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1 Naturalness in Scienti ¢ T hought

Everything is natural: if it weren’t, it wouldn't ke.
M ary Catherine Bateson [1]

A In ost every branch of science has its own version of the \naturalness criterion". In
environm ental sciences, it refers to the degree to which an area is pristine, free from hum an
In uence, and characterized by native species [2]. In m athem atics, itsm eaning is associated
w ith the intuitiveness of certain fiindam ental concepts, viewed as an intrinsic part of our
thinking [3]. Onecan nd theuse ofnaturaless criterions in com puter science (asam easure
ofadaptability ), in agriculture (asan acceptable level of productm anipulation ), in Iinguistics
(as translation quality assesan ent of sentences that do not re ect the naturaland idiom atic
form s of the receptor language). But certainly nowhere else but in particle physics has
the mutable concept of naturalhess taken a form which has becom e so In uential in the
developm ent of the eld.

The role of naturalness in the sense of \ sthetic beauty" is a powerful guiding principle
forphysicists as they try to construct new theories. T hism ay appear surprising since the nal
product isoften am athem atically sophisticated theory based on deep fiindam entalprinciples,
and one could believe that sub fctive sthetic argum ents have no place in it. N evertheless,
this is not true and often theoretical physicists form ulate their theories inspired by criteria
of sim plicity and beauty, ie. by what Nelson [4]de nes as \structural naturalness". W hen
E instein was asked what he would have done, had Eddington’s observation of the 1919 solar
eclipse disproved, rather than con m ed, his theory, he sin ply replied: \Then I would have
felt sorry for the dear Lord" [5]. C learly he was con dent that the structural naturalness of
general relativity was no frippery.

Structural naturalness is a powerfill inspirational principle but, of course, it cannot be
used to validate a theory. M oreover, since it is sub pcted to philosophical in uences and
to the Iim ited scienti ¢ know ledge of the tim e, som etim es it can even be m islkeading. From
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a modem point of view , the solar system is m ore naturally explained by a heliocentric
theory, In which planetary m otions are described by sim ple elliptic orbits, rather than by a
geocentric theory, which requires the introduction of di erent epicycles for each planet. But
to predecessors and contam poraries of Copemicus a geocentric theory probably appeared
m ore natural. Tycho B rahe discarded a heliocentric description of the solar system w ith the
harsh, but rather unconvincing, argum ent that the Earth is a \huking, Jazy lbody, un t for
motion" [6]. Certainly A ristotelian and biblical In uences had their part in form ing this
belief, but a big role was played by the incorrect scienti ¢ notion that we would be able to
feel the Farth m oving under our feet.

A ristarchus of Sam os was the rst to postulate that the Sun was at the center of the
universe, but the ancient G reeks ruled out the heliocentric m odel based on the follow ing
\naturalness" argum ent. A ssum ing proportionality between the period and the radius of
planetary orbits, they obtained that Satum is 29 tin es as far from the Sun than the Earth,
since the period of Satum was known to be 29 years. U sing trigonom etry and som e astro-
nom ical observations, A ristarchus obtained the Sun-FEarth distance expressed in temm s of the
Earth radius R previously deduced by Erathostenes w ith his fam ous m easurem ent of the
Inclination of the solar rays In A lexandria when the Sun was at zenith in Syene. T his placed
Satum at a distance of 20,000 R from the Earth! [7]. Since Satum was the outem ost
known planet, it was natural to assum e that the universe was about the sam e size. But if
the Farth orbits around the Sun, we should obsarve a parallax e ect for stars on a celestial
sohere of radiis 20,000 R . No stellar parallax could be observed w ith naked eye (for A Ipha
C entaurd, the closest star, the parallax angle is actually only about one second of arc), and
the heliocentric m odel was refected. Copemicus dispensed with the parallax ob Ection by
refuting the natural assum ption about stellar distances and required that stars be at least
1500,000R away from us.

Structural naturalness, because of its sub fctive character, cannot be quantitatively de—
ned. It is related to what the 1936 m edicine N obel Jaureate Henry D ale de nes as \the
sulbconscious reasoning which we call instinctive judgem ent" [8]. A m ore precise form of
naturalness criterion has been developed In particle physics and it is playing a fiilndam ental
role In the form ulation of theoretical predictions for new phenom ena to be obsarved at the
LHC . This criterion, called \num erical naturalness" by Nelson [4], w illbe the sub fct of this

essay.

IThe m odem valie of them inim um distance between Satum and Earth is1:9 10° R



2 Drowning by Num bers

I am illat these num kers.
W illiam Shakespeare [9]

O ur story starts w ith the observation that the ratio between the Ferm i constant Gy and
the Newton constant Gy , which characterize respectively the strengths of the weak and
gravitational forces, is a very large num ber? [10]

Gyh?
Gy &

T he powers of the Planck constant h and of the speaed of light ¢ have been introduced in

= 1{738 59(15) 10°: 1)

e7. (1) to express the ratio as a pure num ber.

T he hum an m ind has always held in special fascination the pure num bers. Pythagoras
went as far as believing that num bers are not jast usefill tools to describe the properties of
nature but ratherhave special attributes that cause the various qualities ofm atter. Philblaus,
a Pythagorean contem porary of Socrates and D en ocritus, expressed the dea that ve is the
cause of color, six of cold, seven of health, eight of love [11]. These m ystic properties of

num bers are sum m arized in the m otto of the Pythagorean school: \A 11 is num ber".

Tn a m odem context, som e num erical constants that appear in equations describing the
fundam ental law s of physics have often been the ob fct ofkeen speculation. Som etin es these
Soeculations are m ere num erological exercises, but occasionally they are rewarded by a true
understanding of desper physical laws. W hen in 1885 Balmer rst derived [12]a sinple

formula tting the data for the frequencies of the hydrogen spectral lines
1 1 ) .
=R - with m > n Integers; (2)
n m
he expressed bew iderm ent for \agream ent which m ust surprise to the highest degree" [13],
but little did he suspect that Bohr’s quantum interpretation [14]was lurking behind it.

T here are, however, less fortunate exam ples. From the very early tin es of electrom ag—
netian and quantum m echanics, it was inm ediately recognized the special role of the ne-
structure constant , a pure num ber constructed out of several fiindam ental quantities [10]

1 4 OhC
= = = 137:035999 11(46): (3)

G iven its Im portance, there hasbeen no lack ofattem ptsto \derive" w ith sin ple num erical

expressions. Early m easurem ents were not even incom patible w ith the belief that ! must

°The gures in parenthesis give the one standard-deviation uncertainty in the last digits.



be an Integer [15]. The hope was that nding the right form ula for would have opened
the door towards a new theory underlying quantum electrodynam ics, and curiously accurate
expressions are, among many, = (8 ¢=9)(2'5& 5)1** [16], ' = 108 (8=1843)*° [17],

L= p 19=4310=8517=4 2 18], 1= (1372 + 2)? [19]. Even H eisenberg apparently took
part in the gam e, w ith a less accurate try, ' = 2%3°= [20]. But, alas, these attem pts are
notparticularly illum inating. A ctually, a conceptualderivation of the ne-structure constant
can be done In the context of grand uni cation, but the formula for is certainly no easy
guess or am ateur num erologists’ .

The reason why speculating on the values of the fundam ental constants m ay be m ean—
ngful is the reductionist belief in the existence of an underlying theory in which alldim en—
sionless param eters are determ ined and com putable. Einstein was m Iy convinced that all
forces m ust have an ultin ate uni ed description and he even speculated on the uniqueness
of this fundam ental theory, whose param eters are xed in the only possible consistent way,
w ith no deform ations allowed: \W hat really interests m e is whether G od had any choice in
the creation of the world; that is, whether the necessity of logical sim plicity leaves any free—
dom atall" [21]. This reductionist belief has en pyed a spectacular success during the last
century, bringing physics from the state of disconnected sub fcts (m echanics, optics, elec-
trom agnetian , themm odynam ics, etc.) nto the uni ed description of the Standard M odel
which, with a handfiil of free param eters, can accurately predict the properties of m atter
from distances down to about 10 * an to the conditions of the universe one second after
the big bang. Nevertheless, it is this handfiil of free param eters which still escapes our
understanding, preventing the ful IIm ent of E instein’s program . T he determ ination of the
ratio between Ferm iand New ton constants in eg. (1) is part of this puzzle.

T he striking feature of the ratio n eg. (1) is that its num erical value is huge. If the
free param eters of the elam entary-particle Standard M odel are ultin ately derived from a
m ore fundam ental theory, they m ay carry inform ation about desper law s of physics. W hat
we observe as constants of order unity in the Standard M odel could have a well-de ned
m atheam atical expression, in the m ore fiindam ental theory, containing num bers lke 2, or
the lke*. O n the other hand, if the constant ism easured to be equalto a very Jarge num ber,

3The Hmuk is
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Here, the nestructure constant , the strong coupling constant ¢ and the weak m ixing angle y are
evaluated at the sam e renom alization scale and by »;3 are the gauge -function coe cients. H igher-order
termm s cannot be neglected to achieve a prediction that m atches the experin ental accuracy.

4M y considerations here refer only to constants which are given by pure num bers; din ensionfi1l constants
de ne the units of m easure.



its ultim ate expression cannot be a sim ple com bination of 2’sand ’sand we are inclined to

think that som e In portant properties of the naltheory can be leamt from its value.

T he lure of very large num bers is especially addicting. Eddington was stricken by the
thought that the num ber of protons (equal to the num ber of electrons) in the universe, which
he com puted [22] to be equal to som ething lke 10%°, must be an exact integer number N .
He was convinced that Nz was not an accidental peculiarity of our universe, but rather a
fundam ental constant of nature. From this he deduced that the gravitational force between
an electron and a proton (Gym m p=12) In a system ofN g particles isgiven by the statistical

uctuation (p N ) of the electric force between the two particles (€=r?) and therefore [23]
ML S e (4)
Gymem g
For N; = 10%, this well agrees w ith the m easured value &€=Gym e, = 285 14°. To
m odem readers (and actually to m any of his contem poraries as well) this argum ent has
too much of a kabbalistic avor. N evertheless, it ingoired D irac to m ake his Large N um ber
Hypothesis [24]. Any very large num ber occurring in nature should be sim ply related to a
single very large num ber, w hich he chose to be the age of the universe. ITndeed , he constructed
three din ensionless num bers w hich allhappen to be very close to 10%°: the ratio of the size of
the obsarvable universe to the electron radius, the ratio of electrom agneticto-gravitational
force between protons and electrons, and the square root of the num ber of protons in the
obsarvable universe. T o satisfy the Large N um ber H ypothesis, the ratio between any of these
three num bers should rem ain roughly constant during the expansion of the universe. This
can be achieved only if som e fundam ental constants vary w ith tin e, in order to m aintain the
proportionality of the three num bers. From thisD irac argued that the N ew ton constant G y
should vary during the evolution of the universe, and he predicted its tim e dependence. T his
startling result and the fact that D irac’s paper was w ritten during his honeym oon prom pted
Bohr's rem ark: \Look what happens to peopl when they getm arried!" [25]. Indeed, D irac’s
prediction wasnot very successful. H ism odi cation ofgravity in the pastwould have changed
the energy output of the Sun such that the oceans would have boiled in the pre€C am brian
era, whil in fact life developed on Earth much earlier [26].

O ne lesson thatwe can leam from D irac’shypothesis is that the existence of large num bers
n naturem ay have nothing to do w ith the properties of the fundam ental theory, but rather
are the result of the cosn ological history of our universe. Actually, as was st pointed
out by D icke [27], the Jargeness of the three num bers exam ined by D irac has a very sin ple
explanation, which does not require any tim evarying N ew ton constant. Tn order to reach

the biocham ical com plexity that we obsarve on Earth, it is necessary for the universe to



produce carbon, nitrogen, oxygen and other heavy elem ents which are synthesized in m ain—
sequence stellar evolution and then dispersed throughout space by supemova explosions. An
estin ate of the tim e required by these processes, together w ith the inform ation that the
universe expands, show s that the three num bers considered by D irac should indeed be at
least as large as we observe them . Actually, they couldn’t be much larger either, because
otherw ise hydrogen-bouming stars, like our Sun, would have all bumt out. Thism eans that
we should have expressed surprise if D irac’s num bers had tumed out to be of order one or
much bigger than what they are, but their actual values lie indeed in the m ost reasonable
range. A vast and ol universe is an inevitable consequence of having observers lke us. It is
Just a m atter of the obsarver’s point of view : although on Earth the Chinese are a m illion
timn esm ore comm on than M ount A thos’ Inhabitants, if you happen to wonder around the
G reck peninsula’s m onasteries, you w ill not be surprised to know that you have a much
larger probability to encounter an orthodox m onk rather than a Chinese person. In short,

D irac’s problem appears as a red herring.

Can itbe thatalso the Gy =Gy ratio in &7. (1) is lJarge because of coan ological evolution
or because of statistical probability, but carries no inform ation whatsoever of the theory
beyond the Standard M odel? Iw ill com e back to this question later, but for them om ent it
ism ore urgent to understand why the largeness of the num ber in &g. (1) has anything to do
w ith collider experin ents at the LHC .

3 A Quantum C om plication

Anyone who is not shocked by quantum
theory has not understood a singlke word.
N iels Bohr [28]

T he really problem atic aspect about the Gz =Gy ratio in . (1) com es about when we
consider the e ects of quantum m echanics. In a quantum theory, the vacuum is a very
busy place. Particle-antiparticle pairs are constantly produced out of nothing, violating the
energy-conservation law by borrow ing an am ount of energy E from the vacuum fora tine t
such thatE t< h,according to H eisenberg’s uncertainty principle. T hese \virtual" particles
created from the vacuum have the sam e quantum num bers and properties as ordinary parti-
cles, w ith the exception that their energy-m om entum relation isunusual (E? 6 m?). In
the Standard M odel, the size of Gy isdeterm ined (up to coe cients which are unin portant

for ourdiscussion ) by them ass of the H iggsbosonm y , according to the relation Gy my Z,



A s the H ggs boson propagates in the quantum vacuum , it feels the presence of virtual par-
ticles and interacts w ith them . A characteristic property of the H iggs boson is to interact
w ith any Standard M odel particle w ith a strength proportional to the corresponding particle
mass. Indeed, as Lenin once explained, \The Higgs m echanisn is just a reincarmation of
the Comm unist Party: it controls the masses" [29]. W hen virtual particles appear in the
vacuum , they interact w ith the H iggs boson w ith an e ective strength determm ined by the
available energy E . Because of quantum corrections, the m otion of the H iggs boson in the
vacuum populated by virtual particles is a ected by an am ount proportionalto E . As a
result, the H ggsboson squared m assm fl receives an additional contribution

mi =% )

where isthemaxinum energy E accessible to virtual particles and is a proportionality
constant, which is typically® in the range of 10 2.

A sim ple analogy can help usunderstand the result in eg. (5). Let us replace the quantum

uctuations of the vacuum w ith the m ore fam iliar them al uctuations of a thermm odynam ic
system ofa Jarge num ber of particles at a tem perature T . T he particles (which TwillcallP )
In this them albath play the role of the virtual particles in the quantum vacuum ,and T the
role ofthem aximum available energy . Letusnow insert inside the box containing thishot
P —particle gas a di erent particle initially at rest. Twillcall £ H , as it plays the role of the
Higgs In my analogy. At som e initial tine, H has zero velocity and therefore its energy is
equal to itsm ass, which T take it to bem uch an aller than the tem perature (Ey = my T).
However, by statisticalmm echanics argum ents, we expect that the collisions of the particles
P will soon bring H in them al equilibrium , and therefore its energy w ill quickly becom e of
order T . This isvery sim ilar to w hat happens in the quantum system , where the H iggsm ass
is pushed towards , because of quantum — uctuation e ects.

T he disturbing aspect of &. (5) is that it predicts that the Higgsmassmy ( GF1=2)

should be close to themaxinum energy allowed by the theory. If the m axinum energy is
equalto the Planck massM p; (= Glez),we nd that the ratio G =Gy is predicted to be
rather close to unity, in strong contradiction w ith the m easured valie of 10%°, see eg. (1).

One possible way out of the puzzle ntroduced by eg. (5) is to assum e that, once we
Incluide allquantum e ects, the coe cient 1n eg. (5) is Incredibly am aller than its typical
value of 10 2. This requires a very precise cancellation of the di erent contributions to m
com ing from di erent virtual particles at di erent energy scales. For instance, if we take

= M p,,the cancellation in must be one part in 10°2. This could occur jist accidentally,

SThe contribution to  com ing from virtual particles w ith the quantum num bers of the Standard M odel
degrees of freedom w illbe given in sect.6,see eg. (9). tamountsto = 3 10 2.



as a result of the particular values chosen by nature for all the num erical constants entering
in particle physics. But a purely frtuitous cancellation at the level of 10°2, although not
Jogically excluded, appears to us as disturbingly contrived. T his isnot what E instein had in
m Ind when he in agined a theory in which logical sin plicity leaves no freedom at all.

Just to get a feeling of the level of param eter tuning required, let m e m ake a sin ple
analogy. Balancing on a table a pencil on its tip is a subtle art that requires patience and a
steady hand. It is a m atter of ne tuning the position of the pencil such that its center of
m ass falls w ithin the surface of its tip. IfR is the length of the pencil and r the radius of
the tip surface, the needed accuracy is of the order of r’=R ?. Let us now com pare this w ith
the netuning in . The necessary accuracy to reproduce G =Gy 1is equal to the accuracy
neaded to balance a pencil as long as the solar system on a tip a m illin eter w de!

This has led to a w despread belief am ong particle physicists that such an apparently
fantastic coincidence must have som e hidden reason. If we do not appeal to any special
cancellation and x to its expected value of 10 2, then we can use e3. (5) to extract the
m axinum energy up to which we can extrapolate our present know ledge of particle physics,
and we nd TeV .Beyond the TeV a new theory should set in,m odifying the H iggsm ass
sensitivity to quantum corrections. The LHC experim ents, by studying particle collisions at
energies above the TeV , w ill explore this new energy regin e and w ill be able to tell us if the
Standard M odel is replaced by a new theory.

4 The N aturalness C riterion as a Principle

I have never lived on principlkes.

O tto von B ign ark

W e are now ready to form ulate the naturalness criterion. Let us consider a theory vald
up toamaximum energy and m ake all its param eters din ensionless by m easuring them in
units® of . The naturalness criterion states that one such param eter is allowed to bem uch
an aller than unity only if setting it to zero increases the sym m etry of the theory [30]. If this
does not happen, the theory is unnatural.

T here are two filndam ental concepts that enter this form ulation of the naturalness cri-
terion: symm etry and e ective theories. Both concepts have played a pivotal role In the
reductionist approach that has successfully led to the understanding of fiindam ental forces
through the Standard M odel.

®Here Tam fllow ing the usual convention of setting h = c= 1.



In m odem physics, symm etries are viewed as fundam ental requirem ents that dictate
physical law s. If a param eter of the theory is equal to zero because of a symm etry, it will
ram ain zero even after we have included all quantum corrections’. This is why a small
param eter is not necessarily problem atic, if it is \protected" by a symm etry according to
the naturalness criterion stated above.

In the Standard M odel there is no sym m etry protecting the H iggs m ass and this is the
basic cause of the large quantum corrections In eg. (5) that bring my close to . The
absence of a symm etry protecting m y is Iinked to the spin—zero nature of the H iggs boson,
as can be understood by a sim ple argum ent. M assless particles of gpin 1=2 or higher have

tw o degrees of freedom . M assive particles of spin® 1=2 or higher have m ore than two degrees
of freedom °. T herefore there is a conceptual distinction between the m assless and m assive
cases. T his distinction is due to the presence of an extra symm etry In the m assless theory
(gauge symm etry for spin 1, chiral symm etry for soin 1/2). The symm etry allows us to
elim inate som e degrees of freedom from them assless theory. T his argum ent is valid for any
particle w ith spin 1/2 or higher, but not for spin 0. T here exist special sym m etries able to
protect spin-0 m asses (non-linearly realized sym m etries, supersym m etry) but they are not
present In the Standard M odel. This is why the H iggs boson is viewed as \unnatural”.

T he second ingredient of the naturalness criterion is the use of e ective eld theories [31].

E ective eld theories are an extram ely powerful concept. The idea is that, In a quantum
eld theory, it is possible to com pute any physical process involving particles w ith m om enta
an aller than a maxinum scale by replacing the original theory w ith a truncated version
of it. This e ective theory is expressed in term s of local operators that involre only light
degrees of freedom . Thism eans that the dynam ics of low energies (large distances) can be
fully described and com puted by encoding the inform ation of high energies (sm all distances)
Into a nite number of param eters. E ective eld theories are a pow erful realization of the
reductionist approach. A s we Increase the distance scale, we Increase the com plexity of the
system and new phenom ena em erge. T hese phenom ena are best described by an e ective

A nom alous sym m etries are exceptions to this rule, but they are not relevant to our discussion.

8Spi-1=2 M ajprana particles are an exception. However, the symm etry argum ent applies also to this
case, since the M a prana m ass term violates the associated ferm ion num ber.

°Thisdi erence betw een m assless and m assive particles can be intuitively understood. A photon has two
polarizations, the transverse m odes along the direction of m otion. But for a m assive spin-1 particle, we can
go to a reference fram e w here the particle is at rest. In that fram e, we cannot distinguish betw een transverse
and longitudinalm odes, and therefore rotational invariance requires the existence of three polarization states.
An analogous argum ent is valid for the spin-1=2 case. A m assless spin-1=2 particle has a de nite chirality.
How ever, for a m assive particle, w ith a boost along the direction ofm otion we can go to a fram e w here the
chirality is opposite. T herefore relativistic invariance requires the m assive particle to possess both chirality
states. The argum ent cannot be repeated for a spin-0 particle, because there is no direction intrinsically
de ned by the particle itself.



theory, forw hich know ledge of the fulldetails of the underlying theory isunnecessary, but can
be summ arized In a nite num ber of param eters. T hese param eters can be experin entally
m easured or theoretically derived (and possibly both). The way them odynam ics can be
derived from statisticalm echanics is a good exam ple of this reductive process.

T he naturalness criterion, as stated above, excludes the possibility that the param eters
that encode the inform ation of physics at very short distances are correlated w ith dynam ics of
the e ective theory occurring at Jarge distances. Such a correlation would signala breakdow n
of the philosophy underlying the e ectivetheory approach!’. If the naturalness criterion is
a good guiding principle, we expect to discover new particles at the LHC , associated to the
tam Ing of the H ggsm ass quantum corrections. Som e theoretical proposals that describe
these new particles are discussed in other chapters of this book [33, 34]. If experin ents at
the LHC nd no new phenom ena linked to the TeV scale, the naturalness criterion would
failand the explanation of the hierarchy G =Gy would be beyond the reach of e ective eld

theories.

5 An Account of Events

H istory is a set of lies agreed upon.
N apoleon Bonaparte

T he concept of naturalness and its in plications for electrow eak physics did not spring
from a single paper but, rather, they developed through a \collective m otion" of the com —
m unity which increasingly em phasized their relevance to the existence of physics beyond the
Standard M odel. I will give here a short account of how the naturalness criterion for the
H iggs boson m ass was developed by theoretical particle physicists.

Starting in 1976, the work by G idener and W einberg [35]revealed a conceptualdi culy
w ith the recently discovered grand uni ed theordes, the socalled hierarchy problem . O ne-
Joop quantum corrections were found to give contributions to the H iggs m ass proportional
to the m ass of the superheavy states, of the order of M gyt = 10 !* GeV.Keeping a
hierarchical ssparation of scalesbetween M y and M gyt required ne tuning the param eters
of the theory ofm ore than 10 2*. T his is nothing less than a speci ¢ realization of the H iggs
naturalness problam , in the presence of a theory with two widely separated scales. Even

19T his would not m ean that the e ective-theory approach is useless. It would only m ean that certain
properties of the theory cannot be captured by low -energy argum ents alone. T he confcture of gravity as
the weakest force [32], if true, is one exam ple of a theoretical property that cannot be derived using an
e ective-theory approach.
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today som e people nd it easier to understand and to accept the naturalness problem in this
context, since one m akes no reference to cuto (and regularization procedure) dependent
quantities of the e ective theory!!.

In 1978, Susskind [37] introduced the naturalness problem of the H iggs as a prin ary
m otivation for his proposal of technicolor, giving how ever filll credit to W ilson for pointing
out the conceptualdi culty linked to the existence of fundam ental scalar particles. Tndeed,
In an article written at the end of 1970, W ilson had clearly expressed the problem , from
an e ective-theory point of view : \It is interesting to note that there are no weakly coupld
scalar particles in nature; scalar particles are the only kind of free particles whose m ass term
does notbreak either an internalor a gauge symm etry. T hisdiscussion can ke sum m arized by
saying thatm ass or symm etry-breaking term s m ust ke \protected" from Jarge corrections at
large m om enta due to various interactions (electrom agnetic, weak, or strong). A symm etry—
breaking term h is protected if, in the renomm alization-group equation for h , the righthand
side is proportional to h  or other am all coupling constants even when high-order strong,
ekctrom agnetic, or weak corrections are taken into acocount [...]. This requirem ent m eans
that weak interactions cannot e m ediated by scalar partickes" [38]. He could not have been
m ore explicit. N evertheless, in 2004 W ilson com pletely retracted, while recalling the results
he obtained in the early 1970’s: \The nalblunder was a chin that scalar elm entary
particles were unlikely to occur in elem entary partick physics at currently m easurabk energies

[...]. This chin m akes no sense" [391].

T he naturalness criterion, In the way I stated it In sect. 4, was formulated by "t Hooft
in lectures held in 1979 [30]. A ctually a precursor of this criterion was G ellM ann’s totali-
tarian principle which states: \Everything which is not forbidden is com pulsory™*?. It refers
to the property, largely con m ed by experin ental evidence, that every interaction term
not explicitly forbidden by conservation law s m ust be present. Q uantum corrections in an
e ective theory appear to enforce the totalitarian principle by giving large contributions to
param eters that are not forbidden by a symm etry.

A Tthough by 1979 the H iggsnhaturalness problem had been clearly spelled out, super-
symm etry as a possible solution is only m entioned in som e lectures held by M aianiin that

M shaposhnikov [36] concedes that there is a H iggs naturalness problem in presence of M gyt , but he
argues that in the absence of any new m ass scale between the weak and the P lanck scale the problem m ay
not exist since, according to hin , the P lanck m ass could be conceptually di erent from the eld-theoretical
ultraviolet cuto of the e ective low -energy theory.

127 Ithough the totalitarian principle is indisputably attributed to G ellM ann, I could not trace the original
source. T he earliest reference to it that I found is ref. [40]. In the rst version of this essay I stated that the
totalitarian principle’s expression is borrowed from \T he O nce and Future K ing" by T H . W hite, published
in 1958. I thank Stanley D eser who pointed out to m e that the expression is actually com ing from \N ineteen
E ighty-Four" by G . O rwell, published in 1949.
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year: \In a supersymm etric theory, one could hope to obtain that the kare curvature of Ve

vanishes and it is not renomm alized by radiative corrections [...] No concrete m odel of this
type have leen constructed yet”" [41]. Supersym m etric m odels w ere being developed for years,
m ost notably by Fayet [42], but w ith no connection to the naturalness problem . A fthough
the non—renom alization theorem s had already been discovered, supersymm etry was seen

more as a way to unify gravity and gauge forces [43], rather than a way to address the
hierarchy problem . Probably m any physicists did not attach great in portance to the nat-
uralness problem of the H iggsm ass, sin ply because the H ggs m odel did not appear to be
very com pelling, as was expressed by Iliopoulos In the 1979 E Instein Sym posium : \Several
peoplke kelieve, and T share this view , that the H iggs schem e is a convenient param etrization

of our ignorance concerming the dynam ics of spontaneous sym m etry breaking and elem entary
scalar particles do not exist" [441].

T hings changed by 1981. At the end 0f£ 1980 Veltm an had published an in uential paper
em phasizing the problem [45]. Tn 1981 W itten clearly pointed out how supersymm etry can
solve the naturalness problem and explained the crucial role of dynam ical supersym m etry
breaking [46]. About a month later D In opoulos and G eorgi [47], using the results of G i-
rardello and G risaru on soft supersym m etry breaking [48], developed a sim ple and realistic
grand uni ed supersym m etricm odel. T he age of supersym m etric m odelbuilding had started
and an explosion of activity followed. Since then, the H iggs naturalness problem hasbecom e
one of the m ost studied puzzles in particle physics and one of the driving m otivations to
explore physics beyond the Standard M odel.

6 The Paths Chosen by N ature

Can we actually know the universe?
My God, it's hard enough nding
your way around in Chinatown.

W oody A llen [49]

How does nature dealw ith the hierarchy between G and Gy ? D oes nature respect the
naturalness criterion? Experim ents at the LHC will be able to shed som e light on these
questions. In the meantin e, we can only use our Im agination. Som ething usefill can be
Jeamed by studying how naturedealsw ith otherproblem s, w hich have sin ilar characteristics,
but forwhich we already know the answer.

An Interesting analogy was rst suggested, to thebest ofm y know ledge, by M urayam a [50 1.
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Consider the electron as a sphere of radius r. T he electrom agnetic energy associated w ith
this con guration is =r. T his energy m ust be an aller than the total energy of the electron,
equaltom .c?, wherem . is the electron m ass. T herefore, we obtain

r> —=3 10%m: (6)
me

In words, the electron radius has to be larger than an atom ic nucleus! T hings get even worse
when we include the m agnetic energy of a spinning sphere %=r’ (where = eh=(2m .c) is
the electron m agnetic m om ent), as done by Rasetti and Ferm i [51], nm ediately after the

discovery of the electron spin. In thiscase,one ndsr> =m..

T he puzzle is the follow ing. E ither the di erent contributions to the totalelectron energy
m ysteriously cancel w ith a high precision, or som e new physics sets in before the energy
scaler '  m.= ,modifying the electrom agnetic contribution to the electron m ass at short
distances and preserving naturalness. In this exam ple, nature has chosen the second option.
Indeed D irac showed that a new particle with massm ., the positron, has to be included
In a consistent relativistic quantum theory. A s explicitly calculated by W eisskopf [52], the
electrom agnetic contrlbution to the electron m ass at an all distances grow s neither ke 1=r
nor like 1=r’, but rather ke m . In(m .r). This contribution is less than the electron m ass
even fordistances r as an all as the P lanck length. In this case, nature has preferred to obey
the naturalness criterion.

T here are several other exam ples one can consider where physical quantities com puted
In the e ective theory require either cancellations of contridbutions sensitive to the an all-
distance regin e, or the appearance of new physics that restore naturalness. Tn m any cases,
nature has chosen to preserve naturalness and new particles at the appropriate energy scale
m odify the theory. For instance, the electrom agnetic contribution to the charged to neutral
pion m assdi erence is

M2 M% - %; (7)
4

where is the ultraviolet mom entum cuto , ie. the maximum energy of the e ective
theory of pions. T he request that eg. (7) not exceed the m easured quantity M 2, M2 =
(3555 M eV )?, I plies that must be an aller than 850 M €V . Indeed, before that m ass scale,
the meson exists M = 770 M €&V ) and the com posite structure of the pion softens the
electrom agnetic contribution.

Another exam ple is the m ixing between the K ° and K ° m esons. The m ass di erence

between the K ! and K J states, as com puted in an e ective theory valid at energies of the
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order of the kaon m ass, is given by

Mixp Meo GEff _,
= — sih® . % (8)
MKS 6

where fy = 114M &V isthekaon decay constantand sin . = 022 istheCabibo anglk. Ifwe
require that the result In eg. (8) be an aller than the m easured value (M K O MKS =M KO =
7 10%,we nd < 2GéeV.hdeed,before reaching this energy scale a new particle (the
cham quark with massm . 12 G &V ) modi es the shortdistance behavior of the theory,
In plem enting the socalled G IM m echanisn [53]. Incidentally, w hile the other two exam ples
are a posteriori deductions, the case of K °{K ° m ixing is historically accurate: this is the
actual argum ent usad by G aillard and Lee [54] to com pute the m ass of the cham quark
before its discovery.

W e can formm ulate the problem of the Higgsmassmy in the sam e fashion. Using the
Standard M odel as an e ective theory, we can com pute the contributions to m y due to
H iggs interactions. The leading e ect is

m; = $p=—— 4m’ 2m} m;  mp 9)

wherem ¢, my ,my are themasses of the top quark, W and Z2 gauge bosons, and is the
maxinum momentum *. The request that the contribution in eg. (9) be not larger than
182 G&V (the 95% CL Ilm it from Standard M odel ts of present experim ental data [55]),
Implies < 10 TeV.Only the LHC will tell us if the naturalness criterion is successfil in
this case aswell, and whether new particles exist w ith m asses below the TeV .

Unfortunately not all exam ples are successful and there is one in portant case in which
nature does not seem to respect the naturalness criterion. A stronom ical observations place
bounds on the energy density of the vacuum in our universe which constrain the scale of
the coam ological constant to be less than 3 10 3 &V . Since quantum corrections to the
coan ological constant grow w ith the m aximum energy , the naturalness criterion im plies
that our theoretical description of particle physics should start failing at an energy scale as
Iow as 3 10 ° &V . W e have good evidence that this is not the case. Nature could have
chosen supersym m etry to dealw ith this problem in a naturalway because the coam ological
constant vanishes in supersym m etric theories. However, we already know that nature has

BN aively one m ay think that the H iggs naturalness problem disappears for the specialvalie ofm g that
cancels the right-hand side of eg. (9) (which happens to be about 200{300 G &V , depending on the value
of the renom alization scale). Unfortunately this is not su cient because eg. (9) gives only the infrared
contribbution to m g . M odes w ith m asses of order (outside the dom ain of the e ective theory) give new
contributions of the sam e size. For exam ple, in a softly-broken supersym m etric theory, quadratic divergences
are absent, but this is not su clent to solve the hierarchy problem . It is also necessary that the m asses of
the new particles lie below the TeV scale.
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decided not to take this opportunity, since supersym m etry is not an exact sym m etry down
to energiesof 3 103 &v.

T he issue ism ore involved , because the coan ological constant becom es a physical obsarv—
abl only when we include gravity, which can be usually ignored when dealing w ith particle
physics processes. Ifa solution to the cosn ological constant exists, itm ay invole som e com —
plicated interplay between infrared and ultraviolet e ects (m aybe in the context of quantum
gravity) or it may just be linked to the coan ological history. At any rate, none of these
solutions w ill be obtained by an e ective eld theory approach. But then, are we sure that
this is not the case also for the H ggsm ass? T he verdict w ill be handed down by the LHC .

7 M easuring N aturalness

I used to m easure the heavens,
now Im easure the shadows of earth.
Johannes K epler [56]

A s new particle physics theordes were nvented to cope w ith the naturalness problem of
the H iggs m ass, and as collider experin ents started to set bounds on the existence of the
new particles, there was a neaed to give a quantitative criterion for the degree of naturaness
(or unnaturalness) of the new theories. A comm only adopted criterion [57]was to consider
the expression of the 72 boson mass (which is equivalent, up to constants of order unity,
tomy orto Gy l:2) as a function of the param eters a; of the underlying theory. Tndeed,
such an expression should always exist, since in the new theory the weak scale must be
a \calulbl" quantity (although calculable only in term s of unknown param eters). The
m easure of naturalness (or, m ore precisely, of the am ount of netuning) is given by the
Jogarithm ic variation of the function M ; (a;) w ith respect to a;,

a; @M 2 (a;
m ax 272() : (10)
MZ @ai
A theory with = 10 su ers from a param eter tuning of no m ore than 10% , one w ith

= 100 of 1% ,and so on.

For exam ple, In the case of supersym m etry, the requirem ent of less than 10% tuning led
to the prediction that supersym m etry had to be discovered at LEP 2. T his prediction tumed
out to be wrong. Indeed, today supersym m etric m odels pass the experim ental tests only if
their free param eters are tuned at the level of few percent. A ctually this is essentially true
for all known extensions of the Standard M odel that address the H iggs m ass problem . O £
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course, one can argue that the Sun and the M oon have radius and distance from the Earth
\tuned" to appear equal In the sky (with a precision of about 5% ), for no better reason
than producing rare and spectacular eclipses (and perm itting us to test general relativity).
Even m ore dram atic num erical coincidences happen in nature. Still, I would hope that the
new theory of electroweak interactions, whatever that is, \naturally" solves the naturalness
problem .

Itm ay wellbe that, in som e cases, eg. (10) overestin ates the am ount of tuning. Indeed,
eg. (10) m easures the sensitivity of the prediction of M ;, as we vary param eters in \theory
goace". However, we have no dea how this \theory space" looks like, and the procedure of
independently varying allparam etersm ay be too sin plem inded* . Th conclusion, although a
quantitative m easure of naturalness can be of ussfulguidance to build new theories, it is very
easy to slip into purely academ ic and sterile considerations. A swe are draw Ing closer to the
beginning of LHC operations, the real issue is whether the new theory predicts observable

phenom ena in the TeV dom ain or not.

8 A nthropic R easoning

A physicist mking alout the anthropic principk runs
the sam e risk as a clkric taking albout pormography:
no m atter how m uch you say you are against it,

som e peopk will think you are a litfle too interested.
Steven W einberg

Is the naturalness of the H iggs m ass a good scienti ¢ question that will m ake us un—
derstand fundam ental properties of nature? There are som e questions that at rst sight
appear pregnant w ith deep m eanings, but then end up to be red herrings. Probably D irac’s
question (\W hy are these num bers so Jarge?") was one of them because, aswe have seen In
sect. 2, hisexplanation In term s ofa tin evarying Gy was less successful than D icke’s sin ple
obsarvation based on the essential role of contingency in the obsarvation. An alien lJanding
on M ount A thos is wamed: do not m ake w rong conclusions on the m ystical inclinations of

earthlings, before carefully considering the circum stances of your observation.

Th 1595 K epler asked the apparently good scienti ¢ question \W hy are there six plan-—

MFor instance, som e authors have argued that, supersymm etric m odels becom e Jless ne-tuned if one
In poses special restrictions on the theoretical param eters at the GUT scalke (lkkemy = my and large
tan [58lorm? 4M 2 [59]). In the absence of solid theoreticalm otivations for these restrictions, it is
di cult to assess the realbene ts of such approaches.
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ets?", and In M ysterium C oam ographicum proposed an attractive sym m etry-Jased answer.
P lanetary orbits lie on successive spheres that circum scribe and inscribe the ve Platonic
solids!®. Based on this hypothesis he could predict the ratio of the planetary distances,
which m atched observations well w ithin the accuracy known at the tin e. O £ course today
we known that the num ber of planets and their distances from the Sun do not carry any
signi cant inform ation on the fundam ental Jaw s of physics; hence, another red herring.

Even from these \wrong" questions there is a lesson to be leamed. Special incidents
m ay not be an indication of som e desp property of the fiindam ental theory, but just the
consequence of the special condition of the observer [60]. H owever, for this to happen, there
m ust exist a large ensam ble of possible incidents, from which the special observer picks a
special case. In practice thism eans that, if we do not want to attach a special signi cance
to our observation, we Jleam som ething about the ensem ble. From large num bers, we deduce
that the universe m ust expand ; from m esting a thousand O rthodox m onks, we conclude that
the Earth ishighly populated; from the special location of the Earth in the solar system ,we

deduce that the universe m ust contain a large num ber of stars.

Tn the sam eway, them easured value of G =Gy ,which seem s special to us, could actually
be a very plausble obsarvation in a universe that has developed com plex structures, if there
exists a m ultitude of universes w ith di erent values of G » =G . In the vast m a prity of the
universes Gy =Gy is of order unity, but those universes do not have the right properties
to develop observers. Indeed, the m easured value of Gy appears very favorably chosen to
sustain non-trivial chem istry [61] (the sam e can be said about the coan ological constant,
since the existence of galaxies is very sensitive to itsvalue [62]). T his picture of a m ultitude
of parallel universes, usually referred to as the \m ultverse" (as opposed to a single universe),
can be realized in the context of string theory and etemal in ation [63]. If true, it would
represent the next step in C opemican revolution: not only is the E arth not special, but even

the universe in which we live is just one out of m any.

D oes this scenario m ply that the H iggs naturalness problem was a red herring and that
the LHC isdoom ed to nd the H iggs particle and nothing else? Q uite possible. H owever,
som etin es there are rem arkable properties that unexpectedly em erge. Som etin es they are
sin ple coincidences, but som etin es they hide signi cance of great in portance. A m ost singu—
larepisode isrelated by Barrow [64]. U nattested tradition narrates thatW illiam Shakespeare
m ay have contrbuted to the English renderings of the Psaln s in the K ing Jam es Version
of the Blble. An Eton schoolboy noticed that n Psalm 46, written in the year in which

15Tt is Interesting to note how the num ber of space din ensions plays an essential role in this hypothesis.
In three dim ensions there exist only ve regular solids but, in two din ensions, there is an in nite num ber of
regular polygons, and therefore an in nite num ber of planets.
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Shakespeare (who wasbom in 1546) was 46 years od, the word \SHAKE" is the 46th from
the beginning, and \SPEAR" is the 46th from the end. Coincidence or a hidden signature
of the poet?

Supersym m etry at the weak scale was Introduced to tam e the quantum corrections to the
H iggsm ass. H ow ever, it hasbeen noticed that the supersym m etric particles have exactly the
right quantum num bers to unify the gauge couplings at a very large energy scale w ith surpris—
ing precision. M oreover, the m assive, neutral, stable M a prana particle that autom atically
am erges from m any supersym m etric theordes is exactly what is needed to account for the

dark m atter obsarved in our universe. C oincidences or hidden signatures of supersym m etry?

T hese obsarvations have led to the proposalof Split Supersym m etry [65], In which gauge-
coupling uni cation and dark m atter are taken as basic elem ents, while the solution of the
H iggs naturalness problem is abandoned. T his theory has several interesting features and
quite distinctive signatures at collider experim ents. If con med by the LHC, it would
provide tangible experim ental evidence against the naturalness criterion.

9 N aturalness versus C riticality

Results without causes are m uch m ore im pressive.
Sherlock HoIn es [66]

There is a di erent way of looking at the hierarchy problem G =Gy . In the Standard
M odel the weak scale is determm ined by the vacuum expectation value of the Higgs eld,
w hich triggers electrow eak sym m etry breaking. T he order param eter of the phase transition
can be expressed in tem s of the coe cient 2 that enters the H iggs potential. If 2 is

2 is negative the symm etry is broken, and

positive the symm etry rem ains unbroken, if

2 = 0 de nes the critical point. This is com pletely analogous to the G inzburg-Landau
description of ferrom agnetiam . For tem peratures T Jarger than the critical C urie tem perature
Tc , the dipoles are random Iy ordented, the totalm agnetization vanishes, and the system is
rotationally symm etric. W hen T T becom es negative, the dipoles are aligned creating a

Spontaneous m agnetization, and the system breaks rotational sym m etry.

Because of quantum corrections, we expect j ?jto be close to the maxinum energy
2 and, depending on its sign, to break or preserve electroweak symm etry. The hierarchy
problem can then be rephrased in the follow Ing way [67]: if the critical value ssparating the
two phases is not special from the point of view of the fundam ental theory, why are the

param eters in the realworld chosen such that we live so near the critical condition?
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T here are systam s In nature which have the tendency to evolve Into critical states, even
if there is no outside agent that forces them in that direction. T his process is called self-
organized criticality [68]. T he prototype exam ple is a sand pilk where grains of sand are
slow Iy added. A s the pile grow s, it reaches a condition where catastrophic sand slides occur
after the addition of just a single grain. A valanches of all sizes obey a pow er-law distribution
and therefore the dynam ics of the system can no longer be understood in tem s of single
grains. There are correlations am ong distances vastly larger than the size of the grain of
sand. The system has arranged itself to be near critical and rem ains close to the critical
condition (as long as we continue to slow Iy add m ore sand). T here are m any, apparently
unrelated, phenom ena that seem to follow this pattem: from the distribution of earthquake
Intensity to extinctions of biological species; from river bifircations to tra ¢ Am s.

Is it possible that a pattem of selforganized criticality w ith respect to electrow eak sym —
m etry brings the Standard M odel towards the condition of a lJarge hierarchy G=Gy ? If
anything lke this operates in nature, then it will not be captured by an e ectivetheory
approach and it w ill not regpect the naturalness criterion. T he m icrophysics description w ill
fail to properly account for som e Jarge-scale correlations, in the sam eway as individualgrains
are not useful to describe the avalanches in the sand pilke occurring at all scales (between the
size of a single grain and the size of the whole pile). To realize such an dea, an ensam ble
of theories seam s to be a necessary ingredient, and therefore we still have to rely on the
m ultiverse. H ow ever, the process of selection of our universe w illbe, in this case, determ ined

by dynam ics rather than by anthropic considerations.

10 Conclusions

\Data! Data! Data!" he cried im patiently.
\I can’t m ake bricks w ithout clay".
Sherlock HoIn es [69]

The prin ary goal of the LHC is to discover the m echanism of electroweak symm etry
breaking. Tndeed, the Standard M odel, including only the particles known today, becom es
nconsistent at an energy scale ofabout 1 TeV . The LHC , producing particle collisions w ith
energies above this scale, isbound to probe them echanism of electrow eak breaking, w hether
it is given by the H iggs or by som e altemative dynam ics.

There is a second, m ore subtle, issue related to the existence of a fundam ental H iggs
boson, which will also be Investigated by the LHC . T he basic problem is the absence, w ithin
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the Standard M odel, of sym m etries protecting the H iggs m ass term , and therefore the ex—
pectation that them axim um energy up to which the theory can be naturally extrapolated is,
again,theTeV .A new physics regin e should set in at that energy scale, and the hypothetical
H iggs boson m ust be accom panied by new particles associated w ith the cancellation of the
quantum corrections to my . This is not a problem of intermal consistency of the theory,
but an acute problem of naturalness. A s such, it does not necessarily quarantee that a new

physics threshold really exists In nature. But, if new particles at the TeV scale are indeed
discovered, it w ill be a trium ph for our understanding of physics In term s of sym m etries and
e ective eld theordes.

T his is, iIn conclusion, the naturalness problem that theoretical particle physics is facing
today. If you found the sub fct too speculative, be reassured: tin e has com e for the question
to be settled by experin entaldata.
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