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Do experiments suggest a hierarchy problem?
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The hierarchy problem of the scalar sector of the standard model is reformulated, emphasizing the role of
experimental facts that may suggest the existence of a new physics large mass scale, for instance, indications
of the instability of matter or indications in favor of massive neutrinos. In the seesaw model for the neutrino
masses a hierarchy problem arises if the mass of the right-handed neutrinos is larger than approximately
10" GeV: this problem, and its possible solutions, are discu§&a556-282(198)01611-7

PACS numbeps): 12.60—i, 11.30.Pb, 14.60.St

We speak of a hierarchy problem when two largely dif-tum theory of the gravity is in a preliminary stage, and the
ferent energy scales are present in the theory, but there is rexperimental perspectives are unclgdlr Instead we want to
symmetry that stabilizes the light scale from correctionsdiscuss the relevance of signals of violations of the global
coming from the large scald]. symmetries of the standard model, the baryon and the lepton

This problem is commonly invoked to argue against thenumbersB andL, paying attention to the experimental per-
simple structure of the Higgs potential of the standard modelgpectives that we can foresee at present.
since the massive paramejet appearing as- %|H|? in the Let us start discussing possible signals of matter instabil-
potential (the light scalg can, in principle, receive correc- v i discovered, they would strongly suggest the existence

tions from any larger scale. To which kind of mass does theys 5 large mass scale, most probably related to a deeper layer

problem pertains? It can be formulated in terms of the renoryy gauge unificatiorithe alternative hypothesis of light me-

malized mass, let us say in the modified minimal subtractiony; .o 5" of matter instability, very weakly coupled with the
(MS) scheme, noticing that at external rr;om_enta above Fnatter, should be seriously considered if nucleon decay
heavy threshold scal®lea,ythe parametep.” will acquire ;404 that do not consenB- L, for instance those which

loop contributions of the order dﬂﬁeavy times the coupling conserveB+L, would be positively observefs,6]). Sup-

of the heavy particle. In this case, the renormalization grou : s
; ; ’ i ose that proton decay signals would be within reach, say at
flow in the standard model is unnatural in the sense that th% P y sl y

o e uperkamiokande. To be concrete, let us imagine the case in
initial conditions at some large scales have to be extremel

fine-tuned to reproduce a Higgs boson mass below the Te\\gyh'c.h t?e decay c_lr_ﬁnnels 'T‘Vg"’";‘g titr?rt]r?e n;]espns are the
scale, if the coupling of the Higgs particle with the particle ominating ones. This may indicate that the pnysics respon-

sible for the proton decay and the origin of ttiamily hier-

of massMpea,yis NOt very small. From another point of view, hical fermi s th ing that th
it was remarked that the bare scalar mass receives quadrafiichica@) fermion masses is the same. Assuming that the cou-

corrections, if the theory is regulated with a cutoff in the PliNgs involved in the decay are of the order of a typical
momenta[2]. This aspect may be considered less relevantyukawa couplingm/v~10"%, a sufficient suppression of
since the standard model is a renormalizable theory, anth€ nucleon lifetime can be obtained only if the mass of the
there is no way to give sense to bare parameters in this comaediatorM is close to 16 GeV (we assumedt ,~ My *).
text; the cutoff can be thought of as a technical device, and iTherefore,u? receives the contributiodu?~y>M%/(41)?
a last analysis, other regulators can be chosen. that is much larger than 1 TéV unless the effective cou-
Note that to speak of a “problem” one is taking a theo- pling y of the light Higgs with the heavy particle is very
retical point of view: One does not like to assume, withoutsmall, approximatively<10~8. It is easy to understand that
motivation, that a hypothetical fundamental theory thatio g typical theoretical schem@n whichy can appear at
should explain the observed quantities and the various P&ne-loop or even at tree leyethe contributions tasu? can
rameters of the standard model should be forced to have @, \ery |arge. In conclusion, this scenario would probably
fine-tuning such as the one @scussed a}bove. This principlg, e s reflect about the hierarchy problem and its solution.
can be used to select possible extensions of the standard It is remarkable that the supersymmetric extensions of the

model, after having stated a quantitative criterion of natural- : . .
standard model, with masses of the supersymmetric particles
ness(such a program was formulated [i8]).

Once this principle is accepted, the discussion about it rountc:] thﬁ. electr:owealglscalg, arte ?:Ie to offer a \1\_/ayt_out
actual relevance is reduced to two experimental terms. Tht om the hierarchy problem due fo the nonrenormalization

first is, if a fundamental Higgs particle exists. Assuming that'€0rem(7] and at the same time are compatible with the
it exists, we face the other aspect: before speaking of a hieflyPothesis of a minimal S(3) 6un|f|cat|on group structure at
archy problem, one has to understand if there are signals &1 €nergy scale a_1round>QL01 ‘GeV[8,9]. This may be re-
physics beyond the standard model, that, in turn, point to thgarded ashe solution[10], but in the present stage of devel-
existence of larger energy scales. opment it is not clear if a gauge hierarchy problem has to be
We will not rely on the Planck mass scale in the following addressed, since no signal of matter instability has been
discussion, since in our opinion the formulation of a quan-found yet. In this connection, it is important to remark that
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VR (HDM) candidate, respectively. Assuming small mixing, the
contribution tou? will not exceed 1 TeY if the following
H H upper bounds hold true:

m,(sola)=3%x10"3 eV=Mr=7.4x10" GeV,

{r m,(HDM)=6 eV=Mg=5.8x10° GeV. 3)

FIG. 1. The Feynman diagram originating the corrections in Ed.|n the previous estimation we assumed the logarithm of order
(1); vg denotes the right-handed neutrino of ma&., /L ynity (in other terms, we used the criterion of naturalness:
=(vL.&,) the leptonic andi the Higgs doublets. du?/d In g=1 Te\A). Let us stress that the figures in E8)

. e ) should be taken as indicative, since we assumed that the
supersymmetric grand unified models that predict thajixing angles and the phases in the lepton matrices are
nucleon decay signal may be within reg@hthe near future g a||- their presence can modify to a certain extent the rela-
have been indeed proposgtil]. However, one should not 5y petween the masses of light and heavy neutrinos. How-
forget that some supersymmetric grand unified models cayer, for given values of the left- and right-handed neutrino
already be excluded by present experimental information Ofyaqqes, the radiative contribution 48 tends to increase in
matter stability[12] or, on the extreme opposite, that SOMEthe presence of mixing and phases.
models entail an essentially stable nucldd3]. Even if Under the same assumptions, the conditié®son Mg

somewhat disappointing, it may be fair to say that this is dug, equivalent to upper bounds on the Yukawa couplings:
to the fact that the “supersymmetric grand unification” is

still not a completely defined program. Coming back to the _ -3 -5
main focus of tﬁe prgsent worklc,J wg conclude t(rtghispite the m,(solap=3x10"% ev=y,=85<10°%,
theoretical promisgshe experimental studies of matter sta-
bility do not permit us at present to infer the existence of a
hierarchy problem. ) _ )
There is, however, an independent way of arguing a hierFOr comparison, note that iMg~1TeV (of interest for
archy problem in certain extensions of the standard modef€arch at acceleratorshe Yukawa couplings arg,~3.1
This argumentation is based on the presence of nonzero netf-10 ’, 1.4<10"° in the two cases considered. _
trino masses, that could imply the solution of long standing Therefore, to be able to assess the presence of a hierarchy
the next round of experiments. Majorana neutrinodlr, or on the size of the Yukawa cou-
It is, in principle, also possible that the neutrino massedlings. A recent discussidri6] on the structure of the right-
are related to a new gauge structure manifesting itself dtanded mass matrix in the seesaw model suggests masses
higher scales; if this is true, we would again face a gaugdarger than those in Eq3). Notice however, that the under-
hierarchy problenj14]. However, we want to be conserva- lying assumption is the unification of the Yukawa couplings
tive in the assumptions. So, instead of jumping to conclu©f the neutrinos and of the up-type quarks; for smaller neu-
sions, we address the question: What can we learn, using ti8n0 Yukawa couplings, lighteMg's are needed. For in-
indications of nonzero neutrino masses, about the structur@ance, this is what happens if neutrinos are Dirac particles,

m,(HDM)=6 eV=y,<1.1x10 3. (4

of the theory that should extend the standard model? that is, wherMz<m, (and there is no direct Majorana mass
Let us consider the seesaw model for neutrino masse€rm; the neutrino mass reduces ygu, and the Yukawa
[15]. The heavy right-handed neutrinos, with mads,,  couplings are very smafly,=1.7x 10 **for solar neutrinos
couple with the Yukawa coupling, to the left-handed neu- andy,=3.4x10"** for HDM component neutrings
trinos, and give them a massn,=(y,v)¥Mgr (v We can obtain interesting information on the Yukawa
=174 GeV). In nonsupersymmetric theories the renormalcouplings assuming the Fukugita-Yanagida scenario for
ized massu? will receive corrections of the order of baryogenesig17] (see alsq18-20). In this scenario the
decay of the lightest right-handed neutrino, of masg,
yi originates a lepton asymmetry that, in a second stage, can be
Su’~ WMZR In(a/Mg), (1) converted in the presently observed baryon asymmetry. This

scenario can be realized if the Yukawa couplings provide

for momentaq larger thanM, (see Fig. 1 We can rewrite sufficient mixing with a heavier neutrino of mabtg,:

these corrections as 12
MRl Im[(YV Yv)hl]
m,M3 Mrn  (Y,TY,)

Br0)? MA/MR). @

~10° 5, (5)

Su’~
in the case ohierarchicalmasses of right-handed neutrinos,
Equation(2) points to the hierarchy problem that is inherentas discussed in[19]. Considering the inequality:
to the seesaw models for neutrino masses. 1YY )l 2= (Y, TY ) a(Y, Y0, that follows from the
Let us specify Eq(2) in two concrete cases, considering non-negativity of the matrix’,"Y,, we obtain
neutrinos that may be relevant to the solution of the solar
neutrino problem and may serve as the hot dark matter 107 °=<(Y,"Y )nn- (6)
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Comparing with Eq(4), we come to the conclusion that the  In this supersymmetric context, we remark that the mass

corrections tou® exceed TeV; in other terms, Eq(6) sug-  splitting M3— M2 could affect, via one-loop corrections, the
gests the vicinity of a hierarchy problem. value of the lightest Higgs mass, in close analogy with what
This conclusion is related to a conjectural mechanism fohappens due to the top-quark—top-squark correcfidhk In
baryogenesis, that, however, is quite natural once the exigact, these loop corrections are of the same nature of the
tence of right-handed neutrinos has been assumed. For thisrrections tou? discussed in Eq(1).
reason, it is of interest to search for a loophole in the above Of course, the argument for supersymmetry is far reach-
argument. Therefore let us abandon the hypothesis of hieraing, and does not apply only to the seesaw model. In fact,
chical right-handed neutrinos, and contemplate the case iance the low-energy supersymmetry hypothesis is accepted,
which these particles are nearly degenerate; it turns out thahe light scales are “protected” against the presence of the
the estimation(5) is no longer correct. In fact, the lepton heavy scales, and the theoretical speculations involving very
asymmetry produced in the decay is dominated by thédigh-energy scales do not meet these types of probl2gjs
“wave function” contribution [19,20, that increases for The importance of the remarks above rests in the consider-
smaller mass splitting, and eventually reaches its maximumation that the strongest indications in favor of physics be-
when the splitting is comparable to the decay widths of theyond the standard model come from neutrino physics.
right-handed neutrinof20]. This makes it possible to repro- If the model of the neutrino masses is not the seesaw
duce the observed baryon number with smaller Yukawa coumodel we have other possibilities to elude the hierarchy
plings rather than with those implied by E@®), and gives a  problem: We can assume that the scale, at which the neutrino
possibility to avoid the hierarchy problem in the minimal masses are generated, is not far from the electroweak one.
framework we are considering. We will not address the quesThis can happen in the models in which the smallness of the
tion of the theoretical likelihood of this very constrained sce-neutrino masses is related to loop effel@8]. Even in the
nario for neutrino masses. However, it is important to stressontext of minimal supersymmetric mode{s particular
again that even in this framework the right-handed neutrinogvithout right-handed neutrinpsother mechanisms for the
would be relatively lighf{Eq. (3)]. generation of the neutrino masses are possible. We are refer-
Finally, we discuss possible solutions of the hierarchyring to theR-parity breaking models, in whica priori large
problem that arises if the seesaw model is the true theory ofiolations of the lepton number may be presé¢ay,25.
the neutrino masses, and the right-handed masses are largefigain, the crucial remark is that in these models no large
comparison with Eq(3) [as suggested by E@6), modulo  scale(besides the scale of the supersymmetric partides
the caveatsabovd. In this case, one could advocate for su-present. Can we distinguish this possibility? If the neutrino
persymmetry at low energy on the basis of the criterion ofmasses originate in these kinds of models, the expectation is
naturalness. We recall the argument: The quadratic corre¢hat other signals oR-parity breaking should show U26].
tions to the massive parameters of the Higgs potential entail To summarize, massive neutrinos point to a hierarchy
in supersymmetric theorie®l2— M2, the mass splitting of problem in possible extensions of the standard model, inde-

the right-handed neutrinos and their scalar partners instead 8endently from the assumption of grand unification. We dis-

M2 [compare with Eq(1)]; the natural expectation is that cussed how this remark may result in an argument in favor of

~ . . . certain theoretical models.
MZ—M2Z=<1Te\?, due, for instance, to a relation of this

mass splitting and the splitting between the charged leptons |t is a pleasure to acknowledge discussions with K. S.
and their scalar counterparts. As a result the presence of ttBabu, H. Minakata, A. Rossi, E. Roulet, G. Senjanpwind
large mass scalil 2R>1 TeV? does not imply any hierarchy A. Yu. Smirnov, and to thank D. Grilli of the ICTP Publica-
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