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Abstract

We argue thai bound states in nuclei are sensitive to the singlet component in ffige bigger the singlet component, the more attraction and
the greater the binding. Thus, measurementg lobund states will yield new information about axial U(1) dynamics and glue in megenls.
mixing plays an important role in understanding the value ofjtheucleon scattering length.

0 2006 Elsevier B.VOpen access under CC BY license.

1. Introduction unconstrained give larger values than those predicted in theo-
retical models where theis treated as a pure octet state.
, We first introduce the basic physics. Next, in Sectiowe
Measurements of the pion, kaon and eta meson masses agflfly review the QCD axial/ (1) problem and its application

their interactions in finite nuclei provide new constraints ONtg the n mass in nuclei. We motivate theistence of gluonic
our understanding of dynamical symmetry breaking in Iow N+ rections ton* which go beyond pure Goldstone boson dy-
ergy QCDJ[1]. New experiments at the GSI will employ the ; . ; ; ;

. 3 - . _ namics. While QCD arguments imply information about the
recoilless (d;He) react!on_ to study the possmlg formation of sign of the mass shift, a rigorous numerical calculatiorm;‘;f
n meson bound states inside the nucl@]sfollowing on from ¢, QCD s presently not feasible. Hence, in Sect®mwe

the successful studies of pionic atoms in these reaciginshe consider QCD inspired model predictions for thenucleus and

idea is to measure the excitation-energy spectrum and then, if_n,cjeys systems and the vital role of flavour-singlet degrees

a clear bound state is observed, to extract the in-medium effe%-f freedom iny bound-states. In Sectichwe summarize and
tive massy;, of then in nuclei through performing a fit to this ., jude.
spectrum with the)—nucleus optical potential. Meson masses in nuclei are determined from the scalar in-

_In this Letter we argue that; is sensitive to the flavour- - g,ceq contribution to the meson propagator evaluated at zero
singlet component in the, and hence to non-perturbative glue three-momentunk, = 0, in the nuclear medium. Lét= (E, k)

[4,5] associated with axial U(1) dynamics. Animportant SOUrce,nq,, denote the four-momentum and mass of the meson in
of the in-medium mass modification comes from light-quarkss.qo space. Then, one solves the equation

coupling to the scalas mean-field in the nucleus. Increas- .
ing the flavour-singlet component in theat the expense of k> —m? =Rell(E,k, p) Q)
the octet component gives more attraction, more binding and
larger value of theg—nucleon scattering length, y . This result
may explain why values af, y extracted from phenomenolog-
ical fits to experimental data where then’ mixing angle is

fork = 0, wherelT is the in-medium s-wave meson self-energy.
Contributions to the in medium mass come from coupling to
the scalaw field in the nucleus in mean-field approximation,
nucleon—hole and resonance-hole excitations in the medium.
The s-wave self-energy can be written@ps
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Here p is the nuclear density; = a(1 + 7), wherea is the  risks losing essential physics associated with the singlet com-
meson-nucleon scattering lengit, is the nucleon mass and ponent. Turning off the gluonic term, one finds the expressions

(%) is th(_a inverse cprrelatipn Iength}) ~my for nuclear mat- 2m§ — m2 andm, ~ m,. That is, without extra input
ter density[6]. (m, is the pion mass.) Attraction corresponds tofrom glue, in the OZI limit, the; would be approximately an

positive values ofi. The denominator in Eq2) is the Ericson— isosinglet light-quark state%mu + dd)) degenerate with the

Ericson—Lorentz—Lorenz double scattering correction. i o

What should we expect for theand'? pion and they” would be a strange-quark stafe)—mirroring

the isoscalar vectap and¢ mesons.

Taking the valueﬁﬁO = 0.73 Ge\ in the leading-order mass
formula, Eq.(7), gives agreement with the physical masses at
gle 10% level. This value is obtained by summing over the two
eigenvalues in Eq7): mj +m?, = 2mg +m7 and substituting
the physical values ofi,;, m,» andmy [8]. The corresponding
(vadgg|vac < 0. (3) n — n’ mixing angle® ~ —18° is within the range from-17°

o . to —20° obtained from a study of various decay processes in
The nqn-vamshmg chiral conden_sate a_Iso spontaneously breahs_le]_l The key point of Eq(7) is that mixing and gluon dy-
the axial U(1) symmetry so, naively, in the two-flavour the- . mics play a crucial role in both theandr;’ masses and that

ory one expects an isosinglet pseudoscalar degenerate with tn@ating they as an octet pure would-be Goldstone boson risks
pion. The lightest mass isosinglet is theneson, which has a losing essential physics.

mass of 547.75 MeV.

The puzzle deepens when one considers SU(3). Spontaneoy|
chiral symmetry breaking suggests an octet of would-be Gold-
stone bosons: the octet associated with chiral3R SU(3S) g
plus a singlet boson associated with axial U(1)—each Wiﬂ]11

2 ~ ; ’
Mass squarethgo s one™ q- The physical andy’ masses The physics of axial U(1) degrees of freedom is described

are about 300-400 MeV too big to fit in this _picture._ One by the U(1)-extended low-energy effective Lagrangjiah In
needs extra mass in the singlet channel associated with nops simplest form this reads

perturbative topological gluon configurations and the QCD ax-
ial anomaly[5]. The strange quark mass induces considerable, ~ F2 " F2 "
n—' mixing. For free mesons the—;’ mass matrix (at leading £ = 771 Tr(8"U8,U") + Tn TTM(U+U")

2. QCD considerations

Spontaneous chiral symmetry breaking is associated with
non-vanishing chiral condensate

1. n and n’ interactions with the nuclear medium

What can QCD tell us about the behaviour of the gluonic
ass contribution in the nuclear medium?

order in the chiral expansion) is 1 3
4.2 1.2 2 > +§iQTr[|ogU—IogUT]+ —— 0% ©)
2_ ( 3K T 3 —5v2(mi —m3) ) (@) ms Fg
—§V2mi —m3)  [Fmi + gmT +ml ] Here U = exp{i(¢/Fyx + /2/310/Fo)} is the unitary meson

Heresm2 is the gluonic mass term which has a rigorous inter-Matrix wherep =5 z,1, denotes the octet of would-be Gold-
pretation through the Witten—Veneziano mass fornjizjg] and ~ Stone bosons associated with spontaneous chiraBjgLs
which is associated with non-perturbative gluon topology, re-SU(3)& breaking andy is the singlet boson. In E¢8) Q de-
lated perhaps to confinemd#q or instanton§10]. The masses Notes the topological charge densi® = 3G ,.,G*"); M =
of the physical andn’ mesons are found by diagonalizing this diagm2 ., m2,2m% — m2] is the quark-mass induced meson

matrix, viz. mass matrix. The pion decay constdit= 92.4 MeV and Fp
is the flavour-singlet decay constafg,~ F, ~ 100 MeV[11].
In) = cosfng) — sinb|no), The flavour-singlet potential involving is introduced to
1) = sind|ng) + cosh|no), (5) generate the gluonic contribution to theand " masses and
to reproduce the anomaly in the divergence of the gauge-
where invariantly renormalized flavour-singlet axial-vector current.

1 . 1 _ ~ The gluonic termQ is treated as a background field with no
no= /3 (uit +dd +s5), ng= NG (uit +dd — 2s5). (6)  inetic term. It may be eliminated through its equation of mo-

) tion to generate a gluonic mass term for the singlet boson, viz.
One obtains values for theandn’ masses:

1 1
2 2 | -2 ZiQTr[logU — logU™] + 2 —Zm2 p2. 9
l’l’ln/’)7 = (mK +mn0/2) 2 Q [ g g ] I’h%OFOZ Q 2 7707]0 ( )
1 2 1 2 8 The most general low-energy effective Lagrangian involves a
= —2m2 _ T2 254 ) . o . :
= 2\/<2’”K 2mz 3mno) + 9o’ (7) U4 (1) invariant polynomial inQ2. Higher-order terms irQ?
The physical mass of the and the octet mass,, =
4 2 1 1 Closer agreement with the physical masses can be obtained by introducing

4 12 . L
3Mk — 3M% gre numer'ca”y close, within a few -perc.ent. the singlet decay constaft # F, and including higher-order mass terms in
However, to build a theory of the on the octet approximation the chiral expansiofi.3,14}
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become important when we consider scattering processes igtuonic contributions to the singlet-meson—nucleon scattering
volving more than ong’ [15]. In general, couplings involving length proportional t@hﬁo andnﬁﬁl‘o [22].
0 give OZI violation in physical observables. We briefly summarize this section.

To investigate what happens #g in the medium we first The masses of the andn’ receive contributions from terms
couple theo (correlated two-pion) mean-field in nuclei to the associated with both explicit chiral symmetry breaking and with
topological charge densit@. The interactions of the andn’ anomalous glue through the Witten—\eneziano term. Mixing is
with other mesons and with nucleons can be studied by coumportant and, ideally, one would like to consider the medium
pling the Lagrangian(8) to other particles. For example, the dependence of the different basic physics inputs. At the QCD
OZI violating interactionxQzaunaa“na is needed to gener- level, OZl-violating gluonic couplings have the potential to af-
ate the leading (tree-level) contribution to the degay> nz fect the effective) andn’ masses in nuclei and, through E®),

[15]. When iterated in the Bethe—Salpeter equation for mesonthe n—nucleon andy’—nucleon scattering lengths. It is interest-
meson rescattering this interaction yields a dynamically geneling to also mention the observation of Brodsky et[2B] that

ated exotic state with quantum number¢ = 1~ and mass attractive gluonic van der Waals type exchanges have the po-
about 1400 Me\[16]. This suggests a dynamical interpretation tential to produce flavour-singlgt bound-states in the (8He)

of the lightest-mass™1" exotic observed at BNL and CERN.  reaction close to threshold.

Motivated by this two-pion coupling t®?, we couple the The above discussion is intended to motivate ekistence
topological charge density to the (two-pion) mean-field in  of medium modifications taiz%o in QCD. However, a rigorous
the nucleus by adding the Lagrangian term calculation ofn;, from QCD is beyond present theoretical tech-

nology. Hence, one has to look to QCD motivated models and
Lso= ng(?d, (10)  phenomenology for guidance about the numerical size of the

effect. The physics described in Eqd)—(7) tells us that the

where g, denotes coupling to the mean field—that is, we simple octet approximation may not suffice.

consider an in-medium renormalization of the coefficienpdf

in the effective chiral Lagrangian. Following the treatment in
Eq. (9) we eliminateQ through its equation of motion. The 3. Models
gluonic mass term for the singlet boson then becomes

14 2x We now discuss the size of flavour-singlet effectsiiy m;,
~2 ~%2 _ ~2 ~2 11) , . . . i
Mg £ Mg = Mg (1+x)2 <My ( (the " mass in-medium) and the scattering lengihs and
a, n. First we consider the values afy anda, y extracted
where from phenomenological fits to experimental data. There are sev-
1o -2 .0 eral model predictions for the mass in nuclear matter, starting
*=38 ony Fy. (12)  from different assumptions. We collect and compare these ap-

. . , o proaches and predictions with particular emphasis on the con-
That is, the g.luonlchass term decrgaseﬁ m-medmm indepen- tribution of »—’ mixing. We also compare model predictions
dent of the sign of,;” and the medium acts to partially neutral- for the internal structure of th;1(1535 nucleon resonance
ize axial U(1) symmetry breaking by gluonic effects. and its in-medium excitation energy.

This scenario has possible support from recent lattice cal-

culations[17] which suggest that non-trivial gluon topology ) o
configurations are suppressed inside hadrons. Further recehi- Phenomenological determinations of a,y and a, v
work at high chemical potentigjx > 500 MeV) suggests that

possible confinement and instanton contributionsﬁﬁg are Green and Wycecf24] have performed phenomenological
suppressed with increasing density in this donjaB. We in- g -matrix fits to a variety of near-threshold processes/ (—
vestigate the size of themass shift in SectioB below. 7N,7N — nN,yN — 7N andy N — N) to extract a value

for the n-nucleon scattering. In these fits tl§g; (1535 is in-
2.2. The n nucleon scattering length and anomal ous glue troduced as an explicit degree of freedom—that is, it is treated

like a 3-quark state—and the-n” mixing angle is taken as a

Further insight is provided from looking at the scatteringfree parameter. The real partafy extracted from these fits is
length. When the U(1)-extended chiral Lagrangian is coupled t®.91(6) fm for the on-shell scattering amplitude.
nucleons one finds new OZI violating couplings in the flavour- From measurements @f production in proton—proton col-
singlet sector{19]. An example is the gluonic contribution lisions close to threshold, COSY-11 have extracted a scattering
to the singlet Goldberger—Treiman relati¢20] which con-  lengtha,y ~ 0.74i0.4 fm from the final state interaction (FSI)
nects axial U(1) dynamics and the spin structure of the protoased on the effective range approximat[@b]. For the»’,
studied in polarized deep inelastic scattering and high-energgOSY-11 have deduced a conservative upper bound on'the
polarized proton—proton collisions—for a recent review seenucleon scattering lengtfRea,/y| < 0.8 fm [26] with a pre-
[21]. In the chiral limit the singlet analogy to the Weinberg— ferred a value between 0 and 0.1 7] obtained by comparing
Tomozawa term does not vanish because of the anomalous glttee FSI inz® and ' production in proton—proton collisions
terms. Starting from the simple Born term one finds anomalouslose to threshold.
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3.2. Chiral models Table 1
Physical masses fitted in free space, the bag masses in medium at normal
nuclear-matter densityyg = 0.15 fm=3, and corresponding meson—nucleon

Chiral models involve performing a coupled channels analy _
scattering lengths (see below)

sis of n production after multiple rescattering in the nucleus

which is calculated using the Lippmann—Schwing28] or m (MeV) m* (MeV) Rea (fm)
Bethe—-Salpetej29] equations with potentials taken from the 7s 54775 5000 043
- ; a1 (—10°) 54775 4747 0.64
SU(3) chiral Lagrangian for low-energy QCD. In these chiral (_20°) 54775 4493 0.85
m_odel caI_CI_JIations the i_s taken as pure octet state = ng) ZO 958 8786 0.99
with no mixing and the singlet sector turned off. These calculay (—10°) 958 8992 074
tions yield a small mass shift in nuclear matter n' (—20°) 958 9213 047
m*
— ~1-0.050/po. (13) _ _ _
my The coupling constants in the model for the coupling of

The values of thej—nucleon scattering length extracted from light-quarks to thes (and » and p) mean-fields in the nu-
these chiral model calculations are2G- i0.26 fm [28] and cleus are adjusted to fit the saturation energy and density of

0.26+ i0.24 fm [29] with slightly different treatment of the in-  Symmetric nuclear matter and the bulk symmetry energy. The
termediate state mesons. Bag parameters used in these calculationsszye= 2.05 (for

the light quarks) and2; = 2.5 (for the strange quark) for free
hadrons withB = (170 MeV)*. For nuclear matter density we
find £27 = 1.81 for the 1s state. This value depends on the cou-
pling of light-quarks to ther mean-field and is independent of
the mixing angled. Likewise, £2, and £2; are determined by
solving for light and strange quarks in the MIT Bag potential

3.3. The quark—meson coupling model

The third approach we consider is the Quark—Meson Cou
pling model (QMC)30]. Here one uses the largenass (which
in QCD is induced by mixing and the gluonic mass term) to mo )
tivate taking an MIT Bag description for the wavefunction, and are mdependel/wt of i
and then coupling the light (up and down) quark and antiquark . 70" the 7 and ;" mesons thew vector mean-field cou-
fields in then to the scalaw field in the nucleus working in ples with the same magnitude and opposite sign to the quarks

mean-field approximatiof80]. The strange-quark component and antiquarks in the meson, and therefore cancels. Increas-
of the wavefunction does not couple to thefield andn—’ ing the mixing angle increases the amount of singlet relative
mixing is readily built into the model to octet components in thg. This produces greater attrac-

The mass for the in nuclear matter is self-consistently cal- 10N through increasing the amount of light-quark compared

culated by solving for the MIT Bag in the nuclear medi{ga]:  (© Strange-quark components in theand a reduced effective
mass. Through Eq(2) increasing the mixing angle also in-

20032} (F) +b52,(F)1—z; 4 creases thg—nucleon scattering length,y. We quantify this

my (F) = R + §7TR;3B’ (14)  in Table 1which presents results for the pure octet£ s,
m 7 6 = 0) and the valueg = —10° and—2C° (the physical mixing
Im7(r) —0 (j=n. 1) (15) angle).
OR; |p=re - V=R The values of Re, quoted inTable 1are obtained from

substituting the in-medium and free masses into @y with
Heres2; and2; are light-quark and strange-quark Bag energyihe Ericson—Ericson denominator turned-off, and using the free
eigenvaluesRy is the Bag radius in the medium atlis the  maggy = m, in the expression fob. The effect of exchanging
Bag constant. Thg—’ mixing angled is included in the terms ,, for 1+ in b is a 5% increase in the quoted scattering length.

The QMC model makes no claim about the imaginary part of
1 2 . 2 1 . . L ;2
ap = —Ccosf — ,/ = siné, bp =,/ =cos9 + — sing, the scattering length. The key observation is thaj’ mixing
V3 3 3 V3 leads to a factor of two increase in the mass-shift and in the

and can be varied in the model. One first solves the Bag for thecattering length obtained in the model.
free n with a given mixing angle, and then turns on QMC to  The QMC model is calibrated by fixing the coupling con-
obtain the mass-shift. Results for theare obtained by inter- stants to the observed properties of nuclear matter or finite
changingzp <> bp. InEq.(14), z, parameterizes the sum of the nuclei. So, even though it is mean-field (no correlations) it
center-of-mass and gluon fluctuation effects, and is assumed @es fit observed binding energies. When one applies the same
be independent of densif$1]. The current quark masses are model with the same (quark level couplings) to the binding of
taken asn, =5 MeV andm, = 250 MeV?2 etas the natural belief is that it should give the physical bind-
ing energies. From these one can extract an effective scattering
E— ~ length. Because the QMC model has been explored mainly at
This is the strange-quark mass needed to reproduce the Lambda and S|grﬂ§e mean-field level, it is not clear that one should include the

masses in the model. While larger than the valuesfpguoted at momentum . Eri L tz—L t . t fi th
scales relevant perturbative QCD, the Bag model approximates QCD at avelgncson_ neson—Loreniz—Lorenz term In extracting the cor-

low scale (well below 1 GeV)—a region where renormalization group evqutionreSponqingﬂ nUCleor_] Scalttering |?n9th- If one substitutes the
would make the running masses much larger than at 22GeV scattering lengths given imable linto Eq. (2) (and neglects
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the imaginary part which is not predicted by the model) one obPauli blocking of theK > system in nuclear matter. We note
tains resummed valuegss = a/(1+ b(1/r)) equal to 0.44 fm  that in QMC for all baryons the scalar attraction very nearly
for the n and 0.28 fm for the;’ for the physical mixing angle cancels the vector repulsion, leaving a small (few 10s of MeV)
6 = —20 degrees. (Here we tak&/r) >~ m, for nuclear matter net attraction or repulsion.
density[6].)

The density dependence of the mass-shifts in the QM@&. Conclusions
model is discussed in R¢B0]. Neglecting the Ericson—Ericson

term, the mass-shift is approximately linear. For densttibg- n—n' mixing increases the flavour-singlet and light-quark
tween 0.5 and 1 timesy (nuclear matter density) we find components in the). The greater the flavour-singlet compo-
. nent in then, the greater the binding energy in nuclei through
my ~1— 0'173 (16) increased attraction and the smaller the valum;?f Through
my 00 Eq. (2), this corresponds to an increasgeehucleon scattering

for the physical mixing angle-20°. The scattering lengths ex- lengtha, v, greater than the value one would expect if the

tracted from this analysis are density independent to within cy}]\féziaa&utrﬁe?;}s::;at?atﬁegfs‘:irﬁT;n;i?;?%%rl]?jtif;ig in
few percent over the same range of densities. P 9 y

Finally, we note that in the QMC treatment one assumes thatpelg'wi" be verv interesting t the results from the new
the value of the mixing angle does not change in medium. A% € Very Interesting to see the resuls 1ro € ne

mentioned above this is not excluded and merits further invesB S| exp_enmen_t fom bount_;l-stgtes. Additional studies might
tigation. e possible using production in low-energy proton—nucleus

collisions and in photoproduction. Here one might use an elec-
tromagnetic calorimeter, for example, WASA@COSY, to tag
the two-photon decay of the. However, unlike the GSI pro-
ramme, one has to be careful in these experiments whether the

3.4. The $11(1535 resonance in nuclear matter

It is interesting to compare the different model redictionsg ; i .
9 P p n is produced inside the nucleus or on the surface. Possibilities

for the $11(1535 nucleon resonance which couples strongly 10 studyy and»’-mesic nuclei in(y, p) spectra are discussed
the n—nucleon systerd.In quark models thesy; is interpreted in [39].

as a 3-quark statg19?(1p). This interpretation has support
from quenched lattice calculatiof37] which also suggest that Acknowledgements
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