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TAMING THE SAVAGE DINEUTRON

OR DEPENDENCE OFNUCLEAR BINDING ON HADRONIC MASS
VARIATION

Could fundamental “constants” have varied over the histdiyre universe?

Theories unifying gravity with other interactions suggi& possibility of temporal and spatial
variations of physical “constants” in the expanding unseer

Some evidence for variations in the fine structure constastrength of the strong interaction,
and particle masses has been inferred from studies of big macieosynthesis, quasar
absorption spectra, and the Oklo natural nuclear reactor.

More generally, we might ask how much could “constants” ¢jeaand still give us a universe
similar to our own?

Program for studying the universe’s dependence on the gqonass:
e Study how hadron masses depend on current-quark mass
e Evaluate how nuclear binding depends on hadron masses
e Study consequences for big bang and stellar nucleosysthesi

Unanticipated application: we may be able to make usefulnaents on how hadron mass
variation affects the extrapolation of nuclear physicsitsdrom Lattice QCD calculations.



HADRON MASS DEPENDENCE ON CURRENRUARK MASS

Prediction from a Dyson-Schwinger equation study of thensigerms of light-quark hadrons:
V.V.Flambaum, A.Hll, P.Jaikumar, C.D.Roberts and S.V.WridRtw-Body Syst38, 31 (2006}
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But other models are possible ...



NUCLEAR HAMILTONIAN AND HADRON MASS

To study the effect ofm  on nuclear systems, we consider Hamiltonians of the form:
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We examine three interaction models:
e Argonneuvqs (AV28): coupled-channels OPE with expliclt’s fit to 1981 phase shifts
e Argonnewvis4 (AV14): nucleons-only with approximate TPE, phase-edentato AV28

e Argonneuv;s (AV18): updated AV14 with charge-independence-breakinpfl993 data,
weakerf. nn, deeper well, stiffer core; supplement with Urbana IX (URX) .

These potentials all have the operator structure:

vig = vy (rig) + )[R (rig) + 07 (rig) + v (ri;)]O; .

p

The number of operatoi®;} is 28, 14, or 18 according to AVXX.



The NN one-pion-exchange (OPE) in all cases is:
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wherem is a scaling mass ardr) is a short-range form factor.

The AV28 model adds transition terms to states with inteiated\’s
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with S; (T';) the transition spin (isospin) operator that connects épbspin)% and% states.
AV28 also included/na AN, VNa—na, VNa—aa, andVaa_.aa terms.
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Smith & Pandharipandexficl. Phys.A256, 327 (1976) Showed the transition potentials effectively
represent the time-ordered diagrams for a nonrelativiisteraction Lagrangian, with box
diagrams approximating the 2nd Born termstb0%, while cross-box diagrams largely cancel.

The intermediate- and short-range parts of the potentralgigen by:
Vi (rig) = I"T" (mxr) v§(rij) = (S* + Q"r + R'r*)W (r)
W (r) is a Woods-Saxon function and the Cl operators are

or-+'" =1,0:- 05,85, L-8,L* L*(0: - 0;), (L- 8)’] ® [1,7: - 7]



The intermediate-range functi@ (m.r) gives the AV14 & AV18 models an approximate TPE
character. This can be seen by using the transition polemtia closure approximation:
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Sum over Transition spin and isospin operators using rulakgous to standard Pauli spin operators:

c-0=3; oXo=2tc ; c-Ac-B=A -B+1i0-AXB;

2 2 1
ST.s=2: STXS:—gz’a; ST-AS.B:§A.B—§7;0-A><B.
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One could adjusf,.ya, E1, andE» to fit data when constructing a potential, or just fit the entioefficient
Ifj of eachij, which is the procedure for AV14 and AV18.



Transition potentials with closure approximation can deaised to construgtN potential terms, including
standard Fujita-Miyazawa force. Phenomenological stage repulsive term added to Urbana models.

1
Vijk = AéD”W(Z{XU’X“f}{Ti “TjTi T} + Z[Xz‘jaXz'kHTz' F Ty Ti - Tk])

cyc

Xij = Y(mﬂrij)di c 05+ T(mﬁrij)sij

PW _ —2/9 <f7rNNf7rNA <m7r>2 m7r02>2

T Bg+ (ma —my) 47 M 3

V;?k = AR Z T2 (mﬂrij)TQ (mwrz’k)

cyc

Parameteis could be adjusted (along witf.ya from NN potential) but instead the strengtHéDWW and
AR were adjusted to fitH, 4He binding and nuclear matter saturation density in margyealculations
when used with giveWN potential, e.g., AV14+UVII or AV18+UIX.



BARYON MASS DEPENDENCE

Baryon masses appear in the kinetic energy operator:

h2

2mz-

K; = VZ 4+ (m; — mpy)c?

with m; beingm or ma as appropriate.
Also contribute through th&/ N—N A—-A A coupled channels in AV28, e.g., in the closure approxinmatio
_ h?k?  h2k? _ h? k2
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Approximate this effect in AV14 by altering intermediat@age attraction
IP = (146N + 6a)IP
Fix 0 5y andd o by requiring same mass dependence as phase-equivalent AV28

5 5
Sy =049 SA = —0.57204
my mA

Assume same factors are approximately correct modificafimnAV18.



PION MASS DEPENDENCE

Pion mass-dependence enters throughy” (m..r) andm3 T'(m, ) in OPE and TPE, etc.
The scaling mass: s is not changed, and possible variations in the couplingngtheare neglected.

Same dependence as Beane & Savagel] Phys.A713, 148 (2003)]

4

m3Y m3T

0 1
r (fm)

Volume integral ofm3Y (mr) = constant with- = 2/m crossing.
However, if m increases:3T'(mr) decreases for afl and vice versa.



Add pion mass dependence in 3-4 steps:
e changem in OPE only (including generalized OPE for AV28)
e add change in static TPEI(ij for p=1,6)
e add change in all other TPIII(ij for p=7,14)

e add change i;77 (no attempt to changi;’})

HEAVY MESON MASS DEPENDENCE

No heavy mesons in AVxx models, so alter short-range Wo@s®IV () to mimic heavy-meson Yukawa
ng(msr) by changing range and strength:

bro _ da _ 2 8ms
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Volume integral ofi¥/(r) is almost constant for changesrimg with crossing at =~ .75 fm, instead of
2/mg = .5 fm for w- or p-meson.



ENERGY CALCULATIONS

Study deuteron antiSy virtual bound state by direct solution of two-body equasion
Study A = 3 — 8 nuclei usingvariational Monte Carl¢vVMC) method:
Construct suitably parametrized trial wave functidng and evaluate upper bound to ground-state energy:

Uy | H|W
By — (Vv |H|Wy) > By
(Wy |Py)

Simplified trial wave function:
W)=+ > UglSTTA+ U] [ fij|@a(JMTT3))
i<j<k i<j i<j

O 4 (JMTT3) is antisymmetric product of single-particle functions ptaa to given quantum numbers
(translationally invariant with multiple spatial-symmgtomponents, but NOT harmonic oscillator)
1i; are central (mostly short-ranged repulsion) correlations

U,; are non-commuting 2-body correlations frag)

Uij = Y up(ri;)OL,
p=2,6

U, ;1. are 3-body correlations fro; ; ;.



ENERGY RESULTS

VMC energies of light nuclei in MeV for the different Hamilians compared to experiment

1Sy (np) 2H 3H SHe  “*He SHe OLi TLi SBe
AV28 0.0661 -2.2250
AV14 0.0663 -2.2250 -7.50 -6.88 -23.60 -21.26 -24.31 -28.31 280.
AV18+UIX 0.0665 -2.2246 -8.24 -7.49 -2750 -25.26 -28.22 -33.33 5@8.
Expt. -2.2246 -8.48 -7.72 -28.30 -27.41 -31.99 -39.24 86.5




EVALUATING MASS DEPENDENCE

Change hadron massesy one at a timet0.1% and recalculaté” to evaluate dimensionless derivatives:

SE/E

Results can be combined with any given model for the corogldietween hadron and quark masses:

omp(mg)

E(mg) =Eo |14 ) A&(mp)

—— mg



TWO-NUCLEON RESULTS

AE(my) for thelSy(np) virtual bound state,, and the deutero®

myg Aey, AQ
AV28 AV14  AV18 | AV28 AV14 < AV18

my -88.1 -32.7 -33.4| 13.06 8.62 8.90
mn + 0N -91.2 -121.2 13.03 17.82
mA 63.9 -5.15

oA 68.1 102.2 -5.13 -10.36
ms~ (OPE) 9.5 -4.1 -3.8| -223 -1.55 -1.40
mx (+TPE-S) 24.4 35.6 53.0{ -3.63 -4.02 -6.70
mx (+TPE-L) -4.02 -4.31 -6.74
mg -335  -56.2 -75.8| 4.24 4.07 6.09

Dmitriev, Flambaum & WebbRhys. Rev. B9, 063506 (2004)find relation betwee\Q andAe,,:
Aey(mp) - VQ

AQ(mu) ~ e
This is satisfied within factor of 2 for all but two casea:: (OPE) forAvV14 andAV18.
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Dotted lines aren, (OPE) only — Solid lines are “full” calculation with DS&m 7 /m
AV28 includesmpy, ma, my (+TPE-L),mg; AV14 & AV18 includempy + dn, da, mx (FTPE-L),mg.



Multi-nucleon A& (m g ) for AV14

3H SHe 4He  SHe 6Li TLi 8Be
muy 6.00 6.44 3.97 4.58 5.25 5.60 5.10
mpy + O0n 12.32 13.17 9.03 10.38 11.35 12.74 11.71
A -7.35 -7.82 -5.89 -6.74 -7.10 -8.31 -7.69
mx (OPE) -045 -050 -0.20 -0.24 -0.36 -0.30 -0.23
mx (+TPE-s)  -435 -466 -3.33 -387 -419 -483 -4.38
myx (+TPE-L) -4.53 -4.85 -3.47 -4.04 -4.40 -5.06 -4.59
mg 5.99 6.39 4.79 5.72 6.21 7.41 6.62




Multi-nucleon A& (m ) for AV18+UIX

3H 3He 4He SHe OLj TLi 8Be
my 6.07 6.54 3.99 451 5.12 5.24 4.81
mpy + 0N 16.56 17.73 11.86 13.31 14.41 15.53 14.36
oA -12.20 -13.02 -9.16 -10.24 -10.80 -11.96 -11.11
mx (OPE) -0.37 -0.42 -0.19 -0.24 -0.36 -0.29 -0.23
mx (+TPE-S) -6.90 -7.38 -5.11 -5.82 -6.33 -6.95 -6.34
my (+TPE-L) -6.87 -7.36 -5.06 -5.75 -6.24 -6.84 -6.24
my (+TNI) 691 -740 512 582 -631 691 -6.31
mg 8.46 9.07 6.58 7.61 8.24 9.34 8.36
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Multi-nucleon E(my) for “full” AV18+UIX calculation with DSESm 7 /m gy
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CONCLUSIONS

Dependence of nuclear binding en,, ms ~ m, ~ mw, my, ma calculated forA < 8 nuclei.
Results can be combined with any particular modebtarz; /m g variation as function ofn, .
Two-pion-exchange contributions are important.

With TPE, all nuclei, including S dineutron, show same trends with variationgsinz /m ;.
Instability of ®Be vs. 2« appears to be greatest “fine-tuning” issue.

Consequences for big bang and stellar nucleosynthesisdsheexplored.



THE MILLER’S CORRELATION TAIL

OR IMPROVED SHORT-RANGE CORRELATIONS FORNUCLEAR
MATRIX ELEMENTS

Miller & Spencer nn. Phys.100, 562 (1976) developed a function to parameterize the short-range
nucleon-nucleon correlations induced by the repulsive obthe NN interaction:

—ar?.
fus(rig) =1—(1—bri)e *"i

The parametrization vanishes at the origin and goes to ahgpme moderate (few fm) distance —
typical values for the parameters are= 1.1fm 2 andb = 0.68fm 2.

The correlation was motivated by early nuclear matter sgidnd represents the modification of the Fermi
gas wave function by, ;. The original use was in calculations of pion charge-exgeaeactions, but
subsequently it has been used in many1(50) papers for a variety of applications, including parity
nonconservation and double beta-decay.



STATE-DEPENDENCE OFNUCLEAR CORRELATIONS

Because of the strong spin-, isospin-, and tensor-deperd#muclear potentials, present-day variational
calculations of nuclear matter use correlation operators

Fij =Y _ fo(rii)OF,
p

ij:l’(j = [1,040j,5i5] @ [1, 7 - 75]

These might be used to evaluate nuclear matrix elementg isaime fashion as the Miller-Spencer
correlation:

(3| Fi;OF5 Fijlo) = (¢|Gx (ri) O3} |#)

Miller [ Phys. Rev. &7, 042501 (2003)has recently looked at spin-isospin correlations and giféect on
parity violation calculations.
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For example, for the one-pion-exchange PNC matrix element
FijOfjFij = Fij(1i X 75)2(05 + 05) - Fij Fig = Gr(Ti X 7j)2 (06 + 05) - Pij
the distribution functiorG ; is:

G7r = (fc ‘|‘ fO’ ‘|‘ 2ft)2 - 2(fc ‘|‘ fO’ ‘|‘ 2ft)(f7' ‘|' fO”T ‘|‘ 2ft7') - 3(f7' ‘|‘ fch ‘|‘ 2ft7')2

Other operator combinations for PNC meson-exchange:
fzJijOFZJ — f’ij (T’i ) Tj)i(a’i X O-j) ' 72ij'ﬁ.’ij — (GpO,l + GpO,TTz' : Tj)i(O'z' X O'j) . 72ij
1 . ~ . ~
FijOF; Fij = Fig(1i + 75)z1(05 X 05) - 745 Fij = Gp1(7i + 75)2i(0; X 05) - i
2 . “ . n
fijO,L-pj }—ij = fij(3Tiszz — T Tj)z(ai X Uj) . Tij}—z’j = Gp2(37'z’z7'jz — T; Tj)z(ai X Jj) " Tij

fz‘joz-o}—ij = fz‘ji(ai X Jj) . ”Fz‘j}—z'j = (Gwo,1 -+ Gwo,TTi . Tj)i(az‘ X Uj) . ”Fz‘j



PNC distribution functions from nuclear matter correlato

r (fm)



NO CONCLUSIONS
Work with these improved correlations is just beginning.
Things to be investigated:
e Are any previously evaluated PNC matrix elements notigealdered?

e Possible double-counting issues when used with shell-hoodeher wave functions.

e Density dependence of the correlations.

e Any affect on double beta-decay?



