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We investigate the impact of the QCD vacuum at nonzero € on the properties of light nuclei,
Big Bang nucleosynthesis, and stellar nucleosynthesis. Our analysis starts with a calculation of the
0-dependence of the neutron-proton mass difference and neutron decay using chiral perturbation
theory. We then discuss the #-dependence of the nucleon-nucleon interaction using a one-boson-
exchange model and compute the properties of the two-nucleon system. Using the universal prop-
erties of four-component fermions at large scattering length, we then deduce the binding energies
of the three-nucleon and four-nucleon systems. Based on these results, we discuss the implications
for primordial abundances of light nuclei, the production of nuclei in stellar environments, and
implications for an anthropic view of the universe.

PACS numbers: 13.75.Cs,21.30.-x

I. INTRODUCTION

One of the most outstanding questions in physics pertains to the values of the fundamental parameters in the Standard
Model. These include the gauge and Yukawa couplings, the latter being responsible for fermion masses and mixings.
In the case of the gauge couplings, some hint is available from grand unified theories where a single unified coupling is
run down from a very high energy scale to the weak scale leading to predictions for the weak scale gauge couplings in
reasonable agreement with experiment. The Yukawa coupling matrices are, however, a bigger mystery which includes
the generation structure of fermion masses. The answer may lie in an as yet undefined future theory (e.g., a complete
string theory) in which case there is hope of a deeper understanding. It is also possible that our Universe with its
observed fundamental parameters is part of a larger structure or a Multiverse, but we have no means to know. In
this case, the observed values, may be somewhat random with no deep explanation. However, even in that case, our
specific measurements of these parameters can not be completely random, as not all values will permit a Universe
which supports our form of life, which can carry out such measurements. This is often referred to as the anthropic
principle. The anthropic principle absolves us, the Earth dwellers, from the duty of explaining the values of the
governing constants, at least for the time being, until data at higher scales become available.

The term anthropic principle was coined in 1974 by Brandon Carter [1]. In the 1980s a few influential “anthropic
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papers” were published by Steven Weinberg, see e.g. [2] (see also Refs. [3, 4]). The anthropic principle is not a predictive
theory, rather it is a philosophical idea that the governing parameters in our world should fit the intervals compatible
with the existence of conscious life. The recent LHC data show no signs to support an opposite philosophical principle
— that of naturalness.

The most remarkable and still incomprehensible example of anti-naturalness is the cosmological constant (for a
different view, see e.g. [5]). Its observed value is suppressed by 124 orders of magnitude compared to the Planck scale
M3 (believed to be the only fundamental scale). The suppression of the electroweak scale compared to Mp is 17
orders of magnitude. The vacuum angle 6, whose natural order of magnitude ~ 1 is less than 10710 in experiment [6].

It is obvious that the suppression of the cosmological constant is vital for the existence of our world. Even if it were
a few orders of magnitude larger, the Universe would have entered an inflationary stage before the onset of galaxy
formation. The smallness of the u, d quark masses compared to Aqcp and the fact that m, < mg are crucial for the
genesis of heavier elements in stars. However, it is widely believed that there are no anthropic limitations on 6 and
its suppression must be solved through a natural mechanism such as a symmetry including axions [7, 8]. A dedicated
study of this issue [9] revealed some #-dependence on nuclear physics but the author concludes with the statement
that “these effects are not too dramatic”. The authors of [7] note with regards to the vacuum angle 6 that it “is hard
to see an anthropic argument that 6 [...] is bounded by 10~!°. Moreover, in the flux vacua, there is typically no light
axion.” For further discussions on this issue, see [10, 11]. In the present paper we revisit this issue.

While it is certainly true (and will be made clear below) that 6 ~ 1079 or even 6 ~ 10~° will not change life in our
world, it seems reasonable to reconsider constraints imposed on 6 from observations other than the neutron electric
dipole moment (nNEDM) as well as the anthropic perspective. We will see that the impact of 6 on delicate aspects
of nuclear physics is similar to that of the parameters |m,,| or |my|. Quark mass variation of nuclear properties and
reactions are considered e.g. in Refs. [12-25]. Furthermore, if the variation of quark masses is due to an overall
variation in the Yukawa couplings, it will feed into variations of a host of fundamental observables including the gauge
couplings, and affect Big Bang Nucleosynthesis (BBN) [26-30], the lifetime of long-lived nuclei [31], and atomic clocks
[32]. Strictly speaking, it would be more appropriate to combine the absolute values of the quark masses with their
phases and analyze the limitations in the complex plane. Here, we will fix |m,,| and |mg4| and let 8 vary. Unlike Ubaldi
[9] who focused on CP-odd vertices and arrived at rather weak constrains, we will consider the §-dependence due to
CP-even vertices. For reviews on this and related issues, see e.g. Refs. [33-37].

Our approach is limited in the sense that we do not vary all governing parameters simultaneously in a concerted way.
We do not explore how variations of some of them could be masked by variation of others, for instance whether the
change of 6 could be compensated by that of |m,, 4| or the impact of § on, say, the vacuum energy density. Such a
global task is a problem for the future. We will only vary 0 fixing all other parameters to their observed values.

At this point, it is worth noting that the most often discussed physical effect of 6 on an observable, the nEDM arising
from strong CP-violation, does not impose strong anthropic constraints on #. The nEDM stemming from the QCD
f-term is [38, 39]

dp(0) =0 (107 Fecm), (1.1)

where 0 = 0 + Argdet M and M the quark mass matrix. Even if § = O (1), this is still a very small number and the
physical effects of an nEDM of O (107'% ecm) on the evolution of the universe would still be negligible.

Note also that § = 7 is a special point in which QCD has two degenerate vacua, and physics changes drastically, see
e.g. the lucid discussion in Ref. [40] (and references therein). However, here we are not interested in this special point
but rather in a generic situation with 0 < 8 < 7.

As we discuss below, the value of § does affect a host of hadronic properties which trigger changes in nuclear properties
such as the binding energies of nuclei. Changes in 6 affect the pion mass which in turn alters the neutron-proton mass
difference, Ampy which further affects the neutron decay width. We also consider the effect of  on multi-nucleon
systems and compute changes to nuclear binding energies.

The neutron-proton mass difference and the binding energy of deuterium, By, play a sensitive role in BBN (see [41] for
the current status). As a result, changes in § can substantially alter the abundances of the light elements produced in
BBN. Thus we can set limits on 6 (though they are weak) entirely independent of the nEDM. However, even with large
changes in 6 and large changes in the light element abundances, it is not clear that this would cause an impediment on
the formation of life in the Universe. Indeed, in a related study, Steigman and Scherrer [42] addressed the question of



fine-tuning in the matter-antimatter asymmetry, as measured in terms of the baryon-to-photon asymmetry nz. While
the baryon asymmetry is reliant on the existence of CP-violation [43], there is no reason to suspect that the baryon
asymmetry is itself related to 8. The authors of Ref. [44] found that even for § ~ 1 the observed baryon asymmetry of
the universe would not be altered. Nevertheless, changes in np strongly affect the light element abundances, though
it was concluded by Steigman and Scherrer that these could not be excluded by anthropic arguments. A similar
conclusion was reached in [45] considering the effects of altered weak interactions on BBN. Here, we fix np and
consider the changes in abundances due changes in Amy and By.

The 6 induced changes will also affect stellar evolution and can lead to very different patterns of chemical evolution.
In particular the changes in the nucleon-nucleon interaction, can lead to stars which yield little or no Carbon or
Oxygen, thus potentially greatly affecting the existence of life in the Universe.

The manuscript is organized as follows: In Sect. IT we discuss the properties of various mesons and the nucleons at
nonzero 6. First, we collect the knowledge about the #-dependence of the corresponding hadron masses and coupling
constants. Next, we focus on the modification of the neutron-proton mass difference and the neutron decay width.
Then, we turn to the two-nucleon system in Sect. ITI. We first construct a simple one-boson-exchange (OBE) model
to describe the two-nucleon system and then display results for the deuteron, the dineutron and the diproton with
varying 6. In Sect. IV A, we combine Wigner’s SU(4) symmetry with results from the literature to get a handle on the
f-dependence of the three- and four-nucleon systems. Larger nuclei are briefly discussed in Sect. IV B. Implications of
these results on the nucleosynthesis in the Big Bang and in stars are discussed in Sect. V and Sect. VI, respectively.
We end with a summary and a discussion of our anthropic view of the universe in Sect. VII. The appendix contains
a derivation of the neutron-proton mass difference with varying 6.

II. ONE NUCLEON

In this section, we first collect the #-dependence of the various hadrons entering our study, i.e. of the pion, the o, p
and w mesons as well as the nucleon mass. Our framework is chiral perturbation theory, in which the #-dependence
of the nucleon (and also of the light nuclei) is driven by the #-dependence of the pion properties as well as the heavier
mesons, which model the intermediate and short-range part of the nucleon-nucleon interaction. Of particular interest
are the neutron-proton mass difference and the neutron decay width, which play an important role in BBN.

A. O6O-dependence of hadron properties

Consider first the pion mass. We use the leading order (LO) #-dependence for two flavors [46, 47] 1,

6 | 0
Mi(@):Mfrcosi 1+62tan2§, (2.1)

with M = 139.57 MeV, the charged pion mass, and ¢ = (mgq — my,)/(mq + m,) measures the departure from the
isospin limit. For two degenerate flavors, this reduces to

M?2(0) = M? cos g . (2.2)
A plot of both Eq. (2.1) and (2.2) is shown in Fig. 1 (left panel). Since the LO contribution gives about 95% [49] of
the pion mass at # = 0, we do not need to consider higher order terms, as done e.g. in Ref. [50]. The impact of the
isospin breaking term shows up mostly as § — 7. Note that while ¢ ~ 1/3, isospin symmetry is only broken by a few
percent in nature as (mq — my)/Aqep < 1. Here, we take m, = 2.27MeV and mg = 4.67MeV (this refers to the
conventional MS scheme taken at the scale u = 2 GeV).

L An equivalent expression for the #-dependence of the pion mass was also derived in a model of gluon dynamics in Ref. [48].
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FIG. 1: The 6-dependence of the various meson masses M, for o = {7, 0, p,w}. Left panel: The #-dependence of the pion in
the case of two degenerate flavors (blue line), and in the case with m, # mg (red dashed line). Right panel: The o meson
(blue line), p meson (green dotted line), and w meson (orange dashed line) masses as a function of 6.

The mass of the o as well as the masses of the p and w mesons when 6 is varied are needed for the OBE model and
are taken from Ref. [50], assuming M, (0)/M.,(0) = M,(0)/M,(0) (Fig. 1, right panel).

We consider the nucleon mass in the § vacuum to leading one-loop order (third order in the chiral expansion), which
is given by [47] 2

_ 3gaMZ(0)

mN(H) = mg — 401M72r(0> 327TF2 5

(2.3)

where my ~ 865MeV [51] is the nucleon mass in the chiral limit, g4 = 1.27 the axial-vector coupling constant,
F, = 92.2MeV the pion decay constant, and ¢; = —1.1 GeV~! [52] is a low-energy constant (LEC) from the second
order chiral pion-nucleon Lagrangian, Ef}h see e.g. the review [53]. The 6-dependence of the nucleon mass is thus
entirely given in terms of the pion mass, and one finds my(0) = 938.92MeV. We show the § dependence of the
nucleon mass in the left panel of Fig. 2.

Next, we discuss the 6-dependence of the coupling constants. The #-dependence of the pion-nucleon coupling is related
to the Goldberger-Treiman discrepancy [54]

gamy(0) (1_ 2M£(9)d18> : (2.4)

gxnn(0) = 2 ”

where dig = —0.47GeV ™2 so that g2y (0)/(47) = 13.7, which is in accordance with the most recent and precise
value from Ref. [55].

As g,r shows very little variation with 6 [50], we can use universality relation g,r» = g,nn [56] and keep g,nn as
well as g,y n fixed at their values at § = 0 in what follows. Matters are different for the o. Similar to Ubaldi [9], we
employ the parameterization of Refs. [57, 58]. Writing the scalar attractive piece of the nucleon-nucleon interaction
as

Hcontact = GS(NN) (NN) 5 (25)
it is evident that
92NN
Gs=-"1p > (2.6)

2 Higher orders could be included, but that would go beyond the accuracy of our calculation.
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FIG. 2: The 6-dependence of the nucleon masses my. Left panel: proton (blue line) and neutron (orange dashed line). Right
panel: neutron-proton mass difference.

when translated to an OBE model (this corresponds to resonance saturation of the corresponding LECs, see Ref. [59]).
The following dependence of Gg(6) emerges [9]:

M2

where we have normalized again to the value at § = 0. Using Eq. (2.6) together with the known #-dependence of M,,
we can extract the variation of g,yny with §. We note that the coupling gyrr extracted from the work of Ref. [50]
also decreases with . We now have all of the pieces of the puzzle needed to calculate the binding energies of the
various light nuclei. First, however, let us take a closer look at the neutron-proton mass difference and the neutron
decay width, which also play an important role in BBN.

G (0) = G5(0) (1.4 - 0.4M3(9)) , (2.7)

B. Neutron-proton mass difference

Consider the neutron-proton mass difference
Ampy = (my, —my)¥EP 4+ (m,, —m,) P ~ 1.2 MeV. (2.8)

The leading contribution to the strong part to the neutron-proton mass difference arises from the second order effective
pion-nucleon Lagrangian and is given by [60]:

(M —myp) P =45 By (Mo, — my) + O(M2) = —4dcs M2e +O(M2) (2.9)

where ¢5 is a LEC. Using the most recent determination of the electromagnetic part of this mass difference, (m,, —
my) P = —(0.58 + 0.16) MeV [61], this amounts to (m,, — m,)?P = 1.87 F 0.16 MeV and correspondingly, c5 =
(—0.074 £ 0.006) GeV~L. In the f-vacuum, this term turns into [62] (for a derivation, see App. A)

2

(my, —my) P (0) ~ 4¢3 By ]\/?2469) (my, — my), (2.10)

s

i.e the strong part of the neutron-proton mass increases (in magnitude) with 6, see Fig. 2 (right panel). At 6 ~ 0.25,
Amy () deviates already by about 1% from its real world value, and for the range of § =1 — 2, we find Amy(6) =
1.51 — 2.47MeV, using Eq. (2.1) for M, (0).

C. Neutron decay width

As we increase 6, the neutron-proton mass difference, Ampy(6), becomes larger and results in a larger three-body
phase space for neutron beta decay. This increase in the phase space integral scales roughly as the neutron-proton
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FIG. 3: Neutron decay width, I',(0), as a function of the neutron-proton mass difference. We plot the dimensionless quantity
[[,.(8)/T,(0)]'/° versus Amn (0) — me.
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FIG. 4: Neutron life time, 7, (), as a function of 6.

mass difference to the fifth power and is dominant over any expected #-dependence in the axial vector coupling, ga.
The neutron beta decay width can be written as (for the moment, we explicitly display factors of Planck’s constant,
h, and the speed of light, ¢, otherwise we work in natural units, kg =h=c=1)

5 .4
mJc

T, = 2 11
n= e M (2.11)

where m, is the electron mass, M is the weak matrix element and f is the Fermi integral,

f= / ' F(Z,T.)peTe(mn — my — me — To)2dT,, (2.12)
0

where Z = 1 is the proton charge, T, is the electron kinetic energy, p. is the electron momentum, and F(Z,T,.)
is the Fermi function that takes into account Coulomb scattering [63]. In Fig. 3 we plot [T, (0)/T,(0)]'/® versus
Ampy(0) — m, showing the linear behavior as expected. In Fig. 4, the neutron mean life is shown as a function of 6.

We see that the lifetime drops off very quickly when 6 starts to deviate from the Standard Model value 6 ~ 0. As we
will see this dependence plays a big role at the start of BBN.



IIT. TWO NUCLEONS

Here, we outline the formalism underlying our study of the two-nucleon system. First, we construct a simple OBE
model, that allows us to describe the binding energies of the deuteron and the unbound dineutron and diproton at
# = 0. Then, we discuss how these two-nucleon systems change when 6 varies from 0 to 7.

A. OBE model

Consider first the case § = 0. We set up an OBE model inspired by Ref. [64] and work with the Schrédinger equation,
as the nucleons in the deuteron move with velocities v < ¢. The corresponding OBE potential is given by

Vope(a) = Y Va(a) (3.1)

a={maw.p}

where q denotes the momentum transfer. The static limit is applied, i.e. the four-momentum transfer squared

= —p)?=—-(p'—p)?=—q° Setting furthermore L = 0, i.e. focusing on the dominant S-wave and neglecting
the small D-wave contribution, the respective potentials can be reduced to
Py @
Vi(q) = —(11-72)(01 '0'2)7(12 + M7% 12m?\7 ) (3.2)
P Q2 P2
V,(q,P) = ——J= 1 f : 3.3
(@) q2+M§( T 2m?V> o
2 2 2
JiNN q 1 1 3P
Ve, 7:P = @38 (] - - = . s 3.4
(q,P) @+ M2 < o2, [4 + 3(0'1 0'2)] + om2, (3.4)
2 2 p PN 2 2
9NN qa 1 9% 1 ( o ) 3P
V,(q,P) = (11 - T £ 1- —+ +-(1+ o1-02)| + , 3.5
o P)=(m 2)q2 + M7 < 2m¥, L goNN 3 JpNN (o1 2) 2my, (35)

where P = (p’ 4+ p)/2. Terms  (q x P), which in coordinate space correspond to terms o< L, the angular momentum
operator, and terms x S12(q) = 3(01-q)(02-q) — (01 -02)|q|?, have been omitted. The potentials depend on the total
spin S of the two-nucleon system through the factor (o1 - o2) = 25(S + 1) — 3 and on the total isospin I through the
factor (11 - T2) = 2I(I + 1) — 3. Note also that we omit from the start the w NN tensor coupling as the corresponding
coupling constant g is approximately zero, which is a good approximation, see e.g. Ref. [64, 65].

The corresponding potentials in coordinate space are of Yukawa-type and given by

Va(r) = (71 - 72)(01 .az)ﬁ%% (%)2 e_f” 7 (3.6)
V,(r) = —9‘34% <1 - i (i‘i‘;)j efl:m : (3.7)
Vo (r) = ga% (1 +% (ﬁi)z [1 n é(crl .0'2):|> efim , (3.8)
o (A [ o )

The OBE potential requires regularization since it is ultraviolet-divergent. This can be most easily seen from the
momentum-space representation, Eqgs. (3.2)-(3.5), as these potentials grow quadratically with increasing momentum
transfer. A standard regularization procedure in nuclear physics is to apply either a single vertex form factor controlled
by the cutoff mass A for the total potential, or four individual form factors controlled by the cutoff masses A, for
each meson exchange potential. Here, we are only interested in the binding energies of the nucleon-nucleon systems,



therefore a single form factor is sufficient. The total OBE potential in the coordinate-space representation is then:

Vomp()= Y Valr) b (3.10)
OBE\T) = all Ar .
a={m,o,w,p}
At 6 = 0, the meson masses we use are:
My =139.57TMeV , M, =550MeV , M, =783MeV , M, ="T769MeV . (3.11)
In order to assess the parameter dependence, we take two sets of parameters, cf. Ref. [64]:
gz IoNN 9;
ZoNN — 1417, 2225 =080, 22NN —920.0, A=1.364 GeV , (3.12)
47 4 47
which we call parameter set I, and
gz IoNN g;
ZoNN — 806, 22~ =043, 29NN — 106, A=2.039 GeV , (3.13)

4 47 47 7

which we call parameter set II. For both sets, we take g4./g,nn = 6.1 [64, 65]. After solving the radial Schrodinger
equation for the two nucleon system, one finds for both parameter sets a bound deuteron with binding energy
E; = —Bg = —2.224MeV, and an unbound dineutron with E,,,, = — B, = 0.072MeV.

We now have all of the parts needed to investigate the #-dependence of the binding energies of the various two-nucleon
systems.

B. Spin-triplet channel

The bound state in the spin-triplet channel is the deuteron. Here, we work out the #-dependence of its binding energy.

Consider first the case of a #-dependent one-pion-exchange (OPE) potential, whereas all other potentials remain
constant. The resulting #-dependent deuteron binding energy is shown in Fig. 5. If all OBE exchange potentials
were independent of 6 except for the OPE potential, the deuteron’s binding energy would slowly decrease until the
deuteron would no longer be bound for § 2 2.8 for parameter set II, Eq. (3.13). This is the expected behavior of the
OPE potential that led to the idea that the deuteron for # # 0 might not be bound anymore. This brief estimate
demonstrates that the next-to-leading order contributions calculated by Ubaldi [9], which were reevaluated in [62], are
(a) negligible (because they are CP-odd and only account for a shift of a few percent), but also that (b) the approach
of applying first order perturbation theory is invalid, because the effects of § on the leading order OPE potential are
not small.

However, the actual contribution of the OPE potential to the total OBE potential is very small, which can be seen,
e.g., by considering the individual potentials V(1) of Egs. (3.6)—(3.9). Clearly, the smallness of the OPE contribution
compared to the strong repulsion of the w exchange potential and the large attraction of the p and ¢ exchange suggests
that, even if the effects of 6 on the scalar and vector meson masses are not as pronounced as that for the pion, these
contributions finally determine the actual #-dependence of By.

Consider now the case of a full §-dependent OBE potential. We study two cases: first, the isospin symmetric case
with m,, = mg = (2.27 + 4.67)/2 = 3.47 MeV, and second, the case of broken isospin symmetry with m, = 2.27 MeV
and my = 4.67 MeV. This gives the result shown in Fig. 6. In the isospin symmetric case, we find that after increasing
and reaching a maximum at 6 ~ 3.0 (parameter set I, corresponding to By ~ 42.5MeV) and 6 ~ 2.9 (parameter
set II, corresponding to By ~ 22.8 MeV), respectively, the binding energy decreases and seems to approach to By in
the chiral limit, BS" ~ F2/m ~ 10MeV [14], at least in the case of parameter set II. This behavior is expected:
As we have set m, = my, 8 — 7 effectively corresponds to m, = mgy — 0, since the charged and the neutral pion
masses vanish in both cases. Because of that, all other phenomenological quantities such as the nucleon mass and the
pion-nucleon coupling approach their respective values in the chiral limit.
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FIG. 5: The binding energy of the deuteron for a §-dependent OPE with all other meson couplings and masses are kept fixed,
for parameter set I, Eq. (3.12) (solid line) and parameter set II, Eq. (3.13) (dashed line), respectively.
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FIG. 6: The binding energy of the deuteron for the full f-dependent OBE model in the isospin symmetric case (blue band) and
in the case of broken isospin symmetry (red band) for parameter set I, Eq. (3.12) (solid lines) and parameter set II, Eq. (3.13)
(dashed lines), respectively.

In the case of broken isospin symmetry, the curve flattens and reaches its maximum as 6 — 7, which is given by
By ~ 28.3MeV (parameter set I) and By ~ 17.8 MeV (parameter set II). A useful analytic approximation for Bg(0)
is given by

Ba(6) = 2.22 + ¢1 (1 — cosB) + ¢5 (1 — cos 0)® + ¢3 (1 — cos §)® (3.14)
with
. . c1 =9.14 e =—7.19 c3 = 6.30 Set I
brok try: , 3.15
HHDTORCIL 1SOSPIIL SYHIMEHLY {cl —325 oy =255 cs =047  Set II (3.15)
. . c1 = 5.68 co = —1.02 c3 = 2.36 Set I
brok try: 3.16
FORCI ISOSPIR SyIHmetLy {cl =377 =045  c3=080  SetII (3.16)

C. Spin-singlet channel

The same analysis can be repeated for the dineutron with results shown in the upper panels of Fig. 7. Using Egs. (3.6)—
(3.9), one sees that the OPE and the o exchange potentials are exactly the same for both deuteron and dineutron,
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FIG. 7: The binding energy of the dineutron (upper panels) and of the diproton (lower panels) for the full #-dependent OBE
model in the isospin symmetric case (blue band) and in the case of broken isospin symmetry (red band) for parameter set I,
Eq. (3.12) (solid lines) and parameter set II, Eq. (3.13) (dashed lines), respectively. Left panels: Full range of §. Right panels:
Zoom into the region 6 < 0.4 (dineutron), and 6 < 1 (diproton).

ie. with S =1 and I = 0 (deuteron), and with S = 0 and I = 1 (dineutron). The vector exchange potentials on
the other hand change in terms of the strength, but not regarding the overall sign: the p exchange potential is still
attractive, but weakened by about 50 %, whereas the w exchange potential is still repulsive, but weakened by about
1/3. The dineutron OBE potential is thus slightly less attractive in comparison with the deuteron OBE potential,
so the dineutron fails to be bound, as in the real world. However, anything that happened to the deuteron OBE
potential when sending 8 — , this also happens to the dineutron potential, i.e. the most decisive effects come from
the o exchange potential, which is getting stronger (while the increase of the p exchange attraction and the increase of

the w exchange repulsion roughly neutralize), so the dineutron becomes bound. From the upper right panel of Fig. 7
one sees that this happens already for 0 ~ 0.18 — 0.24.

The overall #-dependence of the dineutron’s binding energy is the same as for the deuteron. Note that while the
binding energy of the dineutron steadily increases, it remains smaller than the binding energy of the deuteron.

We note that a bound dineutron is also found in lattice QCD calculations with pion masses larger than the physical
one, see Refs. [66-69], which span pion masses from 300 to 510 MeV. The central binding energies in these works span

the range from 7 to 13 MeV, similar to what we find at 6 =1 — 2.

We end with a short discussion of the diproton with S = 0 and I = 1. Referring to isospin symmetry, the only
difference between the nn and the pp systems is the repulsive Coulomb interaction in the latter case:

Ve(r)=——, (3.17)

with e the elementary charge. Adding this to our OBE potential Eq. (3.10), we find a constant shift of —0.67 MeV
and —0.72 MeV for set I and set II, respectively, compared to the dineutron case as shown in the lower panels of
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Fig. 7. The only visible effect of this is that the crossover point from the unbound to the bound case now happens at
0 ~ 0.6 — 0.8 (Fig. 7, lower right panel).

IV. MORE THAN TWO NUCLEONS
A. Three and four nucleons

We have seen that the nucleon-nucleon interaction becomes more attractive as € increases. This is predominantly
due to the decrease in the ¢ meson mass. Since the ¢ meson is a scalar particle with zero isospin, the increased
attraction is approximately the same in the spin-singlet and spin-triplet channels. This is a realization of Wigner’s
SU(4) symmetry [70]. Wigner’s SU(4) symmetry is an approximate symmetry of low-energy nuclear physics where
the four spin and isospin degrees of freedom are four components of an SU(4) multiplet.

In the SU(4) limit where the spin-singlet and spin-triplet scattering lengths are large and equal, the properties of light
nuclei with up to four nucleons follow the same universal behavior that describes attractive bosons at large scattering
length [71-75]. We can use this information to determine the §-dependent binding energies of 3H, 3He, and “He. In
order to perform this analysis, we first average over nuclear states which become degenerate in the SU(4) limit. For
the A = 2 system, we average over the physical deuteron and spin-singlet channel to arrive at an average binding
energy of By ~ 1 MeV. For the A = 3 system, we average over the physical 2H and 3He systems for an average binding
energy of Bz = 8.1 MeV. For the A = 4 system, we take the physical “He binding energy, B, = 28.3 MeV.

In order to extend these binding energies to nonzero 8, we use the numerical results from a study of bosonic clusters
at large scattering length [76]. In particular, we use an empirical observation from Fig. 7 of Ref. [76] that

[B./BI'* — [By/B]'* (4.1)

remains approximate constant for positive scattering length a > 0, where B is a binding energy scale set by a
combination of the range of the interaction and particle mass. Conveniently, the value of B is approximately equal
to the value of By at infinite scattering length. We use these empirical observations to determine B3z(6) and B4(6) in
terms of By(f) using the approximate relation

[B4(8)/Ba(0)]'/* — [B2(6)/ Ba(0)]"/* = [B,(0)/Ba(0)]'/* — [B2(0)/ Ba(0)]*/* . (4.2)

In Fig. 8 we show the SU(4)-averaged binding energy of the three- and four-nucleon systems, B3 () and B4(f), versus
the SU(4)-averaged binding energy of the two-nucleon system, By (#), in the left panel and directly as a function of @
in the right panel. Our results are similar to those obtained in Ref. [77], which were computed using hyperspherical
harmonics and auxiliary-field diffusion Monte Carlo.

B. More than four nucleons

In Ref. [78] the authors noted that the strength of the “He-*He interaction is controlled by the strength and range of
the SU(4)-invariant local nucleon-nucleon interaction. By local we mean an interaction that is velocity independent.
We have noted that as € increases, the range and strength of the SU(4)-invariant local nucleon-nucleon interaction
increases due to the o exchange contribution. We have already observed the increase in the binding energies of the
two-, three-, and four-nucleon systems. As discussed in Ref. [78], the increase in the range of the local interaction will
also cause alpha-like nuclei to become more bound. This is discussed further in Sec. V and Sec. VIB.

Across the nuclear chart, the binding energy per nucleon will increase with 6, and the relative importance of the
Coulomb interaction will decrease. As a result, the density of nucleons at nuclear saturation will also rise. Given
the increase in the neutron-proton mass difference and decreased importance of the Coulomb interaction, the line of
nuclear stability will shift towards nuclei with equal numbers of neutrons and protons and extend to larger nuclei.
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FIG. 8: Left panel: The SU(4)-averaged binding energy of the three- and four-nucleon systems, Bz () (blue) and B4(6) (red),
versus the SU(4)-averaged binding energy of the two-nucleon system, Bz(#). Right Panel: Bs(6) (blue band) and B4(6) (red
band) versus 6, taking isospin breaking effects into account, for parameter set I (solid lines), and parameter set II (dashed

lines).
V. BIG BANG NUCLEOSYNTHESIS

In the early universe the temperature, 7', is high enough to keep neutrons and protons in thermal equilibrium through
the weak interactions

n+e+<—>p+17€,
n+vesrpte

n<pte + . (5.1)

The weak interaction rates scale as T° and can be compared with the expansion rate of the Universe, given by the
Hubble parameter, H o< T2 in a radiation dominated Universe. As the temperature drops, the weak rates freeze-
out, i.e. they fall out of equilibrium when they drop below the Hubble rate. In standard BBN, this occurs at a
temperature, Ty ~ 0.84 MeV. In equilibrium, the ratio of the number densities of neutrons to protons follow the
Boltzmann distribution

(5.2)

SRS
<

At freeze-out, this ratio is about 1/4.7. The neutron-to-proton ratio is particularly important, as it is the primary
factor determining the “He abundance. The “He mass fraction, Y, can be written as

2(n/p)
1+ (n/p)’
and its observed value is Y = 0.2449 + 0.0040 [79]. Further, X, is the neutron fraction. A change in 6, will therefore

invariable affect the “He abundance, primarily through the change in Amy. While the change in 6 and Amy does
induce a change in T, this is minor (< 10% in Ty) and we neglect it here.

Y =2X, = (5.3)

The helium abundance, however, is not determined by (n/p) at freeze-out, but rather by the ratio at the time BBN
begins. At the onset of BBN, deuterons are produced in the forward reaction

n+pd+y. (5.4)

However, initially (even though T' < By), deuterium is photo-disintegrated by the backward reaction at temperatures
T; = 0.1 MeV. This delay, often called the deuterium bottleneck, is caused by the large excess of photons-to-baryons
(or the smallness of ng), and allows time for some fraction of the free neutrons to decay. A rough estimate of the
temperature at which deuterium starts to form is

Ba(0)

Ty~ —
Innpg

(5.5)
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Y(6)

FIG. 9: The Helium mass fraction, Y, as a function of 6 in the isospin symmetric case (blue band) and in the case of broken
isospin symmetry (red band) for parameter set I, Eq. (3.12) (solid lines) and parameter set II, Eq. (3.13) (dashed lines).

which for § = 0 yields T; ~ 0.1 MeV. A more accurate evaluation would find T; ~ 0.064 MeV. Below this temperature,
the photo-disintegration processes become negligible and nucleosynthesis begins.

A change in the starting time of BBN changes the (n/p) at freeze-out or more accurately the neutron fraction, X,
at freeze-out by

X, (Ty) = X, (Ty)e tal™ (5.6)

where t4 is the age of the Universe corresponding to the temperature, T,;. As noted earlier, T',, oc (Amy)®, and in a
radiation dominated Universe, t o« T2, so that from (5.5), tg4 o Bd_2. Thus using the dependencies of Amy, 7,,, and
B, on 8, we can calculate Y (6) as shown in Fig. 9. Note that to produce Fig. 9 we have used the numerical values of
T',, and By as in Figs. 4 and 6, rather than the analytic approximations.

As one can see in the figure, the Helium mass fraction is relatively flat for § < 1. This is due to competing effects
in determining Y. As we saw in the right panel of Fig. 2, the neutron-proton mass difference increases with 6. This
strongly suppresses the neutron-to-proton ratio, as seen in Eq. (5.2). Furthermore, because I';, oc (Amy)®, an even
stronger suppression in Y occurs due to the increased neutron decay rate as seen in Eq. (5.6). However these decreases
are largely canceled at low 8 by the increase in By, which causes BBN to begin earlier, leaving less time for neutron
decay. In fact, for set I parameters, at low # this is the dominant change in Y and causes an increase in the Helium
abundance. The maxima occur at 0 = 0.42(0.54) and Y = 0.248(0.252) for broken (unbroken) isospin symmetry.
Requiring Y > 0.24, sets upper limits on 6 of roughly 0.77 (0.50) for broken isospin, and 0.89 (0.61) for unbroken
isospin for parameter Sets I (II), respectively. For larger values of 6, the Helium abundance will drop below the
observationally inferred limit,? however, as we note earlier, it is not clear that a Universe with primordial Helium and
Y < 0.05 would prevent the formation of life and therefore can not be excluded anthropically. We also note that an
increase in 0 and an increased By will lead to an increase in the BBN value for D/H [30] which is now very tightly
constrained by observation D/H = 2.53 + 0.03 [80].

An interesting subtlety occurs in the case of unbroken isospin symmetry for parameter Set I. As one can see in Fig. 6,
the deuteron binding energy increases above ~ 30 MeV, when 0 2 2.4. In this case, there is effectively no deuterium
bottleneck, as the backward reaction in (5.5) shuts off before weak decoupling. The Helium abundance, however, is
highly suppressed due to the large value of Amy 2 3.5 MeV and Y < 0.05.

As described above, the other two potentially bound dimers, the dineutron and the diproton, become bound at 6 ~ 0.2
and 6 ~ 0.7, respectively. Variations in the binding energy of the dineutron is expected to have little effect on the
primordial abundances provided its absolute value remains smaller than the deuteron’s binding energy [28, 81, 82].

3 While we have not run a nucleosynthetic chain in a numerical BBN analysis, the analytic approximation for Y is quite good. For 8 = 0,
we have Y = 0.2467, while the current result from a full BBN analysis is Y = 0.24696 [41].
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Considering that, in this work the variations on the binding energy of the deuteron are only of a few percent, we
do not expect any important role played by the binding energy of the dineutron in the calculations. For large 6,
although diprotons are bound, their binding energy remains below that of Deuterium and it was argued that diproton
production freezes-out before the diproton bottleneck is broken [82, 83].

Before concluding this section, we consider the possible impact of changes in the binding energy of unstable nuclei.
In [29], changes in the nuclear part of the nucleon-nucleon potential were parameterized as

Viv(rij) = (1+0nn) VR (rij) (5.7)
where V3 (r;;) is the nucleon-nucleon potential based on the Minnesota force adapted to low mass systems [84]. The
binding energy of ®Be, was found to be [29]

Bs = (—0.09184 + 12.2086 y v ) MeV (5.8)

indicating that ®Be becomes bound when dyx > 0.00752. 4 The binding energy of Deuterium is also affected by a
change in the nucleon-nucleon potential

B4(0) = (145716 6nn(0)) Ba(0), (5.9)

where we have implicitly here made 6 the origin of this change. From these expressions, we estimate that 8Be becomes
bound when By(#) = 2.32 MeV or when 6 is 0.21 (0.23) for broken isospin, and 0.19 (0.22) for unbroken isospin for
parameter Sets I (II), respectively.

For stable ®Be, it may be possible in principle that BBN produce elements beyond “Li. As we discuss further in the
next section, changes in the nuclear potential strongly affects the triple a process and the production of Carbon and
Oxygen in stars [29]. In the context of BBN, stable ®Be increases the importance of two reactions *He(c, v)®Be and
8Be(a, v)'2C. Nevertheless, the detailed study in [30], found that while some Be is produced in BBN (with a mass
fraction of 10716 for d,ny = 0.0116), no enhancement of Carbon occurs as the temperature and density in the BBN
environment is substantially below that in stars and the production rates are inefficient.

VI. STELLAR NUCLEOSYNTHESIS
A. Hydrogen burning

The effects of nonzero 6 will also be manifest in stellar nucleosynthesis. We first consider main sequence stars
undergoing hydrogen burning. The first step of hydrogen burning is proton-proton fusion,
ptp—d+et +ve. (6.1)

For 6 < 0.5 proton-proton fusion is not significantly altered from how it occurs in the physical Universe. However for
6 2 0.7, the diproton becomes bound and the first step in hydrogen burning can proceed many orders of magnitude
faster via radiative capture,

p+p—pp+7. (6.2)
The diproton can then subsequently decay via the weak interactions to a deuteron,
pp—d+et +u, . (6.3)

We note that while the neutron-proton mass difference grows with 6, the diproton still has a higher mass than the
deuteron due to the larger binding energy of the deuteron.

Initially it was thought the rapid processing of protons to diprotons would lead to stars with extremely short lifetimes,
so short so as to prevent the evolution of life on planets. However, stellar structure compensates, and burning occurs
at lower temperatures and densities [83, 95] and though the stars would be different, it is not clear that there is an
anthropic argument against such stars.

4 5He and 5Li are unbound by 0.798 and 1.69 MeV, respectively, i.e. roughly an order of magnitude more than 5Be requiring a very
substantial change in dy and we do not consider this possibility here.
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B. Constraints on 6 from the anthropic principle

The anthropic principle can constrain # if changes in 6 result in a departure of normal stellar evolution so great that
planetary life would not occur. Therefore, we could at minimum require that (a) enough metals (in the astronomical
sense) are available, and that (b) the lifetime of stars with higher metallicity (thus allowing for rocky planets with
potentially living beings) is long enough that intelligent life can evolve. Perhaps two of the most important elements
for the production of life as we know it are Carbon and Oxygen.

There have been many studies relating the sensitivity of Carbon production to fundamental physics in relation to
the anthropic principle [22, 23, 25, 85-91]. The production of 12C in stars requires a triple fine tuning: (i) the decay
lifetime of ®Be, is relatively long, and is of order 107 !¢ s, which is four orders of magnitude longer than the scattering
time for two « particles, (ii) there must exist an excited state of Carbon which lies just above the energy of ®Be + «
and (iii) the energy level of 60 which sits at 7.1197 MeV must be non-resonant and below the energy of 12C + «, at
7.1616 MeV, so that most of the produced Carbon is not destroyed by further stellar processing. It is well known of
course, that the existence of the excited state of 12C was predicted by Hoyle [92]. Any change in fundamental physics
which affects the position of the Hoyle resonance, could severely affect the production of Carbon and Oxygen and
ultimately the existence of life.

We saw that it is perhaps not possible to place anthropic bounds on 6 from BBN, as it is hard to see why a universe
with a paucity of Helium would prevent star formation or stellar processing. It is however possible to set some
constraints on 6 based on its effect on the triple a process leading to Carbon production in stars. In addition to the
change in the ®Be binding energy given in Eq. (5.8), changes in # and thus changes in the nucleon-nucleon potential,
dnnN, shift the energy level of the Hoyle resonance [29],

Eg = (0.2876 — 20.4126yn ) MeV, (6.4)

where the resonant energy is given with respect to the ®Be +« threshold of 7.367 MeV. In standard stellar evolutionary
models for massive stars, most '2C is produced during the He burning phase. When the temperature becomes high
enough, the 2C(a, )90 reaction begins and '2C is processed to 0. Massive stars end their He burning phases
with a mixture of C and O. When dyy > 0, as would be expected for 6 # 0, Eg is reduced, and the production of
Carbon becomes more efficient at a lower temperature. The burning of Carbon to Oxygen does not occur and stars
end their Helium burning phases with a core of almost pure Carbon.

If Oxygen is not present after He burning, there is little chance to subsequently produce it. Though some Oxygen is
produced during Carbon burning, the Oxygen abundance in this phase of stellar evolution is reduced as Oxygen is
processed to Ne through « capture. The analysis of Ref. [29] was based on stellar evolution models [93] of 15 and 60
Mg, zero metallicity stars and found that for oy > 0.3 %, negligible amounts of Oxygen survive the Helium burning
phase. Thus an upper limit of dyny < 0.002 was set which corresponds to By < 2.25 MeV. This is a rather tight
bound and corresponds to upper limits on € of 0.11 (0.11) for broken isospin, and 0.11 (0.12) for unbroken isospin for
parameter Sets I (II), respectively. As shown above, the dineutron and the diproton remain unbound for such values
of 6, so that a universe with 0 < # < 0.1 will most probably look (almost) the same as a universe with 6 = 0.

VII. SUMMARY AND CONCLUSIONS

Let us summarize the pertinent results of our investigation for 0 < 0 < m:

e As 0 is increased, the deuteron is more strongly bound than in our world. This means that for 6 of the order
one, there is much less fine-tuning than for § = 0. Also, in the case of isospin symmetry, the values for the
binding energy as 6 approaches 7w are compatible with calculations for the chiral limit.

e The dineutron as well as the diproton are bound for 6 2 0.2 and 6 = 0.7, respectively. A bound diproton has
often been considered a disaster for the nucleosynthesis as we know it [94], but recent stellar calculations show
that this might not be the case, see Ref. [82, 83, 95].

e Using Wigner’s SU(4) symmetry and earlier results on systems with large scattering length, we have estimated
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the SU(4)-averaged binding energies of the three- and four-nucleon systems and found that these increase with
increasing 6 or with the deuteron binding energy.

e In general, we have found that nuclear binding energies are quite significantly altered when 8 = O (1). While
BBN would proceed, perhaps producing far less Helium and more Deuterium, changes in the deuteron binding
energy would not prevent the formation of stars and eventually life. Even a stable diproton can not be excluded
on this basis as stars would continue to burn Hydrogen at lower temperatures. On the other hand, changes in
the binding energy of 8Be and the resonant energy of the Hoyle state, would affect the triple a reaction rate
and lead to a world lacking in '60.

e Applying the even stronger constraint not to upset the world as we enjoy it, we derived that 6 must be < 0.1 in
order to approximately recover the real nuclear reaction rates. In this case, the deviation of the neutron-proton
mass difference to the real world value is less than 1% and both the diproton and the dineutron still fail to be
bound.
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Appendix A: 6-dependence of the neutron-proton mass difference

The strong contribution to the proton-neutron mass difference can be derived from the NLO 7N Lagrangian [53]
Amy W 1
LoNY =Nes | x+ — §<X+> N, (A1)
where c5 is a LEC, N = (p,n)T contains the nucleon fields, (...) denotes the trace in flavor space, and

X+ = ulyoul + ux};u . (A.2)

For the determination of the mass difference, U = u?, which contains the pseudo-Nambu-Goldstone bosons of SU(2)
chiral perturbation theory, only needs to be expanded up to its leading order constant term. In particular, in a
f-vacuum U is given by the vacuum alignment Uy. For xo = 2BM exp (i6/2), with M = diag{m,,, mq} the quark
mass matrix, we use the following parameterization of the vacuum alignment:

Uy = diag {e'?,e7"%} . (A.3)

Minimizing the vacuum energy density in SU(2) chiral perturbation theory (or equivalently removing the tree-level
tadpole term of the neutral pion), one finds [47]

0
tan = —e tan 3 (A.4)
or

—etan g —eM?Z2sin ¢
sinp = Z_ = 2 (A.5)

/ o M2(0
1+ e?tan? § )
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1 M2 cos ¢
cosp = = M2(9)2 , (A.6)
\/1+¢e2tan? § ™
where we have used Eq. (2.1). With that, Eq. (A.1) becomes
0 0
_ My, COS (5 — — mgcCos (5 +
LATN = Ndes By =v) — o)y
_ M2 m, —my
= Ndcs B, Tt CnN A7
Cs OMﬁ(O) 9 T34V, (A7)

which results in the strong contribution to the proton-neutron mass difference given in Eq. (2.10).
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