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Limits on cosmological variation of strong interaction and quark masses from big bang
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Recent data on the cosmological variation of the electromagnetic fine structure constant from distant quasar
(QSO absorption spectra have inspired a more general discussion of the possible variation of other constants.
We discuss the variation of strong scale and quark masses. We derive limits on their relative change from
primordial big bang nucleosynthesid,) the Oklo natural nuclear reactdiii ) quasar absorption spectra, and
(iv) laboratory measurements of hyperfine intervals.
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[. INTRODUCTION mentum but can have cosmological time dependence. We
will not discuss it: for recent examples and references see
Time variation of the major constants of physics is an old[4].

and fascinating topic; its discussion by many great We would, however, mention a few details from two re-
physicists—Dirac as the most famous example—has suicent examples of the latter approach by Calmet and Fritzsch
faced many times in the past. Recent attention to this issup] and Langacker, Segre, and Stras$ir Their main as-
was caused by astronomical data which seem to suggestsamption is that grand unificatiofi7] of electromagnetic,
variation of the electromagnetie at the 10° level for the ~ weak, and strong forces holds any time Therefore, a rela-
time scale 10 bn years; s¢&] (a discussion of other limits tion between all three coupling constants exists: the truly
can be found in Refl2] and below. The issue discussed in modified two parameters are in this approachuhéication
this work is related to it, although indirectly. Instead of look- scalé Ayt andthe value of the unified couplinggyr at
ing into atomic spectra and testing the stability of the electrichis scale. Their time variation is assumed to propagate down
charge, we will discuss possible variationsrofclearprop-  the scales by the usu@inmodified renormalization group.
erties induced by a change in strong and weak scales. We If this assumption is correct, any variation of the electro-
will not go into a theoretical discussion of why such changegnagnetica should be accompanied by a variation of strong
may occur and how they can be related to modification of thend weak couplings as well. Specific predictions need a
electromagnetier. Our aim is to identify the most stringent model; we will mention the one discussed[®l. In it, the
phenomenological limitations on such a changdj)a time  QCD scaleA o¢cp (determined as usual by a continuation of
of the order of few minutes, when the big bang nucleosynthe running coupling constant into its—unphysical—Landau
thesis(BBN) took place, as well asii) at the time of the pole) is modified as follows:
Oklo natural nuclear reactddl..8 bn years ago (iii) when
qguasar radiation has been absorbed in the most distant gas

clouds(3—10 bn years agpand(iv) at the present time. OAgcp . da
Mentioning the relevant literature we start with the BBN Agep ~347' 2

limits on the electromagnetia, obtained in[3]. The main
results come from variation of late-time nuclear reactions.
Because of the low temperatures and velocities involved at Another focus of our work is possible limits on cosmo-
this stage, those reactions have quite a significant suppremgical modifications ofjuark massesccording to the stan-
sion due to Coulomb barriers, in spite of the fact that onlydard model, they are related to the electroweak symmetry
Z=1-3 is involved. These limits are in the following range: breaking scale, as well as to some Yukawa couplimgsin
[6] running of those has been considered, witlineodel-
| 6a|®8 < 0.02. (1) dependentconclusion that the quark mass indeed may have

_ o a different(and stronggrchange:
In general, all models for time variations of

electromagnetic-weak-strong interactions can be divided inte———

two distinct classes, depending on whether it originaté#)in  1one might think that if the grand unified theof@UT) scale is
infrared or (i) ultraviolet The former approach ascribe ysed to set units, its variation would be impossible to detect without
variations to some hypothetical interaction of the corre-explicit measurements related to gravity. But it is not so, since the
sponding gauge bosons with some matter in the universeosmological expansion itselfvhich is quite important for BBN
such as vacuum expectation valu@gEVs) or “conden-  contains Newton's constagor the Plank massin the Hubble con-
sates” of some scalar fields. Those typically have zero mostant.
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smy Sa point M, betweenm, and m;, the corresponding relations
o0 (3)  betweenAqcp with all experimental quarks andithout
q

heavyc,b,t quarks is as follows:
Large coefficients in these expressions are generic for GUT

and other approaches, in which modifications come from M2 |\ 227
high scales: they appear because weak and strong couplings Awithout ob,t=AqcDp mem,) (4)
run more.

If the coefficients of such a magnitude are indeed there, alote that rather small powers of the masses are involved in
the BBN time of a few minutes the QCD scale and quarkthis relation. In effect, we indeed may pretend tlal,t
masses would be modified quite a bit, if the upper li(it  quarks do not exist at all, as far as basic hadronic or nuclear
were used on the right-hand sidRHS). physics is concerned.

The type of questions we are trying to answer in this work  The situation is completely different with the next quark
are the following: Do we know whether it might or might not flavor we have to discuss, therange quark It is still true
actually happened? Which simultaneous change of stronghat if one fixes the strong couplings(k) at some suffi-
and weak interaction scales is or is not observable? Whaiently high scal2and then considers the role of nonzeng
observables are the most useful ones for that purpose? Whigt the perturbative beta function, the effect is negligible
are the actual limits on their variation which can be detersince its scale is too low for QCD to be passed. by
mined from BBN and other cosmological and laboratory But hadronic and nuclear masses and properties are not
data? determined by perturbative diagrams, leading to a beta func-

Let us repeat that although we use the above-mentionegbn: they are of course determined by a much more compli-
papers as a motivation, we do not rely on any particulacatednonperturbativedynamics. Although it is far from be-
model. Nevertheless, we will at the end of the paper return thg completely understood, it is clear that it does indeed
these predictions in order to see whether our limits on timejepend strongly on quark masses. In particular, the “strange
variation imply stronger or weaker effects than the electropart” of the vacuum energy density can be estimated, be-

magnetic ones. cause the derivative of the vacuum energy,
Il. ROLE OF HEAVY AND STRANGE QUARK MASSES I€yac o
IN HADRONIC AND NUCLEAR OBSERVABLES o =(0|ss|0)~—1.4 fm 3, 5)
S

Both papers just mentiong8,6] argue for what we would 4 ] )
call the zeroth approximation to QCD modification. It as- 1S known! Thus the linear term in the strange part of the
sumes that the QCD scaleycp is so dominant in all had- Vacuum energy
ronic and nuclear phenomena that all dimensional

parameters—hadronic masses, magnetic moments, energies €= ms<§5>%_0_2 GeV/ind (6)
of nuclear levels, etc.—are to a good approximation simply
proportional to its respective powers. is not negligible compared to gluonic vacuum enelrgy

If so, any time variation of the overall strong interaction
scale wouldnot change dimensionless quantitiésuch as
mass ratios og factorg which we can observe. The absolute €=
scale of hadronic and nuclear spectroscopy may change, but
even if we were able to observe it from cosmological dis-
tances, such a modification would easily be confused with ~—(0.5-1) GeV/n?, )
the overall redshift.

Fortunately, this pessimistic situatios in fact rather far  making 20%-40% of it(The numerator in this expression is
from reality. Quark masses do play significant role in had-the familiar coefficient of the QCD beta function, with,
ronic and nuclear physics, and if they have time modification—3 andN;=3 being the number of colors and relevant fla-
different from that ofAqcp, those can be detected. vors. It appears because this expression, known as the scale

Logistically it is convenient to start with masses of anomaly to lowest order, has the same origin as the beta
heavy—e,b,t— quarks. They do play a role in the running fynction itself)

of the strong charge, from high scales down, changing the
beta function each time a corresponding mass scale is passed———
However, as is well known, those effects can be readily ab- 3¢ is in fact done on the lattice, whetleis the inverse lattice

sorbed in a redefinition oA g¢p . spacing, typically 2—3 GeV.
If strong coupling is the same at some high normalization 4gor definiteness, this number had come from the QCD sum rules,
which typically correspond to operator normalization at
=1 GeV. The lattice numbers are similar, but normalized at in-
2Motivated historically by the large number of colors limit or verse lattice spacing, typicallg=2 GeV. Anomalous dimension
quenched lattice QCD. Both may be reasonable starting approximasf this operator lead to small difference between two normalizations
tions, which are not expected to be really accurate. which we ignore here.

(11/3N.— (2/3)N;
12847

(0l(gG},,)?l0) (7)
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Furthermore, for the nucleon one finds that similarparticular hadronic observable dependsmg. In general,
“strange fractions” of their masses are of the same magnivariation of m, alone can noticeably influence strong inter-
tude, e.g>, action parameters, since different quantities in general de-

pends differently on it. Let us give an example.

. One of the most important quantity for astronomical and
(N|ss|N)~1.5. (9) laboratory experiments is the magnetic moments of nuclei.

For example, the ratio of hyperfine splitting to molecular

B . . - 2 - .
Putting into linear expansion the strange quark mags rotational intervals is proportional t®-g whereg is defined

=120-140 MeV one finds that about 1/5 of the nucleonby the magnetic moment
mass comes from the “strange term.”

[Although in this paper we cannot go into discussion of get
why it is the case, let us make a small digression. First of all, H=5
the reader should not be confused with the fact that only a

very small fraction of thenergyof a fast moving nucleon is In zeroth approximation as well as in the most pessimistic

ggﬁsﬁﬁé??e?lt[ingseuiﬁi gfasgfzggfgrﬂyb@tﬁ;:ev%ftiﬁ?krgge”a”o discussed above, only one-dimensional parameters
) ?AQCD and Aqcpt Kmg, respectively exist, so a dimen-

(or chiral-even and scalarlike(or chiral-odd operators is a sionlessg factor cannot have any time variation. But, we

Very common featgre of nonpertqrbatlve Q.CD' Its o’r|g|n ISrepeat, there is no general argument for such approximations
related to the dominance of the instanton-induced 't HoofttO be accurate. The magnetic moment and the nucleon mass

{nfr::fgoné Seenééoghlon IS dh?]g’cgsgf;‘;.ﬁ)ehns 2;%?.“?? ]ngrg!gglcal are not directly related to each other at the QCD |évahd
u Ing ev u ty Inv '9 : the dimensionless derivative

My
amg

11)

flavors]
Returning to cosmology, we conclude that due to strange
terms, any variation of quark masses would imply significant N (L)
ificati i i i py = (12
modification of hadronic masses and other properties. It re s amg

mains a challenging task for model builders and lattice prac-

titioners to establish to what extent tms) part of had-  remains unknown even for the proton and neutron, to say

ronic masses is or is not universal. o nothing about the composite nuclei. If it is not the same as
In principle, what we would call thenost pessimistic sce- gerivative (9) for the nucleon mass, any time variation of

nario is possible, in which\ ocp andm; enter intoall had- 1 /A would induce a variation of the nuclegrfactors.

ronic observables in one combination: The role of light quark masses is another issue, and a part
of magnetic moments related to the contribution of the so-
Aeti=Aqcpt Km, (10)  called “pion cloud” will be briefly discussed in Sec. XI.

In summary, any dimensionless ratios should be viewed as
where K is somauniversalconstant. If such a scenario hap- a function of the ratio
pens to be true, its time modification can indeed be neutral-
ized by a change of units, sinexperiments can only mea-
sure dimensionless ratios g(t)=g( ms(t) ) (13)
In fact, when lattice practitioners express the obtained re- Agep(D)/)’
sults in terms of so-called “physical unit$,the dependence
on m, indeed tends to become weaker. which for small variations is reduced to partial derivatives
However, at the moment this is just a hint, with an accu-such as mentioned above.
racy not better than, say, 10%, and there is no reason to
expect this scenario to be the case. We mentioned such a Ill. ROLE OF LIGHT QUARK MASSES
pessimistic case provocatively, emphasizing that at the mo-
ment we lack a solid theory which would explain how any Unlike the strange quark mass, we have a more solid
theory explaining what the effect of a changelight quark
masses |, my relative to that of the strong scale can be. The
5The reader may find a discussion of the phenomenological situtain focus of this work is this particular variation, which at
ation in the first paper fronf9], while the second contains lattice the end we will be able to constrain rather well.
calculations of this quantity. For reference, their conclusion is that
the (RHS) of Eq. (9) is 1.53+0.07, with the errors being statistical
only. "For example, in the nonrelativistic quark model the nucleon mass
5Those units are defined by some nonperturbative observable suih approximately 3 times the constituent quark mass, and the quark
as (i) p-meson mass ofii) the string tension, ofiii) the force  magnetic moment is given by the “quark magneton.” However,
between two pointlike charges at a fixed distance. All of those areven in this model there is also a binding energy and other correc-
measured on the lattice, with whatever quark masses one wants tions. A constituent quark itself is a complicated composite object,
have, and then put equal to its observable value in the real vagrid so one should not expect its magnetic moment to be exactly equal to
decree the Dirac value related to its mass.
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Since the pion is a Goldstone boson, its mass scales asfar that inside the dynamics which drives BBN. One is the

geometric mean between weak and strong sE#lsg Boltzmann factgrwhich may at late times reach ten orders
5 of magnitude or more; the other is tlBamow factordue to
mZ~(my+mg)Aqep- (14)  Coulomb barriers, which may reach three to four orders of

) o magnitude. So, naturally, production of the heaviest primor-
Therefore the appropriate parameter characterizing the relgfa| nuclides—especially Ij which is sensitive to both of
tive change of the pion mass ratio to the strong scale can bose—would be a most promising place to look.

defined as We start, however, with a preliminary discussion of pos-
sible drastic changes whef), is of the order of several per-
5 =5 M )/ (_m” )235( Mg )/( My ) cent, and then return to more delicate limits on the scale
N Agcp Agep/ 2 \Agep Agep variation.
(15) Nucleosynthesis starts with two-nucleon states. Standard

. . nuclear forces produce one bound state—the deutgron,
Because the pion mass determines the range of nuclegh, t_o j=1_and a virtual triplet of statespp, pn
forces, its modification leads directly to changes in nucleat, "\ o 121 s—| =j=0 .

properties. The main question we would like to study is how If the pion was lighter at BBN time relative to its present

such a change in the pion mass relative to that of other ha({/'alue it leads to better binding. Rather dramatic effects

rons, described b_y a nc_mzeﬁq, is limited at the cosmologi- should have occurred if the virtual states unbound by stan-
cal time when primordial nucleosynthesis took place. dard nuclear forces were bound

The first limit on the relative change of quark masses has Specifically, the binding of dpp) state, with its subse-

been put in{6], quent beta decay into the deuteron, could eliminate free pro-
tons, in obvious contradiction with observatiof$2,13.
)<o_02, (16) Conditions for a binding ofpn and nn states have been
studied in[13,14. These states may add new paths to nu-
. . leosynthesis.
where both numerical values come from the observatlona(l: Note, also, that if the pion was so much heavier than now

uncetrtamfty of H% _proc_iugtlon(,j ander( Is the freeze_lzﬁ_ut t:ffm't .that the deuteron gets unbound, no primordial nucleosynthe-
perature for neutrino-induced weak processes. 1his etlect Iy oo |q possibly proceed at all. We will not discuss those in

hOV\_/evTehr, not vgtr_y_trest][u':_t'lg/e focrj th? folltowmg reagotr)s. . this paper, as they are superseded by modification of the
(i) The sensitivity o production to any variation is o teron discussed below.

. . . . . .7
itself not very impressive(Below we will discussd or Li As the only exception to this rule, we briefly discuss an-

yields Whic.h. may vary by orders of magnitude and is mUChother important bottleneck on the way toward heavy nu-
more sensitive.

A | lained ifi6] T | clides, the absence &&=5 bound states. We have shown
(if) As correctly explained ii6], T, scales as below that withé,,~< —0.052 it can be bridged in a modi-

My—m,

-0.I< 5(

v

T,~0IM %)/3 17) fied world.
as a function of weak scaléliggs VEV) v and Planck mass, V. DEFINING THE TWO MOST IMPORTANT
while the m,—m, variation is expected to come primarily TEMPERATURES OF BBN

from &(my—m,), with a smaller electromagnetic correction.
Therefore, both numerator and denominator in Ebp)

mostly reflect the same physics and thus a large portion
the modifications, if they exist, would tend to cancel in this

As we will argue throughout this work that the most sen-
itive parameter in BBN remains the binding energy of the
O3euteron|Ed| (Eq is negativg, we provide a(very brief
account of BBN, with emphasis on the role of deuterons. For

combination. details of the evolution and the role of all processes involved
the reader should consult appropriate reviews, €1¢.,16.
IV. CRUDE LIMITS ON SCALE VARIATIONS When the basic reaction producing deutergnsn—d

AT BBN TIME + v is in equilibrium at high enougf, the density of deu-

Before we come to specifics, let us explain our basic phi-terons relative to photons is of the order of

losophy in the selection of the observables. To get the maxi- N
mal sensitivity, one has to focus on phenomena which may _d~,72 exp(|Eq4|/T). (18)
vary by very large factors. Basically, there are two sources n,

Here »~3x10 1% is the famous primordial baryon-to-

®The QCD anomalous dimension of the quark mass is canceled pghoton ratio. Although it remains unknown what created it
the opposite one of the quark condensate, in the Gell-Mann-2nd even at which stage of the bing bang it happened, we
Oakes—RennefGOR) relation: thus quark masses here are meantVill assume that it happens early and do not consider its
with the dependence on the normalization point removed. The saméariations.
remark should also be made about the term with the strange quark. So the density of deuterium remains negligible small until
(We thank T. Dent, who reminded us that this comment is negdedthe Boltzmann factorneeded for the photons to spli)
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far T N = simply using modified units. In such units all reactions rates,
/ P - bindings, andry would be the same as in standard BBN. The

S y Y only difference appears in the freeze-out time and tempera-

16T FARE Y ot ture T;. The reason is, as we changed the units to adjust to
S d time varying scales, the value of the Planck mass entering

....... L fgr U relation (21) is modified instead.

" 0.1‘ ool T B2 0 g We can estimate crudely the effect of that modification as

follows. At the second stage of BBNg<T<Ts, a decrease
FIG. 1. (8) Schematic dependence of the deuterium mass fracof d and Li is roughly power like:

tion f4 on temperaturd (MeV). (b) Schematic dependence of the

deuterium and Hemass fractions on the binding energy of the

deuteronEy (MeV). The vertical dotted line indicates its experi-

mental value—2.2 MeV.

-1

10

fou~T2% a=6-7. (22

The fall is by about two orders of magnitude. Using this
helps. In particular, when this factor is so large than it carirend we conclude that modification of their yields within a
compensate one of the, the deuteron fraction may be com- factor of 2(the magnitude of current error baorresponds
parable to that ofp,n. This condition determines the first to a certain change ifi¢, which implies the following limits

crucial temperature value, to be denotedTqy. on variation of the strong scaleelative to gravity:
Note thatTy will be modified below together with the value (Aqco/Me) o

of E4. At standard BBN parameters it is about 70 keV, at

which ny reaches its maximum; see Figal We now switch to a discussion of thelative change be-
What happens aftet reaches this maximum, is significant tween quark masses and hadronic scale, leading to modifica-

reductionof the density ofd (and other specig¢siue to sev- tion of the pion-induced forces and, consequently, of the deu-

eral reactions leading into the best bound light nuclél.i ¢ teron binding energy. We will look at modification dfy,

such lowT the equilibrium configuration would wipe out all which is so important for BBN final observable yields.

of other nuclides. Indeed, an advantage in the binding 8f He A qualitative dependence of the yields of different species

by more than 20 MeV is that the Boltzmann factor is enor-on the magnitude of the deuteron binding is schematically

mous. shown in Fig. 1b). As T4 is allowed to vary, the first thing to
However, the universe expansion does not allow to reachote is that there exists ayptimumfor d production corre-
such equilibrium. Its rate leads to tli@al freeze-oubf all sponding to the case when two crucial temperatures are close

production reactions, the stage when reaction rates and ttie each other:

Hubble expansion rates are comparable. The Hubble rate,

according to one of the Friedman equations for a flat uni- Ti~Ty. (24)
verse and zero cosmological constamit important so early

anyway, is . . . .
yway It is easy to see from the expressions given above that it

happens if the deuteron binding is arouBg~—1 MeV
and its fraction reaches at this time about a percent level.

whereGy ande are Newton’s constant and the matter energyb t\VA\fhen tt?]e \{c\a/:/luet ofg redtuces f_urt_her, fo dtr;t(;t:]e relation
density. Ignoring numerical constant$~T?/Mp, with Mp € ”eenth € (:h emtpera utreshllshlgverde thn Iletr:](t)mesl .
being the Planck mass, and ignoring thdependence of the smaller than T, the stage at which d and other light nuclei

reaction rate itself{ov);, one can obtain the freeze-out are “eaten by £|1-|é IS no Ionger.pr.esent_. All heavier nu-
temperature clides,t,He?, He*, etc., reach their final yields from below,

basically tracing the deuteron production. There is no time
Ti~ UM p(ov)1e). (21)  for I_-|e4 to grab most of the available neutrons anymore, and
its final yield starts decliningsee Fig. 1b)]. Finally, when

Note how the small parameter fights with largeM . For ~ deuterons become nearly unbound, all of the primordial nu-

H?=(R/R)?=(87/3)Gye, (20

standard BBN it isT(~35 keV. cleosynthesis is wiped out altogether.
As the data tell us that the fraction is at the level
VI. HOW VARIATION OF THE DEUTERON BINDING 10*-10"°, BBN happened clearly away from the maxi-
AEEECTS BBN mum. Furthermore, as the Méaction is large, we are defi-

nitely at the left branch of the curve in Fig(k). This shows
Now we can proceed to discussion of howedificationof ~ exponential growth, and thus sensitivity of the results to the
the fundamental interactions would affect the BBN yields. variation ofE4 andT4 can be estimated from its slope, which
Let us start withthe most pessimistic casenenboththe  we obtained fronj16]. We conclude from this estimate that a
strong scale and quark masses are modifithtically, so  change of thal yield by a factor of 2 corresponds to a con-
that this change can be eliminated from the discussion bgtraint on the relative variation of the deuteron binding by
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|Eql f2 . . L L . _exp—mgr
TES | <0075 29 V=25 (i 7130 S
|Ed| d mi r
VIl. EURTHER LIMITATIONS AND THE COULOMB wheref<=0.08. The pion mass in denominator has a tilde: it
BARRIERS indicates that this mass has been put there by hand for nor-

malization purposes, and unlike masses in other places, it

Now we can discuss the refinement of the qualitative picwill nothave any variationglt has been put there in order to
ture described above, in which the absolute change of theancel the pion mass squared coming from differentiation of
strong scale has been eliminated by a change of units, arttie exponent, which we will evaluate finst.
the only weak effect included has been a quark mass. Now When the variation of the pion mass is sufficiently small,
we let the electromagnetic effects come into the game, inhe variation is simply given in the first order of perturbation
their simplest and most importaitexponential form. We  theory, SE4=(0|5V|0). For any weakly bound state the
mean the Coulomb barriers, described by the well-knowrwave functionoutside the potential rangean be approxi-

Gamow factors mated by the simple expression
2me’Z,Z 2mwe?Z,Z K
f amou™ : 2exp( - 2 (20 Yol(r) =\ 5—ex— xr)Ir, (29)
Hereu is the relative velocity, which scales a&/)Y2 As ~ Where the parametet is related to the binding energy by
explained above, the relevafivaries in betweeify andT,. ~ Ea=«"/My. If we use this expression until the core size, we

As the former one is modified, together wi , the Gamow ~ ¢2@n easily evaluate it:
factors change accordingly.

For standard BBN we estimated that the product of B _ ., «| 1 L S
Gamow factors of reactions leading to ‘Liis about om, m, | (2k+m,)ry 2k+m, A
exp(14,/v), wherev, is the unmodified valud So, assum- (30
ing that experimental data on’Lare restricted within a fac-
tor of 2, we see that only a variation of We therefore get, from these terms,

| 6E | OB o5 31
( 3 Li7<o.1 (27) IE,| w (3D

The sign tells us that reducing the pion mass we reduce the
binding: this counterintuitive result comes from th&. in
the preexponent.
One more one-pion-exchange term we have ignored is the
VIIl. MODIFIED DEUTERON one in which two derivatives act onrl/this leads to the
delta function. Naively it does not contribute sincerat0

In this section we try to relate the change of the deuterofhe wave function is vanishingly small due to the repulsive
binding energysE,, to modification of the fundamental pa- core. This can be cured by an account of the finite size of the
rameters§,, introduced above. nucleon.

In general, it is a very nontrivial dynamical issue, whichis  However, the main problem with the perturbative calcula-
far from being really understood. We have discussed abovgon outlined above is that the one-pion-exchange terms are
to which extent the QCD vacuum ener(y and the nucleon  actually several times smaller compared to the phenomeno-
mass(9) depends on the quark masses. Maybe one day sugfgical potentials needed to reproduddl scattering and the
information will be available from lattice QCD for nuclear deuteron b|nd|ng Furthermore, the phenomeno|ogica| poten_
forces as well, but right now we do not have it and have tajals which fit scattering and data actually ascribe most of
rely on model-dependent potentials. the potential to two- and even three-pion exchanges. As an

Of course, one can identify single-pion exchange forcesexample, we used the well-known work by Hamada and
Especially for the deuteron channel, those lead to well;johnstorf17], which has the central potential in the deuteron

known tensor forces producing deuteron quadrupole Mochannel in the form of subsequent pion exchanges. We have
ments. A textbook one-pion exchange corresponds to the fobnly modified the pion mass in the exponents:

lowing potential:

can be tolerated. It leads to a limit @f). comparable to the
one obtained above from the deuteron yield.

V(r) =V Y(X)[1+a.Y(x)+b.Y(x)?], (32)
®We have also checked that this estimate agrees with the results by —x(144.)
[3] of the dependence of its yield an, which comes from running Y(x)= e " (33)
a compete BBN code. X '
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wherex=rm,, is distance in units ofinmodifiedpion mass, y(r,E=0)~r 1+, (35)
anda.=6, b,=—1 [17]. The potential also has an infinite _ -
repulsive core with radius 0.4 fm. In the swave equation|,=0, it is unacceptable because such

We have ignored tensor and spin-orbit potentials as hav@ wave function is a nonnormalizable solution. In other
ing a minor effect on the deuteron binding, adjusted the overwords, keeping exp{xr) in Eq. (29) is crucial, no matter
all coefficient to have experimental binding energy2.2 ~ how small« is. It is no longer so foi =1: the tail of the
MeV. After that, we have modified the pion mass in E2p), ~ wave function in question is now normalizable. In short, for
and calculated the binding energy by solving thevave |1>0 the centrifugal barrier keeps particles inside the attrac-
Schralinger equation. For the small pion modification we tive potential, contrary to the=0 states. This effect makes
need, we found a good linear dependence with the following>0 states more sensitive to a change of the potential.
coefficient: We have modeled the potential of the interaction between
a neutron and Hein the following form:
@ ~—186 (34) 2
E4 ~ i 1+w(r/c)

VIN=Q G dir=o/A]+1’

(36)

We have presented these two estimates as reasommsibie
mal and maximal boundsn this derivative. Presumably the Wherew=0.445,A=0.327 fm. Ifc=1.01 fm, it is a good
true value is somewhere between 3 and8. fit to the experimental density distribution in Hg20]. In the

The issue has been discussed in the literature. A genergbtential we simply changed it to=1.01 fm+1/m,, with
discussion of how all nuclear physics would change if quarkvariable pion mass. The depth of the poten@has been
masses, the number of flavors, or even the number of coloitsined to reproduce the position of the above-mentioned reso-
were modified can be found [118]. Probably the latest paper nance; it gav®Q=—32.6 MeV. After that we start changing
addressing deuteron binding with modern methods is Refthe pion mass until this level becomes boufd: 0. This
[19]. Like us, these authors have shown examples producingappens at the magnitude of the pion mass modification:
opposite sign of the derivative and conclude that, strictly

speaking, neither the magnitude nor even the sign can be 6ﬁes>—0.052. (37
definitely obtained at this time. Further extensive lattice and
chiral perturbation theory studies are needed. If that would happen at BBN time, the yields of Li would be

If the derivative is small near zero, our arguments losedramatically enhanced, by orders of magnitude, contrary to
their weight. However, it would be very unnatural to obtain aobservations(This is why it is written as an inequali}y.
small value of this derivative. The attractive and repulsive This value can be compared to the natural small param-
parts of the potential have already conspired to obtain theter of the virtual He level, E,.s/V~0.02. The needed shift
deuteron at the binding edg@ne more fine-tuningexactly  is somewhat larger because, in spite of the general argument
at the physical quark mass valu@ghich does not have any given above, its wave function is spread to largsee Fig. 2.

special meaning from the QCD point of vigws very un- Note that this limit(37) would become an order of mag-
likely to happen. nitude weaker if we base our consideration on the direct

effect of the one-pion exchange, Eg8)—see the discussion

IX. BINDING OF He 5 in the previous section. For Rehere is an additional sup-

pression because the average value of the potd@8abver

We now return to the Her-n channel mentioned above a closed % shell is zerd(the effect, however, appears due to
and evaluate which BBN limits on modification of the pion the exchange interaction and correlation corrections
mass it will produce. As a result, we conclude that the limit from the Hzind-

In this channel there is pg, resonance at energy 0.77 ing cannot compete with that from the deuteron modification
MeV. If reduction of the pion mass can make it bound, it will in its importance in BBN.
drastically enhance production of Li. Without bound®He  The next bottleneck, effectively blocking synthesis of
BBN has to jump overA=5, e.g., by a reaction He-t, heavy elements, is the gapAt 8 nuclei, which too readily
which is impaired by the Coulomb barrier as well as by adecay into two alpha particles. Although we have not inves-
very low concentration of. tigated this case, we do not expect it to beat the limits related

We now study the sensitivity of Hebinding to modifica-  to deuteron modification as well.
tions of the nuclear potential. Before we discuss the calcula-
tiqns, let us make a coulple of qualitative points. First of all, X. LIMITATIONS FROM OKLO DATA
this case is more complicated compared to the deuteron, be-
cause we now discussed very weakly bound states, and so no Finally, let us deviate from our discussion of BBN to a
simple linear dependence @ is expected. Furthermore, let related subject: namely, similar limits following from data on
us point out an interesting quantum-mechanical distinctiorihe natural nuclear reactor in Oklo active about 2 bn years
between low-lying levels with zero and nonzero angular mo-ago. The most sensitive phenomen@sed previously for
mentuml. The wave function at large outside of the inter- limits on the variations of the electromagnet is the dis-
action range, for the zero-energy level can easily be foun@ppearance of certain isotop@specially Srif') possessing
from the Schrdinger equation a neutron resonance close to zg&i]. Today the lowest
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800 point) there is no reason to expezachterm to be especially
small. For exampl¢21] the electromagnetic term is about 1
MeV.

Let us estimate what variation of the resonance energy
would result from a modification of the pion mass. As we did
above for the deuteron, we assume that the main effect
600 comes from increase of the radius R of the nuclear potential
well. The energy of the resonancBs= E¢,itation— Sn CON-
sists of the excitation energy of a compound nucleus minus
the neutron separation ener8y. This, in turn, is a depth of
the potential wellV minus the neutron Fermi energg,
S,=V—er. The latter scales like B? if the radius of the
well is changed. The kinetic part of the excitation energy
Ecxcitation Scales in the same way. Adding both, one gets
shift of the resonance

Y 400

20R

2001 o= _(€F+Eexcitation)?- (39

For resonance near zero the combination in brackets is ap-
proximately V~50 MeV. If R=5 fm+1/m_, then SR/R

=—6m,/(Rmt):

. . : . ‘ . . SE;
0 5 10 15 20 25 30 35 £ =3x 1086, <0.2. (40
i
r
The RHS above comes from the observational limits claimed
in [21]. The resulting limitation on pion modification at time
~1.8 bn years ago is

FIG. 2. The wave function for zero-energy neutrons ir? K-
bitrary normalization versus the distance in fm. Note that it is
normalizable, although it does spread to rather large

89K« 7%107 10, (41)

resonance energy is onky,=0.0973-0.0002 eV is larger
compared to its width, so the neutron capture cross section NOt€ that the authors of the last workig1] found also

o~ 1/E3. The data constrain the ratio of this cross section tghe nonzero solutiodE,; /E;= —1+0.1. This solution corre-

the nonresonance one. It therefore imgflehat these data sponds to the same resonance moved below the thermal neu-

constrain the variation of the following ratiaj(Eq/E,), :(r)ct)gl ini:%i'r Igf ;?]'es SC;S?S”S céz;;: %)2 érlnlg:m;'glﬁée{?gm
whereE;~1 MeV is a typical single-particle energy scale, u utl very large si

which may be viewed as the energy of some One_bod)guclgus has millions qf resonances and each of them can
“doorway” state. rovide two new solutiongthermal neutron energy on the

A generic expression for the level energy in terms of fun_right tale or left tale of the resonancéiowever, these extra

damental parameters of QCD can be written as follows: solutions are probably excluded by the measurements of the
" neutron capture cross-sections for other nuclei since no sig-

nificant changes have been observed there alsd;2dge
Ei=AiAgcpt Bimg+ CiaAgept Di(quQCD)1/2+ . As in the cases of the deuteron and®Hénding one may
(38) argue that the limits 0@, presented above should be weaker
by an order of magnitude since the direct contribution of the
o ) ~ one-pion exchange, Eq28), to the energy is small. To
whereA; ,B;,C; ,D; are some coefficients. The first term is c|arify this point it may be useful to perform a numerical

the basic QCD term, while others are corrections due tqalculation of this contribution to the neutron separation en-
qguark mass, pions, and electromagnetism. WithBuD; ergy in Sm* and Hé.

terms one can see that in tlig/E; ratio the QCD scale
drops gut, confirming.our' general sta.ter'nent abov.e, that i, LIMITS FROM ASTROPHYSICAL AND LABORATORY
such kinds of approximations the variation &t cp itself MEASUREMENTS
cannot be seen.
The sum is very small foE,, just because we deliberately =~ Comparison of the atomic H 21 cthyperfing transition
picked up the lowest resonance, Hand this is our main with molecular rotational transitions gave the following lim-
its on Y=a?g, [22]: 8Y/Y=(—0.20=0.44)x 10"® for red-
shift z=0.2467 and 8Y/Y=(—0.16+0.54)x10"° for z
100f course, under the assumption that #sneresonance was =0.6847. The second limit corresponds to rougtty6 bn
the lowest one at the time of the Oklo reactor. years ago.
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As we have already discussed above, only in thest tings By comparison the rates of two clocks based on dif-
pessimistic scenarido all strong interaction phenomena de- ferent atoms, say, H and Hid25], we compar# g factors of
pend on only one parameter, e.0..t=AgqcptKmg; its  quite different nuclei[26]. In terms of the standard shell
time variation cannot change dimensionless quantities likenodel description, this gives the ratio of proton and neutron
the proton magnetig factorg,, . If so, the limits given above spin g factors. Other examples, such as using the hyperfine
are just limits on variation ofr. However, in general there is transition in Cs as a frequency standard, would also involve
no reason to think this to be the case, and one may wondéhe orbitalg factor, with g,=1. In principle, corrections to
which limits can be put from these data on a cosmologicathe shell model include “exchange currents” which also on-
variation ofmg/Agcp. tribute to magnetic moments. All of the above may have

Another issue here is a contribution proportional to thedifferent dependence am,/Aqcp, and we conclude that
light quark massesn,,my. Let us first make a qualitative
point, suggesting that their role in magnetic moments is ex- d Ay d mg
pected to bdarger than in hadronic masses. Hadrons are EInA_Z_KEmAQCD’ (44)
surrounded by the so-called “pion cloud,” which have small
virtual momentap. Masses depends on it in the form where A;,A, are hyperfine structure constants of different
JpZ+m?Z while magnetic moments hayexr, r being the atoms and wher&, a combination of derivative), (12),
distance from the center. Small masses are partly compefiemains unknown but can be as big as 1/10 or even larger.
sated by large in the latter but not former case. Using such tentative value and H, Cs, and Haeasure-

Model-dependent estimates support this idea. The magnments[25,27], we obtain the limit on variation aing/Aqcp
tude of the effect varies a lot between models, and as aaf about 5< 102 per year.
example we use rather the conservative treatment by Sato
and Sawad@23]. It can be seen as a minimal estimate: they XI. SUMMARY
identified the contribution of small virtual momerntaZ A by o o o
using form factors~ A%/(A%+p?), and have shown that a Combining our strongest I|m|ts on the deuteron binding,
consistent picture fop,n,d and hyperon magnetic moment from deuteron, Eq(25), and L¥, Eq. (27), corresponds to
emerges if the cutoff is\~m_. Furthermore, this contribu- Vvariation of their production by a factor of 2, with a relation
tion is shown to be basically proportional 1‘02~m37~mq. petween m0(_JI|f|cat|on of the deuteron binding and modifica-
They found that the cloud contribution is about 1% of thetion of the pion mass, Ec(34): Bc_)th effects suggest about
proton magnetic moment, but 7.3% for the neutftm be the same BBN limit on modification of the pion masda-

compared to the 1% level for the masses tive to the strong interaction scal&qcp -
We conclude that at least due to the pion cloud effect one USiNg EQ.(34) we obtain
should expect that the gyromagnetic ratgpfor nuclei have
a term proportional ton;ign: / Agcp contributing of the order
of several percent. Combining it with the contribution pro-
portional tomg/A ocp (Which we hope does not exactly con-
spire with the effect on masses to cancel complégtele
expect that the overall effect at the level of 1/10gfs of |97l5en<0.03, (48
this origin.
Assuming that it has such a magnitude, that a variation o
alpha andmg/Aocp does not conspire to produce observed
zero, and a simplest linear dependence

|5.,| rn<0.005. (45)

Equation(31) provides a more conservative limit

?nd we think the true limit is somewhere in between.

We have investigated other effects, such as binding 6f He
or pp,nn,np (S=0) states, but found that in these cases the
needed pion modification about an order of magnitude larger.
) (It is expected, since all these states are more loosely bound

(420  than the deuteroplf mg modification relative to the strong
scale are as large as our limit on light quark modification just
mentioned, it means that the nucleon mass can be modified
within =2 MeV due to the strange term. Note also that our
limit on quark mass modification is stronger than the limit
[6] coming from the proton-neutron mass differerité).

<104 (43 We also pointed out significantly weaker limits orsia
multaneousmodification of the strong scale ama, scale at

the same rate, relative to the gravity scale:

My
gp:gp(quo) l+qAQCD

we may interpret the above-mentioned limits as the follow-
ing on variation of this ratio:

i)/ e

This should be compared with the limit orX
=a’gyme/m, [24] SX/X=(0.7+1.1)x10 > for z=1.8.
This limit was interpreted as a limit on variation of or d(Aqgco/Mp)
me/m,. It also can be viewed as a limit on variation of (Agcp/Mp)
Mq/Aqcp. Although few times weaker~2x10"*) than
the limit (43), it corresponds to a higher redshift.

The limits on variation ofn,/Aocp can also be obtained  *'Note that this comparison gives limits on variation @fonly
from laboratory measurements wdtios of hyperfine split- due to relativistic corrections to Hg

<0.1. (47)
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Limits on a variation of the quark mass relative to strongdiffer by one to two standard deviatiof&5]. Therefore it
scale at the 10* level 3—10 bn years ago follows from ob- seem to be worthwhile to make a global fit to data with
servations of distant object@3), while at the time 1.8 bn unrestricted modification parametefike our §,) and see
years ago the Oklo data lead to even better limits, at thgvhether a zero value would or would not be the best one.
1078-107° level. Another challenge to the theory, probably mostly lattice

Although there is no general relation between variation ofsimulations, is to clarify the issue of the dependence of vari-
Weak, Strong, and E|ectr0magnetic constants, as we menti%s hadronic parameters on the Strange quark mases-
in the Introduction it is implied by grand unificatidb,6]. I pecially how universal are the derivatives like E8) for all
one uses thos@),(3), one finds that all our limits on relative hadrons.
weak and strong modification aneuch more restrictivéhan Experimental laboratory work and astronomical observa-
the corresponding limits on the modification of the electro-tions of distant objects can significantly enhance the limits
magnetica. In the case of astronomical observations, inavailable today, hopefully with a nonzero effect eventually
which variation of the alpha seems to be seen, one may eppserved.
ther soon find the variation af factors or rule out relations
between couplings based on the grand unification idea.
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