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Viable range of the mass scale of the standard model
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In theories in which different regions of the universe can have different values of certain physical param-
eters, we would naturally find ourselves in a region where they take values favorable for life. We explore the
range of such viable values of the mass parameter in the Higgs poterttidtor 42<0, the requirement that
complex elements be formed suggests that the Higgs vacuum expectation valust have a magnitude less
than 5 times its observed value. Fof>0, baryon stability requires thit.|<Mp, the Planck mass. Smaller
values of| 2| may or may not be allowed depending on issues of element synthesis and stellar evolution. We
conclude that the observed valuet appears reasonably typical of the viable range, and a multiple-domain
scenario may provide a plausible explanation for the closeness of the QCD scale and the weak scale.
[S0556-282(198)05509-X

PACS numbe(s): 12.10.Dm

I. INTRODUCTION been realized that there could be different domains in the

universe in which the physical parameters take on different

Some of the major puzzles of particle physics and cosvalues. Because of the growth of space-time during inflation,

mology concern parameters which are much smaller thawe would live entirely within one such domain. The possi-

their expected “natural” siz¢1]. For example, the Yukawa bility of a multiple-domain universe may be more general

coupling constant of the electron,, is about 2< 1076, The  than this particular known theory. For example in string

QCD “vacuum angle,”?, is experimentally bounded to be theory, the moduli fields that determine many of thg physical
less than about 10. Perhaps the mother of all such small- pa_rameters of the low energy theory may not b(_e fixed at the
number puzzles is the cosmological constant probfein s;rlng scale, and perhaps the domains of the universe sample
The cosmological constand,, in natural gravitational units dlffekrjent valuerz]s of these df|elds. E"ef‘ more 9.'?”%‘".% we
(ie. in units ofM%, whereMp~10% GeV is the “Planck could argue that we need to take this possibility seriously

" 180 independent of any known mechanism. The history of sci-
mass’) is known to be less than about 16" All of these  gnce has repeatedly demonstrated that our place in the uni-

dimensionless ratios would naturally be expected to be Ofgrse is not unique. Our planet, solar system and galaxy are
order unity in the absence of some dynamical mechanism gy one of many. It is then required that we raise the pos-
symmetry principle that determined them to be small. sibility that the same situation may hold for the small region

_ For some of these small numbers fairly simple conveny ihe yniverse that we can observe — is our domain equiva-
tional particle physics explanations are available. In partiCuient to the whole universe or are there other different do-
lar, viable models exist for explaining the smallnesg@nd  mains? This may be a difficult question to answer, but mul-
Ae. Other small numbers are harder to explain conventiontiple domain theories may need different forms of analysis
ally. For example, although one can find wajsvolving  than do theories in which there are only a single unique set
supersymmetryto explain why the cosmological constant is of parameters. This paper is an attempt to analyze some of
as small ag1 TeV)* (or 10 % in natural unity, that is still  the consequences of such theories on the Higgs mass param-
56 orders of magnitude larger than the observational bounctter.

These puzzles are difficult to solve in terms of known In multiple domain theories, at least some of the param-
physics and the literature contains various hypothesized reneters will vary in different domains. Many of these domains
edies involving new physics. In particular, for the Higgs will likely have extreme conditions — for example if the
vacuum expectation value there is a strong suspicion thatosmological constant had a more natural value the universe
new particles and interactions such as supersymmetry owould have lasted only a few times the fundamental Planck
technicolor must be present at the 1 TeV scale. However, dtme. However, in the ensemble of all domains, it is an ob-
present we have no evidence that such new physics exists, @®us requirement that we could only find ourselves in those
all searches have thus far been negative. In addition, thdomains that have properties that allow life. We will label
procedure of postulating new physics just beyond the masgomains that satisfy this bias as “viable” domains. Viable
scale in question does not work for the cosmological condomains will only exist for a restricted range of parameters.
stant, so that one must look for dynamical mechanisms In recent work, Weinberg has addressed the question of
whereby new physics at high energy forces the cosmologicalhether this reasoning can explain the smallness of the cos-
constant to a small or vanishing value. mological constanf4]. Weinberg examines the requirement

In this paper we explore the consequence of a new coghat the evolution of the universe be such that matter clumps
mological possibility that may put some of these puzzles in anto galaxies, and shows that this only occurs for a range of
different light. In the context of chaotic inflatioi8], it has  values of the cosmological constant. He then calculates the
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mean value of viable\'s. If the actual value ofA in our s often called the “fine tuning problem” ofin the context
universe turns out to be very much smaller than this meawf grand unified theorigsthe “gauge hierarchy problem”
value, one would conclude that the multiple domain hypoth{6]. We will assume that the standard model is the correct
esis cannot provide any understanding of the cosmologicgheory of particle interactions in the limit that effects from
constant and that other mechanisms would likely have to b&he Planck scale or the unification scale are neglected. In the
invoked to explain the smallness of this parameter. Alternal€xt several sections of the paper we will examine some of
tively, if A is typical of the viable range, we may consider the consequences of varying a single parameté_;,of that

the multiple domain hypothesis as a possible solution to thig@de![7], and their implications for the probability of life
problem. Unfortunately, the results are not yet conclusive, a§Merding. Of course, given the particular value 4ot in

neither the mean viable value nor the experimental value of®Me domain, computing the probability that life evolves in
A is yet well determined. that domain, or how often it is likely to do so, is an ex-

This type of reasoning is one version of what is often{féMely hard problem that we do not know how to do. As a
called an “anthropic” argumenf5]. Some anthropic argu- PTOXY _for such a calculation we _rr_lake certain plausible as-
ments invoke one or another “anthropic principle” — for sumptions about necessary conditions for life to emerge in a
example that the universe must have conscious observer%omain' One of the conditions that we take to be necessary is

t

Such “principles” appear, for the most part, to be rather! \at complex chemistry be possible. For us this means chem-

arbitrary metaphysical assertions. However, in a multipleiStY that involves more than just hydrogen and helium. In

domain cosmology anthropic reasoning has a sounder phys‘i’—ther words, elements ot_her than just hydrogen and helium
cal basis. In such a case, one is not appealing fmiori ~ Must(1) be allowed to exist by the theory, ari@) be actu-
assumptions about what the universe must be like, but rathﬂl,Iy formed in the evolution of the univers¢for further
analyzing the observable consequences of a definite physic3iScussion of the assumptions made in our analysis, and
hypothesis. comparison with 'other re'lated work, see Appendix A.

An analogy may make clear what is involved. Since there Wlthout more information on the nature of the underlying
are many planets in the universe, having varying conditions’,“umple domain theory, we cannot be sure which parameters

it would make no sense to treat the surface temperature ¢f2ry Nor over what range. Therezare some plausible argu-
ments for focusing particularly op~ and these will be ex-

the earth as a fundamental parameter — like the fine¥ ™ .
structure constant, say — to be derived from a fundamentd?'@ined more fully below. Moreover, the viable range fof

microphysical theory. Rather, the fact that the surface temill turn out to be so small compared to its natural range that
perature of our planet “happens” to be near 300&tem- it might be argued that the constraint on its range is the most

perature at which biochemical reactions are possisl®est important anthropic bias, and that other parameters have_only
explained by noting that on much hotter or colder planets th& Sécondary effect. However, many of our considerations
evolution of life would be difficult or impossible. We do not /S0 @pply to more general situations. In particular, it is also
live, therefore, on a planet that is typical all planets, but interesting to look at the ratios of the quark masses from this
one that is presumably typical of biologically viable planets.P€rspective, and we do this in Sec. VI.
Such considerations only become relevant if one has mul- NOte that we do not attempt to modify the standard model
tiple “domains” (in this case planetsand if the parameter PY @dding new physics at low energies. To do so would
whose observed value one is trying to explain does indeef12ke the space of possibilities too large to make meaningful
vary among those domains, rather than being truly a “conarguments. Therel is no intrinsic conf!|ct between the multiple
stant of nature.” domain hypothesis and other physics beyond the standard
Whether the cosmological constafdr in our case the modgl. However, the hypothesis would certainly be superflu-
mass parameter of the Higgs figld a fundamental param- ©US |f_ all of _the parameters of the standard model could be
eter with a unique value derivable from microphysics, or€XPlained without it.
varies among different domains of the universe, is not some-
thing that can yet be answered. An answer would require Il. THE HIGGS MASS PARAMETER p?2
more knowledge of the details of the fundamental theory and
of the cosmology to which it leads. At the least, however, it  Of all the parameters of the standard mogéi stands out
is now clear that multiple domains do occur in at least somdn & number of ways. First, it is the only one which is dimen-
physical theories, and the consequences of such theoriginful, and because of that it sets the scale for the masses of
need to be explored as best they can be. Weinberg's calc@!l the known elementary particldg]. All the elementary
lation gives an example of the way that such theories caRarticles of the standard model which have mass — quarks,
lead to physical hypotheses that potentially could solve outleptonsW*, andz® — derive these masses from coupling to
standing problems in physics. the expectation value of the Higgs. This expectation value,
The greater part of this paper will be devoted to exploringwhich is denoted/ /2, is determined by the minimization of
a similar hypothesis for explaining the magnitude of a singlethe effective potential of the Higgs field/(¢) =\ (¢"¢)?
parameter of the standard model of particle physics, namely- u2¢'¢. Since u?<0 one has thab = \[u?|/\. The ob-
w2, the mass parameter of the Higgs potential. Like the cosserved value ob is 246 GeV. We will call this value 5, and
mological constant, this parameter is many orders of magnikenceforth the subscript “0” will denote the value a param-
tude smaller than its “natural scale” and has so far no com-eter takes in our domain. The masses of the weak-interaction
pletely satisfactory conventional particle  physics gauge bosonsW= and Z° are given byv times the gauge
explanation. Its smallnes@bout 1034 in Planck unity is  coupling constants, which are of orderThe masses of the
considered one of the major puzzles in particle physics, anduarks and leptons are given bytimes Yukawa couplings
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which range from about 2 10 ° for the electron to about 1 longitudinal components of the Weak interaction gauge
for the top quark. The mass of the Higgs particle/B\v,  bosons come from the “pions” not from the Higgs field, and
where\ is as yet unknown, but is roughly of order unf§j. Myw~gaf..
The second way in whicl? stands out among the pa-

rameters of the standard model is its extreme smallness. As ll. THE p?<0 DOMAINS
noted above, it is of ordefl00 GeV}?, or about 103* in _ L _
natural Planckian units. This is to be compared to the next N domains withu”<0 and greater in absolute value than
smallest parameters, the electron Yukawa couplingz2 ' Our demam, one has>v,. One is dealing, thfn, with
%1075, and the QCD vacuum angl5<10‘9 In the sim- Iargg v domams._Our ba_S|c assumption that complex

lest }and unified mode}s? receives c':ontribijtions of order chem]stry” be possible obviously |mpl|es'that.a variety of
P > 9 > > ) nuclei be(a) stable andb) actually formed in primordial or
Mayr~10* GeV? from each of several terms, \,'Yh'Ch mUSt”steIIar nucleosynthesis. Specifically, since we have defined
therefore cancel to fantastic accuracy. In such “fine-tuned complex chemistry to be chemistry involving more than just
models, a very smal! change in the other parameters WO”'Hydrogen and heliuntsee Appendix A we must have the
disturb this cancellation and caugg to vary over an enor-

; o) synthesis of stable nuclei with>2.
mous range(This may be another justification for our ap-

N = . One of the things that can go wrong whenbecomes
proach here of only considering variationsycf and keeping larger thanv, is that nuclei, or even the protons and neu-
the other parameters essentially fiXed.

; 2 : trons, can become unstable. For example, in our domain neu-
Finally, u- stands in contrast to the other parameters o

. ; ; . . ftrons can be stable within nuclei; but, for sufficiently latge
the standard model in that fairly plausible explanations in y'alg

f inciol h onal o as we shall see, the reaction energy for neutron deQay,
terms of symmetry principles or other conventional particle_ m,—m,—m,, becomes larger than the binding energy per

physics considerations are available to account for their Mags cleon in nuclei of about 8 MeV. At that point neutrons
nitudes. _For example, it is generally re_garded as likely tha ven in nuclei will decay and the only stable nuclei will be
the relative values of the gauge couplings are the result of .~ assumptions imply that such a “proton do-
unification of the gauge groups at or below the Planck scal ain” would be sterile

[10]. Likewise, there are many_ideas for explaining th.? rat.ios To analyze the stability of nucleons and nuclei in large

of quark and lepton masses in terms of grand unlflC""t'ondomains we must understand how masses and binding ener-
family symmetries, horizontal interactions, radiative hierar-gies dep,end on. We turn first to this question

chies, or a combination of the$&l]. The smallness of the The quark ana lepton masses simply scale.wit(r'rgnor-

QCD vacuum angle can be explalngd by the axion mechqhg the relatively small effect of the logarithmic running of
nism[12] or by approximateCP invariance[13]. By com- the Yukawa couplings Thus, we taken.=0.5/v,) MeV
parison, the smallness @f? is very hard to account for in {n —4(v/vg) MeV andmd=,7(v/v ) lvleeV 0 '
conventional ways. There have been two main approaches to" 0 ' :O :

doing this, “technicolor’[14] and supersymmetii5]. The We model baryon masses by, =mg M+ Mepy, Where

technicolor approach is fraught with difficulties and has™a ' the sum of the quark Masses in the_barytn@,|s thg
color energy, andn,, is the electromagnetic energy. Since

faIIen_ |_nto disfavor. The super_symmetry app_roach 'S MOT&%,; the neutron and proton the color energy is the same, the
promising, but a completely satisfactory and simple explana-

tion of the smallness of?> does not yet exist. heutron-proton mass_ splitting is given by, —m,=mq

It will be assumed, then, that? can be of either sign and ~My+ Memn—Memp. As long as thg qugrk masses are
can varv betweent M2 and — M2 To understand the be- small compared to the QCD scalevhich will be true for
havi 3; o - P d tﬁ.' £ 100k tv/vo less than a few hundrgdhe size of nucleons, and

avior olv asu” IS varied over this range, one must 100k at o refore the electromagnetic energy, will be relatively in-
the potential for¢ including the effect of its coupling to the

: ; o sensitive tov. (The size of a nucleon will scale a‘s@éD.
guark-antiquark condensatéshich can ordinarily be ne- he d d f thi bel h
glected: For the dependence of this ansee below. Thus we can

take Mgy, n— My, to have the same value which it has in
our domain, namely about 1.7 MeV. Thus we have that
. m,—my=(3(v/vo) —1.7) MeV, and theQ value for neutron
V($)=N(¢Td)2+ u2d o+ 2 Ni(aiqiyp+H.c.|. beta decayQ=m,—m,—me is (2.5@/vg) —1.7) MeV.
! Forv=wvy most of the mass of the, n, andA baryons is
(1) due to color energy. The splitting between thel/2 bary-
ons (h andp) and thel =3/2 baryons ) is in our domain

he ac d for liah ks h | ¢ ord about 300 MeV.[Since the lightest baryons will be made
T3 e qq condensates for light quarks have a value of orden, |y of y andd quarks, we need be concerned only with
f>, where f_ is the strong-interaction chiral-symmetry-

mr W ) ) isospin and not with flavor $(3).] We will assume that both
breaking sca_lle[8]. (f ;=100 MeV) For.,u negat|v_e and My, and my), are proportional to the QCD scalé,ocp-
much larger in absolute value th&h, as in our domain, one Aqgcp depends only indirectly and fairly weakly upan

can ignore the last term in Eq1) and obtainv=+|u“|/N  (This dependence arises because the renormalization group
~|ul|. As u? becomes smaller in absolute value tdn and  running of the strong coupling “constant s, depends on

of either sign, one can neglect the? term and obtairv quark thresholds, which in turn depend on the quark masses.
~(\/\)Y3f~f.. Finally, whenu? is positive and larger We find that Agcp~v®, where 0.25¢<0.3 for —2

than f2 one can neglect the quartic term and obtain <log(/ve)<4. Thus we take Map—mMy~300(/vy)°3
~N(F37u?) ~ (£3/4?). Note that in au?>0 domain, the MeV.
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Of course, for very large (larger than a few hundregl) wherea~5.5, for smallv —v,.
the quark masses will become larger than the color energy, The shortcoming of this model is that all the deuteron
and the proton, neutron, ankl will become non-relativistic  binding is attributed to one-pion-exchange, which probably
bound states in which the color energy will goLa%mq and  overstates its importance. We therefore tried a more sophis-
thus be proportional to. ticated approximatiofl6], using a one-boson-exchange po-

The dependence of the nuclear forcewois a much more tential (OBEP) based on deuteron binding and scattering
complicated matter. The long-range part of the nucleonphase shifts. This model includes 6 bosons, and also includes
nucleon potential is due primarily to one-pion exchange, ang andd wave mixing for the deuteron. We varied,, pro-
therefore has a range of_ . As long as thes andd masses ~ portionally tov? (we neglect the scaling of o¢p), but it is

are small compared to the QCD scale, the mass of the pion R0t clear how the other meson parameters should vary. The
well approximated bym_((m,+mgy)f )2 Assuming that Problem is not well defined, as several of the “mesons” do

f % Aqcp, One has thatn_~v 972 We will takem,, to not correspond to physical particles bu_t are_mockups of t_he
go as v which is adequate for our discussions. Theshort range exchange of two or more pions in channels with
! gwe same quantum numbers. The masses for these mesons

shorter-range part of the nucleon-nucleon potential come . . :
from multi-pion exchange, the exchange of heavier statesr,eﬂeCt the momentum distribution of the multiple pions as

and more complicated effects. It is difficult to estimate homeCh_ as the mass of the pion itself. Further, _th_e mass and
these will depend on. However, our qualitative conclusions coupling parameters are arrlv_ed at only after fitting, thus to
do not depend upon this issue, change their relative values in ad hocway can destroy

With these general considerations we map out the natu ome sensitive cancellation, and is of questionable value.
of baryons and nuclei in universes where v, aced with this problem we chose to vary the pion mass, but

v/ve=1. In our world, the splitting between isospin mul- kept all other parameters of the QBEP unchanged. Solv_ing
tiplets?s Ia}gem m '~300 MeV>my,,m,... The light for the deuteron bound state we find a nearly linear relation
3/2 127 g lem- : P ~
est baryons are thus the proton and neutron. Of these t ctweenBy ando of the same form as Eq2), with a~1.3

SE ; eV [16].
proton is lighter because the quark mass splittfon, - . i
—Mo) quark mas=3 MeV] wins out in competition with the For both our models, the deuteron binding energy is ex

electromagnetic  energy  spliting[ (M, —my) = — 1.7 plicitly a function of m_ and implicitly a function ofv/vy.

MeV] The deuteron becomes unstable to weak decay for
5=vlvg>1. As v increases the neutron becomes more 3.9+a
unstable because,—m, increases, and the nuclear poten- vlve~ 25ta ()

tial between nucleons gets weakéince m, is getting

largen. The combined effect is to render nuclei less stablewith a in MeV. For the square-well model and the OBEP
We estimate that fov/vy=5 there will be no stable nuclei, model, the deuteron is unstablewdt ,=1.2 and 1.4 respec-
as the mass excess of the neutron is greater than the nucleaely.

binding energy. Fov/v,=<5 a variety of nuclei will continue If the deuteron lifetime against weak decay is long
to exist, with fewer and fewer stable isotopes surviving asnough, then a chain of nuclear reactions involving interme-
vlvg increases. diate unstable deuterons may be possible. In this case the

Even if nuclei are stable there is the question of whethecritical reaction is the strong decay—p-+n, which be-
or not they may form through nucleosynthesis. Relevant t@omes possible iBy<0. The corresponding values ofv,
this question is the fact that one of the first nuclei to becomere 1.4 and 2.7 for the square-well and OBEP models, re-
unstable aw /v increases above 1 will be the deuteron, spectively.
which even in our domain is very weakly bound. This is a The anthropic argument in the case where deuterons are
particularly important case as all primordial and stellar nu-unstable is not airtight — there exists the possibility that
cleosynthesis ultimately begins with deuterium. nuclei may form in neutron-rich regions following stellar
The critical reaction for decay of the deuteronds-p collapse. Such a scenario would require significant rates for
+p+e +v which occurs wheneverB < My —m,— M three-body processes, or a long-lived deuteron as may exist
=[2.5(v/vy)—1.7] MeV. For the binding energy of the for the regime of 1.4v/v,<2.7 for the OBEP model.
deuteron as a function af we consider two models, both ~ 10°>v/vo>5. For this range of/v, nuclei are unstable
based on the knowledge that the deuteron is a weakly bourl@ decay of constituent neutronsA,£Z)—(A—1.Z2)+p
and rather extended nuclear state, sensitive to the long-rangee™ + v. Hypothetically, there is the possibility of stable
pion-exchange component of the nuclear potential. In theroton-rich €>N) nuclei, but this seems unlikely. In our
simpler model we treat the nuclear potential as a square wellorld the depth of the nuclear potential is of order 50 MeV,
with a hard core. The hard core mocks up the short rangbut the binding energy per nucleon in nuclei is only about 10
repulsion, whereas the square well of depth 35 MeV andveV. The difference is primarily due to kinetic energy in the
width 2 fm represents the one pion exchange potential. Téorm of nucleon degeneracy energy and Coulomb energy due
model the effects of changing we decrease the width as to the protons. In a nucleus with>N, with the same value
(v/vo) Y2 to account for the increase m,.. The deuteron of A and the same nuclear density, the fermi energy will be
binding energy can be solved for analyticalee Appendix greater by a factor of 2°=1.6, and the coulomb energy will

B), yielding an approximate relation be greater by roughly a factor of 4. Given, also, an expected
_ decrease in nuclear binding due to an increasenjnand
de{z.z—a v Uo) MeV, (2)  stable proton-rich nuclei seem unlikely even in the absence
Vo of inverseB decay.
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Even if stable proton-rich nuclei do exist, it will be diffi- the proton is unstable to the decay-n+e* + v,. The sta-
cult to form them. The most stable nuclei will occur for bility criteria are determined using @ dependent electron
intermediateA, but there will be significant gaps in the se- massmg=\v.
guence of stable nuclei necessary for nucleosynthesis. For One result of increasing neutron stability is to increase the
example, either from direct experiment or by comparison tgprimordial nucleosynthesis yield of HeOnce the neutron is
other unstable isotopes we may conclude thaf,He3, and lighter than the proton we can no longer reliably estimate the
Be*, are all strongly unstable in our domain, and thereforeresults of nucleosynthesis. With no Coulomb barrier to sup-
also in domains where>uv. It is unclear, then, how com- press reactions, we anticipate that all single nucleons are
pound nuclei would form it/v,=5. bound into compound nuclei, but we cannot calculate the
Thus, the only stable nucleus will be the proton, and thedistribution of heavy elements. The value raf—m;, never
only element hydrogen. We expect such “proton domains”gets larger than 1.7 MeV, so it is never large enough to
to be sterile. It is interesting that the existence of neutronslestablize nuclei in a manner similar to neutron decay in the
close enough in mass to the proton to be stable in nuclai/vy>5 regime. These compound nuclei are therefore stable
plays an important role in making life in our domain pos- and we see no reason why valuesé$,<1 could not sup-
sible. port life.
vlvg=1C®. For large enough/v,, the mass difference
betweenu andd quarks is greater than the penalty in color
energy,ms,— My, that must be paid to have three identical IV. THE p2>0 DOMAINS
qguarks in a baryon. Exactly where this occurs is not too 2 . .
important, but at some pointn,=m,-++. Comparingmy Flgr #<0 ftfhe .ar?umint pase_d on viable (;herlrlls}try
—my~3(v/vy) MeV to My, My~3000/ve)°% MeV W(Z)r ed very effective y.3T (Za situation is not as 2s,lmpze or
suggests that equality takes place at arounidy~ 500— A > 0. In this casep~f7/u”, and therefore fop"=|us|
1000. ~(10° GeV)? one hasy=<10 %, and all the quark and
On either side of the critical value there is a range of ordellept({n4 Masses are extremely small. For exampig;-5
20% in v/v, where bothp and A** are stablized by the <10 " eV(ug/u®). Also, symmetry breaking of SU(2)
electron mass. This leads to what we shall call “proton plusXU(1) is driven by quark condensates, so théfy~f ..
A+ domains.” These facts have dramatic consequences for the chemical
As v is increased above the narrow range of values whernergy scale of life, the structure of elements and stellar
p andA** can coexist, the proton becomes unstable to th&volution; all of which play a role in the genesis of life.
decaypﬂA+++e‘+7, and at this point the only stable Our critical assumption is thz_it life requires the chemlst_ry
baryon is theA™*. We refer to such a domain as a\** * of COTP"?‘ molecules. A typical biochemical energy is
domain.” Echem_— ea’me, Wheree?’ls a n_ume_rlcal factor, \_Nhl_ch in our
It is fairly clear that theA™ ™ domains are sterile, as in (éomaTglgooé ok:der 10% (Th|sf gives, not comcufjer?tally, h
them it seems quite unlikely that twa™"’s would bind. V\;;ﬁ;r{:n; would tbee %Vfrzzlgsizssrrrgcsenigﬁziﬁ:?s ?Né ghéaélllrt '
Sincev/vy is large enough than, 4>f ., the pion is not a

goldstone-boson-like particle, and the nuclear force has Onl}?on&der is hard to say. We shall keep it as a parameter in our

a short range part. Here, in addition, there is a substantia(l)Pnr;nuﬁ]Sé ::Ar/uecitglmkoilatuighrr?elj)i/ thati'st Isrc:a:)%ﬁo%(;rln&?; ed to
Coulomb repulsion between the" *'s. : p chem IS Prop e

If the A**'s cannot fuse to form heavier nuclei, then which in u“>0 domains is tiny compared to its value in our

there is only a single kind of element, which will have adomaln. . . .
. ++ . . . . It is clear that chemical life cannot emerge until at least
single A as its nucleus. But this element is chem|caIIy,[h

equivalent to helium, and is therefore chemically inert asthz Eﬁs%rg?gzkwfoyggiigfgﬁgh \ggglr; ?;Etempe[}aguritof
well. Therefore, in theA™ " domains one expects neither 9 Yhem- P

nuclear nor chemical reactions to occur. It is hard to con—'t picturesquely, there is the problem of life being fried by

ceive, then, what kind of reactions could form the basis oftgfn cgfaTer$icé<grount?1;arﬂ§?gp.d;/xgﬁn Jv?l'lsbra?;at'i; has
life. The “proton plusA™* universes” are only marginally P chem y P lene

more interesting. From what we know of their molecular ”BmPEghem’ where 7g is the barypq to ph.ofcon ratio. We
states, it seems obvious that hydrogen and helium alon@ssuzm'snB to be set by phy_S|cs that IS Insensitive to the value
could not form the basis of biochemisti§or further discus- Of #*; Such as the interactions of a grand unified theory, and
sion of this point and of the assumptions that we are makindl1€refore to Poave a value similar to that In our universe,
about “viability” see Appendix A) We conclude, therefore, amgly 107" Using 3tchzem~MP/P(tCh6ﬂ) + Echem
that the whole range from/vy=1C to vivg~Mplvy  — €& Mes ANAdMe~Meg(T7/u"v0), ONE derives
~10Y can be excluded.

1>vlvg. Finally, although it is not strictly an issue for the

. . 3/2
hierarchy problem, we examine the nuclear consequences of Lol (M) [ m, |32 vol | a1
v<wv, in domains whereu?<0. As v decreases from, Lenen™ My m, /| Meo i3 @ 7B
m,—m, falls belowm,, so that the neutron becomes stable m

3/2

2

2
Mo

but protons in hydrogen become unstable to electron capture.
At a somewhat lower value of, the neutron and proton X €3
masses become equal, followed eventually by a region where

: 4
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or whose exchange violates baryon number. Thus we will pa-
5\ 312 rametrize the baryon decay ratelas= m,5)/M4, whereM is
tenen~ 101 yrs €372 “_2 _ (5)  assumed to lie between f0GeV and 16° GeV.
Mo The time when baryons decay is determined by the con-

By this i ¢ | disast hich dition I'g=H=pYMp. The temperature at this time is
y this ime one of several disasters may occur whic _pre(;given implicitly by the relatiorp,,q= fpg, wheref is a nu-
vent the emergence of life. We will discuss two of these: th merical factor that we take to be about Q1F]. This gives
burning out of stars, and the decaying away of all baryons 1a 1/ U2 o 9
Before we do so, however, we must reexamine one of th rad=(f/9raa) " (I'sMp)*"=0.3('gMp) ™. Requiring that

; _ 20 2 37,2 _
assumptions that went into E€B), namely that chemistry is  tiS be less thaBnen= ea Mg~ ea"Meo(f7/uvo), and us

based on electrons. ing the parametrization df g, yields the constraint
It is not hard to show that if we replacs, by eitherm, 5 3 )
or m, in the formula fort.the resulting time is still short Meof 7Mp M
- o ’<ea’®| ——— || —
compared to the lifetimes of the or 7. This is because the M am>’2 Mp
B-decay lifetime of a lepton goes as one over the fifth power o
of its mass, and therefore as°~ (f3/v,u?) 5. (Recall that 2
the Fermi constantGe~f_? in this limit rather than as =¢(4X10° GeV)? — (6)
v2) 10'® GeV

Sinceu’s and7’s are stable on the relevant time scales, it . . . :
is possibﬁlfa that the valence leptons of biochemistry would bd hus itM~ 1_016 Gev, the constraint that baryons still ezmst
some lepton other thafor in addition to electrons. This When the universe is cooled down B tells us thatu
cannot be ruled out, and in fact whether it is so depends oflust be at least 27 orders of magnitude smaller than the
the details of baryo/leptogenesis. Whatever the mechanismatural scale oM3. The value in our domain is about 33
of baryol/leptogenesis, sphaleron processes will certainly=1 orders of magnitude smaller than the natural scale. If
have the effect of reshuffling baryon and lepton numbers irbiochemistry is controlled by.'s or 7’s, then the above con-
such a way that there will be non-zero values of all threestraint on u? would be weakened by a factor ofi, /me
lepton numbers. Further, there is no reason for all three lep~200, orm,/m.~3000.
ton numbers to be negative, even though sphaleron processesThere are a number of considerations that may actually
will try to minimize B+ L. Let us consider two cases to see strengthen the bound qgu?. In the first place, we have ne-
some of what is possibl€l) If primordially only -number  glected the possibility that baryons might decay predomi-
was produced, and it was negative, then sphaleron-processegntly into channels that are blocked in our domain by the
weak scattering processes, and beta decay would lead tohegaviness of the higher generation quarks and leptons. For
distribution with a net positive charge irs, Q,>0. Addi-  example, in some supersymmetric theories the exchange of
tionally, baryon’s(see belowtend to be positively charged, superheavy colored Higgsinos would produce very fast pro-
so Qg>0. These charges are balanced ®@y<0 andQ,  ton decay(in our domain if it were not for the fact that the
<0. This means that baryons and™s would become final states include flavors heavier than the proton.
clothed withe™’s and ™ ’s. Since theu™’s would be much Even more interesting is the possibility that baryons could
more tightly bound, chemistry in this case would be electrordecayvia sphaleron§18]. Since inu?>0 domains the weak
chemistry.(2) If, on the other hand, primordially only elec- interactions are broken not aj but atf_, non-perturbative
tron number were produced, and it were negative, then theeak baryon decay would not be as strongly suppressed as in
baryons would end up being clothed exclusively with's ~ our domain.

— as long asN,>Qg. In any baryonic atom, a could Finally, there is the question of baryogenesis. If it occurs
replace gu, with a gain in binding energy. The remaining  through standard “drift and decay” mechanispd®] involv-
and us would bind, albeit more weakly, with electrons. ing grand unified interactions, then one would expect the

If the chemistry relevant for life is dominated by lepton asymmetry to be essentially independenidf But if baryo-
|7, then one simply multiplies the formula fdr,., by  genesis takes place at the weak scale in our dof2@h it is
(Meo/M;0) ¥ This result is to be compared with the baryon probable that in the.>>0 domains the asymmetry would be
lifetime. If 75>t.nem: We then consider the structure of nu- very different.
clei, and stellar evolution. (i) The structure of the elementg/ith the Higgs system
(i) The decay of baryonsThe unification of gauge cou- not generating a vacuum expectation value, the breaking of
plings suggests grand unification at a scale of ordéf 10 the standard model occurs through the Goldstone bosons of
GeV, and therefore the existence of gauge bosons of thdhe strong interactions. Th&/ mass is of order 50 MeV.
mass whose exchange leads to violation of baryon numbeHowever, the quark masses are very small since they are
But even if there is no unification at that scale, it is plausiblesensitive only to the Higgs vacuum expectation value. With
to suppose that at least at the Planck scale there will be statei essentially massless quarks, the lightest baryon multiplet
will be a 70-plet, with 27 members which are neutral, 27
which have charger1 and eight each with charge -1 and
Y1t is also possible to obtain a “viability” bound om? for u? charge+2. The lightest meson multiplet starts out with 35
<0 from the requirement that baryons be sufficiently stable. How-members, but three are “eaten” to become the longitudinal
ever, it turns out that the resulting bound of about!{1BeV)? is  gauge bosons, leaving 32 pseudoscalar mesons, which are
weaker than the bounds we obtained in Sec. IV from other considthe Goldstone bosons of the dynamically broken chiral
erations. SU(6) symmetry.
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Electroweak interactions will split the multiplets and our A nucleus consisting oN baryons of type Q,t3)=(0,
estimates for these effects are based on the understanding ofl) andz of type @Q,t3)=(1,%) will have strong isospin

electromagnetic mass splittings of the observed hadrons. Fe{—1(z—N) and weak hyperchargg/2=N+2Z. (Since

the Goldstone bosons the mass splittings can be understogght-handed quarks have vanishing weak isospin, the effec-
using effective Lagrangians with chiral symmetry, which intive weak isospin of a nucleon is half of its strong isospin,
the world under consideration would involve a SU(6) andY/2=Q—t3/2.) The Coulomb energy will have contri-

X SU(6)g chiral invariance. The purely lefthanded interac- butions proportional tdg2(Y/2)2+ g2t(t+1)/4]. For larget
tions of the chargedV's will not produce masses for the we can approximatg(t+1) byt2. Clearly, this is minimized
Goldstone bosons, since such interactions lead to an effectivgy makingt as small as possible, naméby |t5|. This allows
chiral lagrangian which involves derivativE®l], and hence us to express the Coulomb energy in term$NodndZ, and
vanishes ap?=0. However vectorial interactions do gener- minimizing with respect toZ subject to the constraint that
ate masses, in analogy to the electromagnetic mass shifts gf+ N=A, one finds easily that

pions and kaons. The electromagnetic afftlinteractions

will have such vectorial effects, and display an SU(3) Agi—g3
X SU(3)y invariance for separate rotations of up-type and =5
down-type quarks. By a generalization of Dashen’s theorem

E)ZZ]' these |nt|eract|orr1]§| W'”_ Igave the 16 neutral G(t)ldsﬁ(l)nl?his relation holds for intermediat®; for large A the weak
osons massless, whileé giving a common mass 1o a orce will saturate due to its finite range, and eventually we

charged mesons. Using the observed pion mass splitting W8 st also include degeneracy effetitting Fermi levels as

can estimate that the charged mesons will have a mass Well as other nucleon states, while for smallwe must in-

about 35 MeV. The_neutral mesons will (_jevelop very smallgjude the nucleon mass differences.
masses due to chiral symmetry breaking,(mqf ) Coulomb energy may cause nuclei larger than some criti-
~Ng%2/ . Even foru as small as 100 GeV, some meson cal size to be unstable to spontaneous fission, as in our do-
masses will be less than a KeV. The tiny mass of the neutrahain. However, above the value &f for which the weak
mesons implies that nucleons will have a long-ranged neutrdbrce saturateswhich we estimate to be on the order of a
mesonic cloud, and that the nuclear force will have a correfew hundredl the ratioZ/A is determined predominantly by
spondingly long-range potential. minimizing electric Coulomb energy rather than weak-
The baryon mass splittings are less amenable to an analjateraction Coulomb energy. This would legid theseu?
sis based only on symmetry, and we must include quark>0 domain$ to large nuclei having@ <A. The smallness of
model ideas about the effects of electroweak interactionsZ/A may well mean that there is no maximum size set to
The short-distance electroweak effects preserve the quafRiclei by spontaneous fission. The situation is complicated
chirality, which implies that they will not generate quark by the longer range of the strong nuclear force and the ef-
mass shifts. The longest range effects of the vectorial interf€cts of degeneracy energy with many degrees of freedom.
actions will be proportional to the square of the baryon'sTherefore, we cannot say with certainty whether or not there
electric or weak charges. Describing these by the electriéS @ maximum nuclear size in the”>0 domains. ,
chargeQ and the strong isospin and ignoring the masses of Similarly, the spectrum of nuclei that result from primor-

theW,Z, we would expect that the lightest baryons should bed'al nucleosynthesis is not certain. Early stages of nucleosyn-

h PP hich ins th thesis will occur with neutral baryons combining to form
the 19 Q.t)=(0,2) states, a group which contains the neu-jjgpt nyclei, but as nuclei grow in size and charge, it is not

tron. With splittings of order an MeV, the 19(t)=(1,3) clear to us whether or not Coulomb barriers will result in a
charged baryonscontaining the proton and related states termination of nucleosynthesis at small or modest nuclei, or
could likely be the next grouping. Hyperfine interactions andwhether nuclear burning will “run away” to give only very
quark masses could further split the states within thesenassive nuclei. The difficulty lies in estimating how screen-
groups. All of the baryon and meson states which are shiftethg and thermal contributions to meson masses will affect the
up in mass are unstable and can decay down to the grourdng-range nuclear potential in its competition with the Cou-
states via weak or electromagnetic interactions, although petemb barrier between light nuclei.
haps with very long lifetimes. With the uncertainty in these issues, it seems possible that
Given these building blocks we outline the nature of nu-light nuclei with small charge may exist and provide a basis
clei. In our world, consisting of just protons and neutrons,for chemical life. It is also possible that nucleosythesis will
any substantial nucleus has comparable numbers of neutronssult in a small number of low-charge, superheavy nuclei,
and protons, as dictated by a need to minimize the Fermivhich does not seem conducive to the development of
energy. There is a tendency to have fewer protons so as themical life.
simultaneously lower the Coulomb energy. In fia&>0 do- (iii) Stars burning out.Even if an interesting mix of ele-
mains, there are many species of neutral and charged nuclments develops during nucleosynthesis, the tiggg,, is so
ons, so the effects of degeneracy energy will only come intdarge that it is natural to wonder if there would be any stars
play for larger nuclei. At the same time, for modest sizeleft by the time biochemistry could take place in a small-
nuclei (R of a few fermj the weak bosons are effectively domain. On the other hand, with extremely small lepton
long range,my,R~m;R<1, so the one must take into ac- masses, stellar cooling may be so obstructed that stars never
count weak-interaction energy as well as electromagneticontract to the nuclear burning phase at all. We give an over-
Coulomb energy. view of these issues.

A[l 2sirt(6)] .
=5[1-2si ~—.
2 g3+ai 2 4
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Stars are supported by either gas pressure, radiation pres—fjjT%lOlz/TEev cm; i.e., solar type stars are likely to cool
sure, or degeneracy pressure. If the support is either gaby volume emission or have a very deep neutrino sphere.
radiation, or degeneracy of a relativistic species then as th€he energy loss rate per lepton from pair annihilation to
star cools(loses energyit contracts and heats upl (in-  neutrinos is~10 8T, GeV s %; i.e., solar mass stars cool
creasep If supported by degeneracy of non-relativistic fer- on time scales of roughly a year, and larger stars in much
mions, then it cools but does not contract. A system of thdess time. This is very much less th&em.
first kind contracts until it becomes hot enough for nuclear The next issue is star formation. Of particular concern are
burning to proceed against the Coulomb barriers of the nuthe cooling rates during collapse, when temperatures are too
clei. Once the fuel is gone contraction continues until eithetow for efficient neutrino emission, and cooling is regulated
another fuel burning stage is reached, the object is supportddy the photon opacity either in the interior or at the surface.
by non-relativistic degeneracy pressivenite dwarf or neu- Opacities are determlneq b_y the chemistry of the I|ghtes_t
tron staj, or the object contracts within its Schwarzschild charged lepton. For us this is the electron mass, although in
radius and disappears as a black hole. Systems supported ByMe scenarios the active species will in fact be positrons
degeneracy pressure before nuclear burning cool into planet82Und in eitheru or 7-onium. _

Whether a cloud of gas turns into a star or a planet de- There are two stages in the collapse of a cIo_ud to the point
pends on its initial mass aritb a lesser exteptomposition. of nuclear |gn|t|on.. At f|rst,.temperature gradients are not
Initially the cloud is non-degenerate and is supported by galr9€ and convection provides the energy transport. The
pressure. As it contracts degeneracy pressure increases Rf¥otosphere is essentially held at a fixed temperailye

R~° while gas or radiation pressure increaseRag. When _’%“Zme at which material is no Iongfr ionized and the opac-
the star reaches a siR degeneracy pressure will halt fur- ity drops. The luminosity i ~R?Tg. Cooling is initially
ther contraction. From dimensional analysis, very fast but slows as the star shrinks. Eventually, tempera-
ture gradients increase to where radiative transport is effec-
N3 tive and convection is cut off. At that point the cooling time
Ry~ , scale is the Kelvin-Helmholtz time for photon diffusion to
M, my the surface:
where M, =(Gym3)*’N~M/My, N is the number of B sz N 10°%?T
baryons in the star, andh; is the mass of the degenerate t N R T24m2’
fermion [23]. ¢

The temperature at this point §;~M2m;, and the Wwhere\ is the mean free path andis the cross section for
Fermi momentum of the degenerate fermions ks, photon-lepton scattering. To derive the last relation: note that

~M, m;. If T, is greater than the temperature necessary fof T2< Me then o~ a?/m; (_E’Ut for higher temperatures
nuclear burningTy~ 1 keV [24], then a star is born before ~a’/T?, and thatRT~10"M, is roughly constant during
degeneracy occurs. In our domaing=m, and, after includ- collapse. The cooling time is dom|r12ated by the epoch when
ing numerical factorsT,>Ty for Ng>.08Ng . Low mass T=Me, OF teoo=10*7me~10""u? ug yr. This is less than
stars develop, burn, and then turn into white dwarfs. In dchem[S€€ EQ(5)], but not by so much that the energy from
#?>0 domain, the lepton may k& w«, or 7, but in any case stellar buming may not be available for life to form..
m;<1 eV. T4 will therefore be too cool to support nuclear Thus, within this crude treatment of stellar evolution, stars
burning. Protostars witM, <1 turn into planets. are expected to form slowly, but burn_nuclear fuel very
If M, >1 the leptons become relativistic before they pe-quickly. '_I'h_e actual stage of nuclear burn_lng seems too short
come degenerate, and the collapse cannot be halted uni@) benefit life, bu_t there are other possible energy sources
nuclear fusion takes place. After a burning phase contractiof@n surface heating of planets by stars. For example, planets
continues until either another nuclear burning phase occurday be volume heated by radioactivity, residual gravitational
or the core contracts inside its Schwarzschild radius and §nergy, baryon decay, or even absorption of the background
black hole results. IM, is not too much greater than 1, a Of neutrinos produced by stellar burning. The energy flow to
neutron star may form. t_he surface would in principle be usable for the evolution of
SinceM, >1 for nuclear fusion, stellar burning will take life.
place in a plasma of relativistic leptons and anti-leptons. This
plasma is not degenerate: the degeneracy paramekterTs
~1/M, . As the leptons are relativistic, opacities for photons  We have been discussing theories in which the Higgs
will be large, dominated by the photon-lepton cross-sectiommass parametew? can vary in different regions of the uni-
a?/T2. On the other hand neutrino interactions are also muclyerse, under the assumption that the Yukawa couplings do
larger, so neutrinos dominate stellar cooling in the nucleanot change from the values that they have in our portion of
burning phase. the universe. It is possible that the underlying theory also
At temperatures less thavl,y cross sections for neutrino allows the values of the Yukawa couplings to vary in differ-
pair production, scattering from leptons or baryons, absorpent domains. In this section, we discuss some of the possible
tion, etc., will be of orderT?/f4. For stars ofM, =1 the  implications of this situation. However, we stress that with-
density of baryons and thermal leptons will be comparablepout knowing the details of the fundamental theory we do not
but for larger stars thermal particles will dominate, so weknow whether these masses are in fact subject to variation or
may estimate mean free paths and emissivities from thermathether they occur in fixed ratios due to some other mecha-
pair processes. Mean free paths for weak interactions. are nism. For example, we can see no anthropic argument which

V. QUARK MASSES



5488 AGRAWAL, BARR, DONOGHUE, AND SECKEL 57

would force neutrinos to be as light as they seem tdibe . Our Domain

indeed they have a mgsHowever, a “see-saw” mecha- p.A Stable\ |

nism[9] would make them very light automatically, and we 20 o T O

would not need consider anthropic reasoning. 10 £ g % g E
The masses of the quarks and leptons of the second an_ 0 BEnERE 3

third generations have very little impact on the particles and £ -10 £ = \g\%\ 3

reactions which occur naturally in our universe. Therefore o -20 f e 3

anthropic arguments would not place constraints on their™ -30 gl e 3

masses. In an ensemble of viable domains, these masst -40 Blolisloul .ol Lo Al :

could be randomly distributed. In practice, the observed s s 296 S 003

masses appear to be distributed without any obvious patterr sen(’) log(1+’lt )"

and randomness appears as good an “explanation” as any- .

thing else. FIG. 1. A summary of arguments that?| <M is necessary for

The masses of the light quarks are constrained by thifé to develop. Foru?<0, large values ofu?| imply large values
physics which has been discussed above. In particular, tH v, and hence larger masses for leptons, quarks, and baryons. The

requirement that the deuteron exist yields an upper bound opcreasing difference between the light quark masses;m,

the sum of the up and down quark masses: xv/vg, implies universes with but a single species of stable nuclei,
P q ' which we argue would not allow for chemistry rich enough to sup-

(My+my) port life. Therg isa narrow band whe_re batrandA** are staple, '
Sul Td/max_ o 7 but the chemical equivalent of a mix of hydrogen and helium is
(My+Mg)real plausibly also sterile. For?>0, quark chiral condensates lead to
UOCffT/,u2 and quark and lepton masses become very small. Light
If the d quark mass was lighter, or the both the massesepton masses imply that biochemical processes cannot occur until
were small, the proton would be heavier than the neutrongosmologically late times, when baryons may have already de-
and could decay into it. Hydrogen would then not exist as aayed. We show a constraint for a baryon lifetime estimated from
stable atom(at least for small values of the electron mass exchange of intermediate grand unified theory scale €10t
However, the complex elements would still exist, and thereGeV) particles. Even if baryons are stable, formation of a biologi-
would seem to be sufficient building blocks for some form ofcally acceptable mix of elements or the nature of stellar evolution
life. Thus, we will use the above inequality as the sole conmay make development of life improbable. What is left is a rather
straint on the light quark masses. narrow range ofu?<0 which includes the physical values in our
The constraints on the electron mass come from othefniverse.
sources. An electron mass larger that the binding energy of a
nucleon, around 10 MeV, would lead to the decay of atomsthere is a relatively small acceptable range for the Higgs
through the process™ +p—n+wv, with the final neutron parameter? and the light quark masses. The physical val-
ejected from the nucleus. However, stronger constraints canes of these parameters are quite typical of this range, raising
be obtained in nucleosynthesis. If the electron mass is highahe possibility that the anthropic bias of multiple domain
than the temperature at the time of nucleosynthesis, the eletheories could be an “explanation” of these magnitudes.
trons will have all disappeared, converting ea +p—n The arguments behind this conclusion are summarized in
+v leaving only neutrons behind. Likewise, the reactionsFig. 1. Foru? negative, as in our domain, it seems that the
which would burn neutrons, such as+ n—>d+e‘+7e whole range of values for the vacuum expectation value from
which would be the neutron equivalent of the start of the ppMp down to about Sor perhaps even down to 1.2) times the
cycle, use weak interaction transitions and would be shut offalue in our domain can be excluded. For most of that range
if the electron mass is large. The precise constraint dependgown to about 1%) the universe would consist of sterile,
on the neutron and proton masses, but is generically in thBelium-like atoms whose nuclei were" *. There would be

range of a few MeV. essentially no reactions either chemical or nuclear. For the
lower part of the excluded range, there would be virtually no
VI. CONCLUSIONS nuclei other than protons, and tpg andpn processes that

are needed for nucleosynthesis would be endothermic as the
In a universe with domains which can have different val-deuteron would not be stable.
ues of some of the underlying parameters, life may only be For positive values ofz? the condition that baryons still
able to develop in some of those domains. If this is the caseexist at the time biochemistry becomes possible fojceo
we would expect that the parameters of our domain shoulthe many orders of magnitude smaller than the “natural”
be typical of the viable range. If the viable range is so largePlanck scalelCf. Eq.(4).] Our arguments for smaller values
that our values of the parameters are unnaturally small withimf ©2 are less certain. It may be that long range nuclear
this range, then this hypothesis fails to help us understand thferces cause all baryons to clump into superheavy nuclei
observed sizes of these paramefetdowever, we have with small charge, which does not appear to be promising for
found that within the overall structure of the standard modelife. If these forces are screened in a mesonic plasma, then
light nuclei will continue to exist, and can burn in stars, and
stars may ignite at sufficiently late times to fuel life. Indi-
For example, theg parameter in QCD appears to be much vidual stars, however, will be extremely short lived com-
smaller than its viable range, and thus the multiple domain theoriepared to the cosmological time scales. If life is to develop in
do not appear to provide any insight into the str@hg problem. such a universe, the energy source is not likely to be the
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photoluminescence of an individual star. APPENDIX A
One can thus plausibly argue that for life to exist je

parameter has to be negative and has to be close to the vaIuEm. this paper we .”.‘a'“? the folloyvmg assumptiontal
it has in our universe. physics below the unification scaferhich may be at or be-

One of the interesting features of our multiple-domainloW the Planck scajeis described by the standard model of

hypothesis is that it explains — as no other approaches do gtartlcle physics together with Einstein's theory of gravity

i ion- -2
present — the curious fact that the weak scale is near to th%nd some set of dimension-6 operat(sppressed byl ",

i 9
QCD scale. In order for protons and neutrdnather than WhereM IS bere-en 18 and .16 GeV) that Ieaq to baryoq
A**) to be the lightest baryonsyy—m, has to be less than number violation;(b) the universe has a multiple domain
’ u

. 2 H
the chromodynamic energy which splits the baryon decuple%trucwre’(c) the parameter.” of the standard model Higgs

: Opotential varies among the domains over the whole allowed
from the octet. For the deuteron to have large enough bind- from+M2 to —M2 . while the oth ; ¢
ing energy to save neutrons from virtual extinction in the'ange from p 10 p, While the other parameters o

early universe and also to allow thpg reactions to be exo- phys_ics(as evaluated at_ the Plangk soak_ee fixed; (d) _Iife .
thermic, the pion has to have a long Compton Wavelengtﬁequ'res complex chemistry, and in particular chemistry in-

compared to the nucleon, and this in turn means thauthe volving more than just hydrogen and helium; and in a por-

andd masses have to be not only less than but small c:omt—Ion of the work we assume th) life requires stars as a

pared to the QCD energy scale by about the amount seen fpurce of energyor, rathe.r, of low entropy : :
. - ; . e It is clear that assumptiof@) could be changed in various
nature. This also provides a possible resolution to the “fine-

tuning problem’” — in an ensemble of different domain ¢ ways without affecting our arguments. For example, it would
uning probiem - — in an ensemoie o erent domains of go 0 1o matter little what one assumes about the existence of
the universe, the Higgs mass parameter will occasionally fal

. . ) . _ ) xions, or about the existence of right-handed neutrinos.
into the viable range Wlthout havmg_to be f|_ne-tuned N 9eNclearly, there could be many kinds of new physics that
eral. If the cosmological constant is confirmed to have ayoyid have little effect on the ordinary sector of particles.
non-zero value close to present estimates, and no new phygn,s assumptiorfa) is unnecessarily strong. However, we
ics is found in the TeV energy region, we may be faced withare not interested at this point in finding theakestset of
de-facto evidence for the presence of fine-tuning. In such @ssumptions that would allow one to explain the observed
situation, the anthropic or multiple-universe considerations/alue of.? by means of a multi-domain hypothesis, but only
become highly attractive. in exploring whether there isomereasonable set of assump-
Finally, let us comment on the ability of these ideas to betions that might allow one to do so.
tested. Many of the ideas presently being explored theoreti- Assumption(c) is undoubtedly also unnecessarily strong.
cally, such as the hidden sector of supersymmetry breakin@ne can consider instead the possibility that not qufybut
or compactification in string theory, are difficult to probe other parameters vary among domains. For example, if both
directly and the idea of multiple domains is in general simi-u? and a; varied, there would be domains where the strong
larly difficult. Negatively, we can say that if the electroweak and weak scale differed from their values in our domain but
scale is what it is for “anthropic” reasons, there would be nohad the same ratio. It would be interesting to examine the
need to invoke supersymmetry or technicolor or other strucconsequences of such possibilities. However, again, we are
ture at the electroweak scale to make the fine-tuning “natuinterested only in findingomereasonable multi-domain hy-
ral” [1]. If no such structure is found, then, it would be a Pothesis that might explain the gauge hierarchy. Variant
point in favor of an anthropic explanation; indeed, in thatMCdels may ultimately prove to be superior.

case there would be few if any physical alternatives. Positive Th_e validity of assumptioxd) can certal_nly be called_ Into
evidence is harder to come by. Of course, we are not able {guestion. For example, there are interesting speculations due

explore other domains in the universe. However, the muItipIetO.Fe'.nb?rg. and Shapif@5] that qomplex structures might
: . , . arise in liquid hydrogen from the interactions of orthohydro-
domain structure will ultimately be contained as part of spe- d hvd lecul f this | i Id
cific physical theories, such as chaotic inflation, and the congen and paranhydrogen molecuies. It this Is true, life cou
! ’ conceivably arise composed only of hydrogen. However,

sequences of these theories can be testable b_y c_)ther MOGen such a radical possibility would not undercut most of
conventional means. For example, the community is hopln%ur arguments. It would have no relevance to the**

to be able to test the details of inflationary theories throughyomains” discussed in Sec. lll, as they contain only exotic
cosmological measurements and perhaps these could gi¥&jium rather than hydrogen. Even the “proton domains”
indications as to the validity of chaotic inflation. Likewise, discussed in the same section would still be sterile if assump-
direct physical experimentation, such as rare decays and th@n (e) is valid, since they would not be able to produce
pattern of neutrino masses, has the potential to eventuallifydrogen-burning stars. For the>0 domains to allovany
sort out the correct underlying theory. The consideration okind of biochemistry, however exotic or simple, there would
this class of theories is thus far largely unexplored, and watill have to baryons around when the universe had cooled
cannot yet predict how successful the idea will be. Ideally sufficiently to allow the biochemistry. Thus, even if life can
through standard means we may be able to learn if the furemerge from fairly simple biochemistry, most of our discus-
damental theory in fact produces multiple domains, in whichsion would carry through.

case these considerations automatically become relevant. One can imagine the even wilder possibility of life based
Until the time that this happens, our conclusion must beon nuclear rather than chemical reactions, though it is hard to
modest: the observed values of the mass parameters are regvision how this would be realized. But even if such a
sonably typical of the viable range. possibility were realizable, most of the range of negajife
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would still be excluded, as in both the™ * and proton do- noted that for large enough,;,o they have no stable nuclei
mains there is only one stable nucleus and therefore nexcept the mirror analogue of protons — our “proton do-
nuclear reactions. The positiye? case is obscure. main” case. They did not, however, discuss th&** do-

It is clear that one cannot exclude rigorously all such ex-main” case, and, of course, did not consider the sroall
otic possibilities. However, it is not clear that is necessary tg=ase. Moreover, they were not considering multi-domain or
do so in order to claim to have a reasonable hypothesis foranthropic” arguments, and were discussing only the phe-
explaining the value of:2. We would maintain that to have Nnomenology of the mirror sector rather than trying to explain
a reasonable hypothesis it is only necessary to find a set ¢fe value ofv in the ordinary sector.
plausible assumptions that would explain the data in a simple Cahn[29] has discussed the implications of various pa-
way, not to rigorously prove the validity of all of those as- rameters of the standard model having different values. He
sumptionsin advance It is true, however, that to the extent has a very brief discussion of the implications of varying
that exotic possibilities for life which are not based on chem-However, he only contemplates very small variations pf
istry can be made plausible — or even better, are actuallgnd the only effect he considers is the change in reaction
found to be realized in nature — then the kind of hypothesidates in the sun due to changing the Fermi constapt,
we are exploring would become less plausible, and perhaps The general kind of multi-domain hypothesis we are pro-
could be overthrown altogether. This at least says that oup0sing has been discussed by many physicists. This includes
hypothesis is falsifiable. Sakharo\f30], Zeldovich[31], Carter[4], Carr and Reefb5],

Perhaps the most dubious assumptioriels since there Barrow and Tiplef5], Rozenta[26], Okun[27], Linde[32],
are various sources of energy in our world besides stardVeinberg[3], Vilenkin [4], and Shrock[33]. We would
Geothermal energy is one examp{&hough, of course, the imagine that some of these authors have entertained ideas
radioactive isotopes whose decay heats the earth’s interigtuite similar to some of those discussed here.
were synthesized in stellar interior§he validity of assump-
tion (e) is relevant for small positive values pf. [See Sec. APPENDIX B
IV (i), “Stars burning out.”] One would hope that argu-

ments which exclude small positive? could be found binding energy. A well-known pedagogical model of the
which do not make use of assumptiéa. Perhaps, when deuteron involves a square well of depth=35 MeV and

more is understood about baryon-number violation the vi- . .
ability bounds coming from baryon stabilifec. IV (i)] can rangeR=2 fm, with a hard core of radius,. Let us neglect
be strengthened. the D-wave component, so that ttf&wave solutions are
We should comment on some previous work that bears
some resemblance to our own. Certainly “anthropic” argu-
ments based on the stability of the deuteron are not newand
They have been discussed by many authors, including Ro-
zental[26], Barrow and Tiplef4], and Okur{27]. Generally us(rn=ry-(r)=Be ", r=R, (B2)
these discussions consider a variation in the strength of the. )
nucleon-nucleon potential due to varyiag rather thang?  With k=ym(Vo—Bg), and y=ymBy. The boundary condi-
as we do. Moreover, the discussions in the literature ofion is therefore
which we are aware contemplate only Whgt happens for KCOU(R—T )= — 7. (B3)
small variations of parameters away from their observed val-
ues, as opposed to considering the whole possible range ofgere will be a rangeR, , at which the binding energy goes
parameter as we do. In particular, the observation that mog{) ,er0: je.
of the range ofu?<0 gives rise toA** domains that are '
sterile in both a nuclear and chemical sense is new. More- kCOtk(Re—Tg) =0, Kkc=mVp. (B4)
over, as far as we know, no one has considered before the
question of what happens for positive?. One must, of If we let SR=R—R., we can solve for the present value of
course, do this if one is to explain the magnitude:df More R viaa Taylor series. To first order igB we have
generally, we are unaware of any previous discussion which

Let us make a simple qualitative estimate of the deuteron

u-(r)=ry¢-(r)=Asink(r—rq), ro=r<R, (Bl

frames the question explicitly in terms of solving the gauge B

hierarchy problem. cotk (6R+ (R.—rg))=— \/V:O:tamC5R= — Kk OR
There exist in the literature28] models which have “mir-

ror” sectors with SU(3)x SU(2) X U(1)’ interactions, the \/§

same particle content as the ordinary sector, but large values = V_o (BS)

of the vacuum expectation value that breaks SU(2)

X U(1)'. These were constructed as models of sterile neutriNow, the outer range of the potential is determined by the
nos in order to explain recent experimental results on neupion massRe1/m_.. If we search for the value of the pion
trino oscillations. The mirror sector looks just as would themass at which the deuteron becomes unbound, we equate
ordinary sector ifv were simply scaled up in valuéThe

requirement that the weak scale of the mirror sector be large om, S6R B 1 02 B6
arises from observational constraintsMohapatra and m, R VVyxkR °° (B6)

Teplitz [28] have explored some of the phenomenology of
such a mirror sector with largenio,» and, in fact, have Thus, according to this calculation, only a 20% increase in
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the pion mass would cause an unbound deuteron. And since We shall parametrize the vacuum expectation value as
the pion mass and the quark masses very nearly obey the
relation

UV—Up
- de{z.z—a ) MeV, (B8)
m,27=(mu+ md)wmv, (B7) Vo
o

a 20% increase in the pion mass corresponds to a 40% ifer small v —v,, wherea is some positive constant. The
crease irv, or a factor of 2 increase iju?|. square-well calculation gives=5.5.
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