated supersymmetry breaking models with additional
universal scalar massg8§].

Before closing this section, we discuss another way of

1000 ¢
700

500

300

200

Q¥ (Gev)

100

70 formulating the focus point, which was originally used in
, , | , Ref. [12] for the specific case of minimal supergravity. By
50 ) . : .
10 20 30 40 50 dimensional analysis, the evolution uff,u may be param-
tang etrized as

FIG. 2. The focus point renormalization sc@é”“) as a func- 2 _ 2 2
m = mg+ M7+ M 1A
tion of tang for my=500, 1000, and 1500 GeVfrom above, H(Q)= m2(QMot 72 (QOMIy+ 7 2, (Q)M Ao

M4,,=300 GeV,A,=0, andm,=174 GeV. The focus point scale 2
is defined as the scale at whie?; /gmy=0. T 722 Q)AG, (20

075005-4



FOCUS POINTS AND NATURALNESS IN SUPERSYMMETRY PHYSICAL REVIEW b1 075005

where the coefficienty are detgrmined by th(a:iimension_— scale. For moderate and large values of garhowever,
less gauge and Yukawa coupling constants, and are indem?, >mj does not necessarily lead to fine-tuning.
pendent of thedimensionfu] supersymmetry breaking pa- For more detailed discussions of naturalness, it is conve-

rameters. In this form.ulation, the focus point is given py thenient to define a quantitative measure of fine-turfibg, 14—
scale whereyy2=0, since at that scale, the valuerof, is 17). Following previous work, we use the sensitivity of the
insensitive tam,.” Based on this observation, it was noted in weak scale(i.e., m,) to fractional variations in the funda-
Ref.[12] that, for minimal supergravity, and neglectiyg, mental parameters as such a measure.

nmgzo at the weak scale, and the weak scale becomes very In any discussion of naturalness, several subjective
insensitive to the universal scalar masg, for m=160 Cchoices must be made. The choice of supersymmetry break-

—170 GeV. As may be seen from the general analysis ofng frgmework is crucial. For example, in GUT models, the
focus points above, however, this conclusion holds muctg@ugino masses are all governed by one parameter, whereas
more generally: it is valid even whey, is not negligible, ~in general, all three gaugino masses may be varied indepen-
holds for the more general boundary conditions given in Eqsdently, and the sensitivity of the weak scale to each of them
(18) and(19), and is independent of all other scalar massesmMust be conSIdere.d. In the foIIowmg., we will .speC|aI|ze to

In addition, as noted above and as is evident from (26), mmw_nal_supergrawty. As noted previously, minimal super-
the conclusion is valid also for non-universal gaugino masseg@ravity introduces five new fundamental parameters,

and A parameters, as long as they are not too much largeM 12 o, Ao, @ndBo. All quantities at the weak scale are
than the weak scale. fixed by these parameters. In particular, the vacuum expec-

tation values of the Higgs bosons depend on these quantities.
Therefore, some combination of them is constrained to yield
I1l. NATURALNESS the correcZ boson masgAt tree level, this constraint is that
. . of Eq. (21). At one-loop, the Higgs boson mass parameters
Inzthg previous secﬂo_q, we saw thf’ﬂ the weak scale valugre shifted by the corresponding tadpole contributidt&,
of mj, is highly insensitive to the high scale scalar Mass, < will be discussed belolvErom the low energy point of
boundary conditions in a class of models that includes minivieW, it is therefore more convenient to consider mand
mal supergravity. This fact has important implications for thesjgn () as free parameters, insteadof and B,.
naturalness of the gauge hierarchy, Siﬂlﬁﬁj determines, to We adopt the following procedure to calculate the magni-
a large extent, the shape of the Higgs potential. tude of fine-tuning at all physically viable parameter points:
In minimal supergravitymﬁLI and other sfermion masses (i) We consider the minimal supergravity framework with

have the same origin, the universal scalar nrags and it its 4+1 input parameters
has typically been believed that naturalness constraints on

m{; also give similar bounds on the sfermion masses. Such {Pinpud ={Mo,M1/2,A¢,tang, sign(u)}. (22)

beliefs have led to great optimism in the search for scalar

superpartners at future colliders in the framework of minimalAny point in the parameter space of minimal supergravity is
supergravity[13]. However, as we have seen, the relationspecified by these parameters.

betweenmﬁ,u and other sfermion masses is not as trivial as (ii) The naturalness of each point is then calculated by

typically assumed. In the following, we therefore reconsideffirst determining all the parameters of the the¢rukawa

the naturalness bounds on the sfermion masses in the mirffouplings, soft supersymmetry breaking masses), eton-

mal supergravity model. sistent with low energy constraints. RG equations are used to
To begin, it is instructive to start with the tree-level ex- relate high and low energy boundary conditions. In particu-

pression for the weak scale. TEéboson mass is determined lar, using the relevant radiative breaking conditifya,| and

by minimizing the tree-level Higgs potential to be B, are determined consistent with the low energy con-
straints.

(i) We choose to consider the following set @UT

1 mﬁd—mﬁutar?ﬁ 5 scalg parameters to be free, continuously valued, indepen-
Emzzm—ﬂ : (21)  dent, and fundamental:
{ait={mo, My, 10,A0,Bo}- (23

For all tang, mf; >m? is disfavored by the naturainess cri-

tezrlon, as in that case, a large cancellation betwaﬁmand (iv) All observables, including th& boson mass, are then

u“ is needed to arrive at the physical value of the weakeinterpreted as functions of the fundamental parameters
and the sensitivity of the weak scale to small fractional varia-
tions in these parameters is measured by the sensitivity co-

"Notice that in this formulation, it is clear that all RG trajectories efficients
meet at a focus point to all orders in the RG equations. Of course, as
noted above, threshold effects smear out the focus point slightly —

. dInm3
see Fig. 2.

dlna

: (24)

C =

075005-5
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600 600
500 500
> 400 = 400
2, 2,
N N
300 300
= =
200 200
100 100
0 1000 2000 0 1000 2000 3000 0 1000 2000 0 1000 2000 3000
m, (GeV) m, (GeV) m, (GeV) m, (GeV)
FIG. 3. Contours of constant sensitivity parametgr in the FIG. 5. As in Fig. 3, but for the sensitivity parametgy .

(mg,M ) plane for(a) tang=10 and(b) tanB=50, A;=0, u
>0, andm;=174 GeV. The bottom and right shaded region is parametergand ., as its origin is likely to be tied to super-
excluded by the chargino mass limit of 90 GeV. The top left regionsymmetry breaking and not standard model parameters,

is also excluded if a neutral LSP is required. such agy, or the strong coupling. We will return to this issue
in Sec. V.
where all other fundamentahot inpup parameters are held  Gijven the prescription for defining fine-tuning described
fixed in the partial derivativé. above, we may now present the numerical results. In mini-
(v) Finally, we form the fine-tuning parameter mizing the Higgs potential, we use the one-loop corrected
Higgs potential, calculated with parameters evaluated with
CEmax{cmo'CMl/z’C#O’CAO’CBo}’ (29) two-loop RG equations. Denoting the physical stop masses

o by ny_andnr_, we choose to minimize the potential at the
which is taken as a measure of the naturalness of point ! 2

{Pinputt, With largec corresponding to large fine-tuning. scale
Among the choices made in the prescription above, the _ 12
choice of fundamental parametasis of particular impor- Q (m?1m¥2) ' 26

tance. This choice varies throughout the literatt&,14— ) ) )
17]. Since we are interested in the naturalness of the supelYhere the one-loop corrections to the Higgs potential tend to

symmetric solution to the gauge hierarchy problem, we find?® Smalles{15]. In terms of the fundamental parameters,

. . . ~ 2 2 \1/2
it most reasonable to include only supersymmetry breakingdi=0-5(mg+4M7,;) ™.
In Figs. 3-5, we give contours of constamo, CM, and

Cug in the (Mg,My,,) plane for tanB=10 and 50.(The pa-

®The sensitivity ofu?=0v2+v2, wherev, andv are the vacuum fametersc, - and cg  are typically negligible relative to
expectation values of the up- and down-type Higgs scalars, respethese, and are so for the parameter ranges displayed.
tively, may be a more accurate choice, especially if variations of the Several features of these figures are noteworthy. First, as
gauge coupling constants are considered. In this paper, however, vig evident from Fig. 3, the fine-tuning coefficieny, is small
follow the literature and define sensitivity coefficients as in Eq. even for scalar masses as largemas- 2 TeV. This is a con-
(24). sequence of the focus point behaviorrni,u: for moderate

and large taiB, mﬁu is insensitive tamg, and, therefore, so

600
ismZ. The deviation ok, from zero for very largem, is a
500 consequence of the fact that the focus point does not coin-
cide exactly with the electroweak scale, or, more precisely,
&= 400 with Q7. We will explain this statement in more detail be-
e low.
5300 On the other hand, large gaugino masses lead to taf:%e

through RG evolution, and henccq,,m increases a ),

increases, as shown in Fig. 4. Multi-TeV valuesh\tf,, are
therefore inconsistent with naturalness.
The behavior ot , presented in Fig. 5, is also interest-

g 100D 2000 P 10007 20003000 ing. Sinceuo o, Eq. (21) implies ¢, ~4u?/m5. In par-
mo (GeV) my (GeV) ticular, ¢, is small in the region bordering the excluded
right-hand region, as thee is suppressed by a cancellation

100

FIG. 4. As in Fig. 3, but for the sensitivity parametgy

12’
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600

0 1000 2000 0 1000 2000 3000 0 1000 2000 3000 0 1000 2000 3000 4000
m, (GeV) m, (GeV) m, (GeV) m, (GeV)
FIG. 6. As in Fig. 3, but for the fine-tuning parameter FIG. 7. Contours of constant fine-tuniegn the (mg,Ao) plane

for (a) tanB=10 and(b) tanB=50, M,,=300 GeV, x>0, and
b h d . . my=174 GeV. The shaded regions in the upper and lower left cor-
etween t er;mcz) an ”Mf,z terms in Eq.(20). However, in ners are excluded by top squark mass bounds. The shaded region on

this region,cmo and Cwm,, are large and this region is fine- the right is excluded by the chargino mass limit, while the region in
tuned; the simple criterion of requiring low for naturalness ~ the lower right comer of panelb) is excluded by Higgs boson
[19] fails here. searches, in particular, searches for @e-odd Higgs boson. The

In Fig. 6, we show the overall fine-tuning parametethe thin strip on the left in panefa) is excluded if a neutral lightest
maximum ofc,, in the (my,M ;) plane. The fine-tuning is supersymmetric particlé.SP) is required.

determined by, , Cy,,, andcy, . For smallmg, ¢, isthe . _— . .

. . illustrated in Fig. 8. From this figure, for a given tgnand
largest. Asm, increases, howevechlz becomes dominant, maximal allowedc, we can determine the upper bound on
andc is therefore almost independent g, in this region.  m; The exact range af required for a natural model is, of
Finally, for extremely largem,, ¢, becomes important. course, subjective. However, taking as an example the re-
[For large tarB, largemg is excluded by the chargino mass quirementc<50, corresponding tge<300 GeV at param-
limit before Cm, becomes dominant. As a result, we do noteter points wherec=c, , we find my=2 TeV for tang

see thec;mo segment in Fig. @).] Note that, for fixedV 15, in =10.

Fig. 6, values ofmy=1TeV are actuallynore natural than
smallmg: for largem,, the parametep, and therefore,, , 50

is reduced. Of course, eventually ag, increases to ex-
tremely large values, eithex becomes so small that the
chargino mass bound is violated Ch, becomes large, and 20

so very largem, is either excluded or disfavored.

As one can see, regions of parameter space mjh 2
—3 TeV are as natural as regions witih<1 TeV. As will
be discussed more fully in Sec. 1V, in the region of param-
eter space withmy~2—3 TeV, all squarks and sleptons
have multi-TeV masses, and discovery of these scalars will
be extremely challenging at near future colliders. On the
other hand, the gaugino masd,, cannot be multi-TeV 2
since it generates unnaturally Iargé,u. Although the focus

point mechanism allows multi-TeV scalars consistent with
naturalness, the same conclusion does not apply to gauginos
and Higgsinos. FIG. 8. Contours of constant fine-tuningin the (mg,tang)

As discussed in Sec. I, we expect also that#hgaram-  plane forM,,=300 GeV,A,=0, x>0, andm,=174 GeV. The
eters should be bounded by naturalness to be near the wegkn shaded strip on the bottom is excluded by the requirement that
scale. In Fig. 7, we present contours of constarit the y, remain perturbative up to the GUT scég(M gu7) <3.5]. The
(mg,Aq) plane. As expected, largd terms lead to large region in the lower left corner is excluded by the CERNe™
mau, andA, is also required to b&(100 GeV). In Fig. 7, collider LEP Higgs boson mass limih,>95 GeV, the region in

for increasingmy, ¢ is determined successively Iy, , c, the.upper right corner is excluded py chgrgino searches, gnd the
L 0 0 region at very large tag on the top is again ruled out by Higgs

andcmo. [The Cmy segments are missing for tg>0 con- boson searches, as ti@P-odd Higgs boson becomes too light.

tours in Fig. 7b).] Finally, the upper left region is also excluded if a neutral LSP is

The dependence of the fine-tuning parameten tang is  required.

Mo’

200

0 1000 2000 3000 4000
m, (GeV)
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So far, we have assumed;=174 GeV in our calcula- 190
tions. However, given the experimentally allowed ramge
=173.8+5.2 GeV[20], we now consider the top quark mass
dependence of the naturalness constrainingnThis can be
understood only after accounting for the one-loop corrections <

185

to the Higgs effective potentidl At one-loop, the relation s '
betweenm; and the Higgs mass parameters, E2{l), is =~
modified to[11,1§ £ 170

1, (mf,~Talvg) —(M§ —Ty/v,)tar’B i 165

—m = —

2% tarfg—1 g 0

T 0 1000 2000 3000 4000 O 1000 2000 3000 4000 5000
—Rellz,(Mz)

m, (GeV) m, (GeV)
2 2

= — + —

Mh, Tulvy=p? FIG. 9. Contours of constant fine-tuniegn the (my,m,) plane

for M1,=300 GeV,A,=0, tanB=10, andu>0. The bottom and

> 1/2 0

for tang>1, @7 right shaded region is excluded by the chargino mass limit of 90
GeV. The left region is excluded if a neutral LSP is required. The

whereT, and T4 are the tadpole contributions to the effec-
u d P sensitivity coefficient:mo vanishes on the dotted contoisee texk

tive potential andﬂz(p), the transverse part of theboson
self-energy, is negligible. In minimal supergravity, the domi-be understood in two ways: either we may minimize the
nant terms inT, and T4 are from third generation squark potential atQ; where the tadpole contributions are negli-
loops and have the generic form gible, butnmg is non-vanishing, or we may choose to mini-

o el
Vud 1672 P Q/f

2
Using EQgs.(27), (20) and (28), we find

mize the potential aQ(FH“), in which casenmgzo, but mg

(289 dependence arises from non-vanishing tadpole contributions.
Either way, there is some residual dependencengnas can
be seen in Fig. 3.

If Q(FH“) and Qi are identical, however,7ny2(Q)

Emz + nr’ng(Q) vanishes aQ; . This can happen in two ways: for
2% a fixed top quark mas€); can be lowered t@(FH”) by low-
, 3yt2 i e erin_g Mg, o_r, for fixed largem,, Q(FH“) m_ay be raised t;
z—{nmg(Q)m0+ cee Wm;[i—ln(G o=l by increasingm (and thegeby increasing the top Yukawa
renormalization effect omy ).
E_[’r]mg(Q)-f‘ nr'ng(Q)]mS—,uan cee (29 In Fig. 9, we present contours of fine-tuniregin the

(mg,m,) plane. On the dotted contour, the focus point and
Qs coincide, anct:m0= 0. This occurs fom; above 174 GeV,

in accord with the discussion above. More generally, the sen-
sitivity cp, is indeed reduced for largen,. As a result, the
upper bound ommy is increased for largem,, and form
=179 GeV, the & upper boundmy~3.2 TeV is allowed

wherenr'nz(Q) encodes the dependencerogarising at one-
0

loop through the tadpole.
Recall that the focus poirtD(FH“) is defined by

ﬂmﬁ(Q:Q(FHU)):O’ B0 for c<50. (See Fig. 10. For smaller top quark mass, the
naturalness bound om, becomes more stringent. Thus,
while empirically we find while the focus point behavior persists for ai] within cur-
rent experimental bounds, future improvements in top mass
7/,’713(Q= Q) ~0, (3)  measuremen{®1] may provide important information about

the extent to which multi-TeV scalars are allowed in minimal

which may also be understood to a good approximation fron$UPergravity. . o _ .

Eq. (29. We have already seen from Fig. 2 that fox We may also consider variations in the high scqlg

—174 GeV Q(H“)~O(1OO GeV), well below the typical where the supersymmetry breaking parameters are assumed
*F ' to be generated. So far we have assur@ge- Mgyr. It is

interesting to consider the effects of assuming that the
boundary conditions are specified at a different scale, e.g.,
the string or Planck scale. To investigate this, we have taken

%In fact, the sensitivity coefficient,, can only be reliably calcu- a simple approach, and evolved the gauge couplings up to
lated, and, formally, is only meaningful, at one-loop, since at treesome fixedQ,, set the supersymmetry breaking parameters
level there is no preferred scale at which to enforce (2. at that scale, and then evolved them down to the weak scale.

stop mass scal®;. The sensitivity ofmﬁu to my may then
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T T T T
1050 100 200
30
1

1018
) . - 160 165 170 175 180 185 190
FIG. 10. Contours of the fine-tuning parametexs in Fig. 6, but m, (GeV)

for m=179 GeV.

600

T T 19
1 (a) tanp=10 10

500
= 400
2,
$300 17
- o
= 10
200

100
0 1000 2000 3000 4000 0O 1000 2000 3000 4000 5000

m, (GeV) m, (GeV)

The minimal field content is assumed throughout the RG FIG. 12. _COntours of_constant ﬂne't_umrtgm tﬁ'e (M, Qo)
evolution; in particular, no additional GUT particle content is plane formo=2TeV, M,,=300 GeV, A,=0, tanf=10, andu

’ ’ i e >0. The shaded region is excluded from the chargino mass limit.
assumed folQy>My7, and the unification of gauge cou-
plings atM g7 is unexplained. In Fig. 11 we show contours
of constantc in the (my,Q,) plane. Just as in Fig. 6, the section, we discuss the implication of these results for the
fine-tuning parametec is determined successively, for in- superpartner spectrum and, in particular, the discovery pros-
creasingmg, by Cpyr Cmy, and Cmy: We see that increasing pects for scalar superpartners at future collidé@s.course,
the scaleQ, also allows even larger scalar masses. For exit is clear that such heavy scalars also drastically reduce the
ample the requirements<50 andQ,<Mp, allow my as size of supersymmetric effects in low energy experiments,
large as 2.9 TeV. but we will not address this further.

In Fig. 12 we show contours of constamin the (m;,Qg) The implications for sleptons are fairly straightforward.

plane. As expected, smaller valuesnafcan be compensated Sleptons have small Yukawa couplingsith the possible
for by larger evolution intervals, and vice versa. Notice,exception of staus for large ta#), and so their masses are
however, that varyingn, within its current experimental un-  virtually RG-invariant, withm;~my in this scenario. Multi-
certainty leads to changes mthat are as large as those Tey sleptons are beyond the kinematic limit< /s/2 of all
caused by varying, by several orders of magnitude. proposed linear colliders. They will also escape detection at
hadron colliders, as they are not strongly produced, and will
not be produced in large numbers in the cascade decays of
We have seen that the naturalness boundngrii.e., the  strongly interacting superparticles.

typical sfermion magsmay be as large as a few TeV. Inthis We now turn to squarks. Multi-TeV squarks will, of
course, also evade proposed linear colliders. Traditionally,

1019 ' T T . however, it has been expected that future hadron colliders,
particularly the CERN LHC, will discover all squarks in the
natural region of minimal supergravity parameter sgd&s.

This conclusion is based on the expectation that all squarks
have masses1—2 TeV. In Fig. 13, we present contours
for m(,L.lo (All first and second generation squarks are nearly

degenerate.In the same figure, we have also included con-
tours of the fine-tuning parameter For c<50, we see that
squark masses cnﬁ;,L= 2.2 TeV are allowed, and more gen-

erally, the parameter space with multi-TeV squarks is as
natural as parameter space witl <1 TeV. Recall also

that these mass limits may be extended to as large3ikeV
1015 I for variations ofm; within its current bounds. Squarks of
0 500 1000 1500 2000 2500 3000 mass~2TeV may be detected at the CERN LHC with large
m, (GeV) integrated luminosities of several 100fh However,
squarks with masses significantly beyond 2 TeV are likely to

IV. IMPLICATIONS FOR SUPERSYMMETRY SEARCHES

1018

o 17
o 10

1016

FIG. 11. Contours of constant fine-tunirgin the (Mmy,Qg)
plane for M,,=300 GeV, Ay=0, tanB=10, >0, and m,
=174 GeV. The shaded region on the right is excluded by the
chargino search, while the shaded region on the left is excluded if a '%One-loop correctiong11] are included in all superpartner
neutral LSP is required. masses.
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600 600
- 500
&= 400
= 400 e
[ &
E’; 300
= 300
= 200

200 100
0 1000 2000 0 1000 2000 3000
m, (GeV) m, (GeV)
100
0 500 1000 1500 2000 =500 3000 FIG. 15. As in Fig. 14, but fomg, (dashegl andm, (solid).

m, (GeV)
FIG. 13. Contours of constant squark masg (solid) in the orde_r the Weak scale, left-right mixing ?ﬁeCtS are sub-
- leading for multi-TeVmg. As a result, the lightetheaviey

mgy,M lane forA,=0, tan=10, x>0, andm,;=174 GeV. . . ;
(Mo, Ms) P 9 A r ' stop is mostly right-handedleft-handed, and the lighter

Fine-tuning contour¢dotted are also presented far= 20, 30, 50, ) ) "
75, and 100(from below. The bottom and right shaded region is (h€avier sbottom is mostly left-handettight-handegl For

excluded by the chargino mass limit of 90 GeV. The top left regionla’g€ tan3, y, also suppresses third generation squark
is also excluded if a neutral LSP is required. masses. For example, fgp=y;, we obtain

escape detection altogeth@?2)]. _ m2.=m? =mé ~Zm2. (33
Since the top squarks and left-handed bottom squark in- 3 3 3 3
teract strongly througly,, they are lighter than the other )
their masses at the focus pointmﬁ are given by sbottoms, respectively. By comparing with F_|g. 13, we see
u that the stops are always lighter than the first and second

generation squarks. The lighter sbottom and heavier stop are

(32) nearly degenerate, since they gapproximatelyin the same
SU(2), doublet. The heavier shottom, which is mostly the
right-handed sbottom, may also become significantly lighter

In general, these squark masses, particularly the stop massésan the first two generation squarks for large garThere-

may also be influenced by left-right mixing. However, be-fore, in the multi-TeVm, scenario, stop and sbottom produc-

cause naturalness constrains fhand u parameters to be of tion will be the most promising modes for squark discovery

at the CERN LHC.
In contrast to the sfermions, gauginos cannot be very

1
2 __ T2 2 T2
mg,=3Mo,  Mg,=3zMp.

600
heavy in this scenario. This fact is explicit in Fig. 4: for large
500 Mo, the fine-tuning coefficieli/2 becomes unacceptably
large, irrespective of ta@. As a result, naturalness requires
£ 400 fa.irly light gauginos. For example_, the constraint 50 im-
o plies M 1,,<400 GeV, corresponding thl; <160 GeV,M,
200 =320 GeV, andVi;<1.2 TeV. Such gauginos will be pro-
= duced in large numbers at the CERN LHC, and will be dis-

covered in typical scenarids.

It is also interesting to consider the implications of the
focus point for Higgs boson masses. In supersymmetric mod-
o 000 2000 o 00 2000 3000 els with minimal field content, the lightest Higgs bqson mass

m,, is bounded bym, at tree level. However, this upper
m, (GeV) m, (GeV) bound may be significantly violated by radiative corrections

FIG. 14. Contours of constamy; (dashed and n, (solid) in
the (my,M4,,) plane for(a) tang=10 and(b) tanB=50, A;=0,
©n>0, andm;=174 GeV. Fine-tuning contourglotted are also in some scenarios, however, the detection of all gauginos may
presented foc= 20, 30, 50, 75, and 10@rom below. The bottom  be challenging. This is particularly true in scenarios with degenera-
and right shaded region is excluded by the chargino mass limit oties, such as th&/-ino LSP scenari$23]. To our knowledge, the

90 GeV. The top left region is also excluded if a neutral LSP isdetectability of all gauginognot including the invisible LSPin

required. such scenarios at the CERN LHC remains an open question.
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600
4000
500
2000 <
=" 400
= 2
% A
G 0 3300
~ =
o
<
200
—-2000
1000 1000 2000 0 1000 2000 3000
-4000
m, (GeV) m, (GeV)

0 1000 2000 3000 4000

m, (GeV) FIG. 17. Contours of constant heavy Higgs boson nrags

~my~my= (solid) in the (my,M4,,) plane for(a) tang=10 and
FIG. 16. Contours of constam, (solid) in the (my,Ao) plane (D) tanB=50, A;=0, x>0, andm;=174 GeV. Fine-tuning con-
for M,,=300 GeV, tang=10, x>0, andm,=174 GeV. Fine- tours(dotted are also presented far=20, 30, 50, 75, and 100
tuning contourgdotted are also presented for=50, 100, 200, and ~ (from below.
500(see Fig. 7a)].
mﬁd is suppressed by,, andm,~O(100 GeV). For large
[24]. In particular, top-stop loop contributions, approxi- tang, heavy Higgs boson with masses of several hundred

mately proportional to Inff/m), may be important. Sincé Gev may be found at the CERN LHC through the decays
the focus point allows heavy stops, one may wonder if thi A— 77 [26]

affects the upper bound on the lightest Higgs boson mass.
answer this question, we have calculated the one-loop radia-
tive corrections to the lightest Higgs boson mass. The result
is shown in Fig. 16; we emphasize thg dependence, asthe  |n this paper, we have explored the existence of focus
radiative correction is sensitive to left-right mixing through points in the RG behavior of supersymmetry breaking pa-
the A parameter. For the region with small fine-tuning pa-rameters and their implications for naturalness and experi-
rameter, sayc<50, we flndmh< 118 GeV. It is important mental searches for supersymmetry.

that a largeA parameter is forbidden by naturalness, as this  For the experimentally measured top quark mass, the su-
suppresses left-right stop mixing, which usually significantlypersymmetry breaking up-type Higgs mass parameter

increasesam;,. Therefore, even in the focus point scenario . .
with multi-TeV squarks, Run Il of the Tevatron will probe has a focu§ po'lnt at the SFE.EE (100 GeV) in a class of
S . .~ models which includes minimal supergravity. The value of
much of parameter space in its search for the lightest Higgs » . : . o
boson[25] mj,, at the weak scale is therefore highly insensitive to the
Discovery of the heavy Higgs scalars is more challenginguniversal scalar mass), at the GUT scale. We have also

At tree level, the masses of the heavy H|ggs scalars are aﬁeen that this focus point behavior exists for all values of

V. SUMMARY AND DISCUSSION

proximately given by tanB=5.
SincemﬁLI plays an important role in the determination of
M= My = My== 1 /mau+ mE’d_ 2u. (34)  the weak scale, this focus point behavior affects the natural-

ness of electroweak symmetry breaking in minimal super-
Although mﬁ and u? are always bounded by naturalness,graV'ty' In part|cu2Iar, because a larga, can result in a

u , | v bounded b wral reasonably smaHnHu, naturalness constraints om, are not
for moderate tg;z_ﬁ, Mhg "Z only weakly c?u.n € ) y natural - as severe as typically expected. To discuss this issue quanti-
ness. For negligiblg, , m; does not participate in the focus tatively, we have calculated the fine-tuning parameter
point behavior and is roughly RG-invariant. For largerg@n  which is determined by the sensitivity of the weak scale to
on the other hand,nﬁd may be significantly suppressed by fractional variations of the fundamental parameters. As we
yp, during RG evolution. In particular, in the case of f&n hagle f_e(\a/n,hllnf' regions of parameter t')space ""“ﬂa ,
~m,/m,, there is an approximate symmetry under inter-~2~3 T€V this fine-tuning parameter may be as small as in

chanain H, andU.—D., and sam? also has a focus regions withmy=<1 TeV. As a result, multi-TeV sfermions
gingHu—Hyq 373 Hg are as natural as sfermions lighter than 1 TeV. We note that

point near _the weak scale. In_ Fig. 17, we present the pseypq region of multi-TeV scalars and light gauginasd
doscalar nggs bogon mags, in the (Mo,My) plane. For  piggsinos is also somewhat preferred by gauge coupling uni-
tang=10, mj; =mj, my~m,, and detection of the heavy fication in minimal SW5) [10,27,28, as well ah-r Yukawa
Higgs bosons at the CERN LHC or proposed linear collidersunification at moderate to large t@129,30. The discovery
becomes impossible for large,. However, for large tay, of squarks and sleptons at the CERN LHC and proposed
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600 There are, however, other considerations which favor the
exclusion of standard model parameters from the lish;of
500 As noted in Sec. lll, we are interested in the naturalness of
the supersymmetric explanation of the gauge hierarchy. We
e should not require that supersymmetry also solve the prob-
3 lem of flavor. In fact, in many supergravity frameworks, the
‘é supersymmetry breaking parameters and the Yukawa cou-
R plings are expected to be determined independently. For ex-
ample, in hidden sector scenarios, the supersymmetry break-
200 ing parameters are determined in one sector, while the
Yukawa couplings are fixed in some other sector and by a
100 completely independent mechanism. In this case, it seems

0 1000 2000 0 1000 2000 3000 reasonable to assume thatis fixed to its observed value in
m, (GeV) m, (GeV) some sector not connected to supersymmetry breaking, and
we therefore should not consider variations with respect to it.
Finally, it is worth noting that there are several possible

linear colliders may therefore be extremely challenging, anécenan‘os In which it I_S .clear thag’t should no.t be |r.10Iuded
may require some even more energetic machines, such 4% Or is at least negligibly small. One possibility is that
muon or very large hadron colliders. may _evolve from some higher scale, such as the Planck scgle,
In our analysis, we did not include the Yukawa couplings,C @ fixéd or focus point at the GUT scale. The weak scale is
notablyy,, and gauge couplings in the calculation of the thethen highly !nsensmve to variations in the truly fundamental
fine-tuning parameter. In Fig. 18, we present the sensitivity parameter, i.ey; at the Planck scale. Alternatively, the top

coefficientc, for the (GUT scalg top Yukawa coupling. For Yukawa coupling may arise as a renormalizable operator
vt N with coefficient determined by a correlation function of
my=1 TeV, Cy, is always larger than 70, and so 0§t is

. . i ) ) string vertex operators. The couplizgwould then be fixed
included in the calculation of the fine-tuning parametethe 1o its current valugor possibly one of a discrete set of val-
naturalness bound am, becomes much more stringent and yeg, and it is again inappropriate to consider continuous
me=1 TeV is disfavored. The inclusion gf and other stan- yariations with respect tg,. Note that in both of these sce-
dard model parameters in the fine-tuning calculation woultharios, y, may receive additional contributions from non-
thus lead to significantly different conclusions. renormalizable operators of the foréy,~ge, whereg is a

A definitive resolution to this question of whether or not coupling constant, and is some small expansion parameter,
to include variations of standard model parameters in fineg ch aw/Mp,, wherev is some vacuum expectation value.
tuning calculations cannot, we believe, be achieved without @, this caseg, andc, should be included in the definition of
more complete understanding of the fundamental theories cﬁne—tuning, bgut they will be negligible for sma#.
flavor and supersymmetry breaking. Without such knowl-
edge, any discussion necessarily becomes somewhat philo-
sophical. Nevertheless, several remarks are in order. ACKNOWLEDGMENTS
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TeV, given our current notions of naturalness, we believe
this should be considered fine-tuned, irrespective of the ac-
curacy with which the Higgsino mass is measured. O
course, if this were the case, the fact that a 10 Tepa-
rameter is realized in nature would be a strong motivation to In this appendix, we discuss the focus point analytically at
consider alternative, and perhaps more fundamental, theoraine-loop for the two caseg <y, andy,=Y,. Solutions to
ical frameworks in which a 10 Te\. parameter is not un- the RG equations are well-known for these two cgd$43.
natural. For both cases, we derive a closed form expression involving
the gauge couplings amd, that must be satisfied if the focus
point scaleQr is to be at the weak scale. We also show that

12Note that the exclusion of standard model parameters from thd the focus point is at the weak scale fgy<y;, it is also at
fundamental parametess does not imply that current experimental the weak scale foy,=y;.
data are ignored in the calculation of fine-tuning. All experimental In the analysis of the/, =y, case, we neglect the effects
data are used in stefii) of the fine-tuning prescription to specify Of y, and the hypercharge differences in theandy, RG
the physical hypersurface of parameter space. equations, sg/; andy, remain degenerate throughout their

FIG. 18. As in Fig. 3, but for the sensitivity parametsy.

PPENDIX: DETERMINATION OF FOCUS POINT SCALE
FOR y,<y; AND y,=y;
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RG evolution. The validity of these approximations is veri- We find then that
fied only by the numerical results in Sec. Il. In addition, the
intermediate case, wheyg+ vy, buty, may not be neglected,

is not considered. However, the following analysis may be
helpful in understanding the numerical results, and in par-
ticular, the behavior of Figs. 1 and 2. 1

esl(Q)Eexp< ZSLIHSEY(Q’)d In Q’)
n Qo

Let us define

= 12;2, a=123, (A1)
ay= 1;272. (A2)
These quantities obey the following RG equations:
do:;&an 2b,a?, (A3)
do:f)(/g: 2( say— za: raEa) @, . (A4)

In the minimal supersymmetric standard modél; ,0,,b3)
=(11,1-3), (rq,r,,r3)=(13/9,3,16/3), and=6 and 7 for

Yp<<Y; andy,=Y;, respectively. The solution fd}y is

ay(QE(Q)

a = - , A5
O 25y (QUF (@ -
where
E(Q)=1;[ [1—2b,aa(Qo)IN(Q/Qo) """, (AB)
InQ
F(Q)=fl o EQ)dInQ". (A7)
N Qo

_ _ ., 25%(QF(Q)
1-2sa,(Qo)F(Q) E(Q) ’
(A8)
For a universal scalar mass, the conditions for the focus
point (see Sec. )lare

| 1/3

219

for yp<<yy,

A9
for yp=vy;. (A9)

eS
We see that these are simultaneously satisfigd=atm, if

ay(mt)F(mt) 1

By - 1 (A10)

In terms of the top quark mass, this requirement corresponds
to

1
1672

m,(my)
vsing

2F(my) 1
E(m) 18’

(A11)

where m,(m;) is the running top quark mass, and
=174 GeV.

Given fixed gauge coupling constants, E411) specifies
which top quark mass will place the focus point at the weak
scale. ForQo=Mgur=2x% 10" GeV anda(Mgy7) = 1/24,
we obtainF=—130 andE=13 atQ=174 GeV. For siB
=1, the requirement is them,(m,)=160 GeV, which is
very close to the running mass corresponding to the physical
pole masan;~174 GeV. Therefore, for the experimentally
measured top quark mass, the focus poinmﬁt is close to

the weak scale foy,=y, and also fory,<y;.
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