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Motivation

Interaction of charm with ordinary matter is
important for several reasons

» Understanding of nuclear force at QCD level

* Nonperturbative QCD

* Quark-gluon plasma: e.g. J/¥ suppression

* D-mesons in medium: chiral-symmetry restoration

*J¥,n,, - : possibly bound to ordinary matter

Dedicated experiments underway:
JLab @ 12 GeV, Panda & CBM @ Fair
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We show that the QCD van der Waals interaction due to multiple-gluon exchange provides a new kind
of attractive nuclear force capable of binding heavy quarkonia to nuclei. The parameters of the poten-
tial are estimated by identifying multigluon exchange with the Pomeron contributions to elastic meson-
nucleon scattering. The gluonic potential is then used to study the properties of ¢¢ nuclear-bound states.

In particular, we predict bound states of the n. with *He and heavier nuclei. Production modes and
rates are also discussed.
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The influence of the color van der Waals force in the elastic scattering of **Pb on 2%*Pb at sub-barrier
energies is studied. The conspicuous changes in the Mott oscillation found here are suggested as a possi-

ble experimental test.

PACS numbers: 25.70.Cd, 21.30.+y

Several theoretical investigations have considered the
possible existence of strong color van der Waals forces
between hadrons.'=® Just as the usual electromagnetic
van der Waals (VDW) force between neutral atoms
arises from two-photon exchange, the color VDW force
is suggested by several theorists to come about from
two-gluon and multigluon exchanges between color-
singlet hadrons. There are, of course, important dif-
ferences between the QCD and the color VDW forces.
The most notable of these differences are related to
confinement (in the MIT bag model this force does not
exist) and the nonlinear structure of the Yang-Mills
gluon fields. Although the overwhelming majority of
particle physicsts do not believe in the existence of the
color VDW force, it is still important to set experimental
limits on these forces. Estimates of the strength of the

or (1b)], where A; is the atomic number of nucleus i.
We therefore propose to look for the color VDW force in
the low-energy scattering of ***Pb+ 2%*Pb. By low ener-
gy we mean low enough to avoid the action of the strong
short-range nuclear interaction. At these energies, the
Coulomb repulsion completely dominates the scattering
and consequently the cross section is structureless and al-
most entirely Rutherford. Small perturbations such as
the color VDW force have to be looked for in quantum
interference effects which would arise from, e.g., the
identity of the projectile and the target. Thus our choice
of 2%®Pb+ 2%Pb. We proceed now to describe our calcu-
lation.

We first remind the reader that other small effects, be-
sides the VDW interaction, have to be taken into ac-
count. These include QED vacuum polarization Vyp
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In a high precision experiment, Mott scattering of the ***Pb +?°*Pb system was measured at
E\g, = 873.40 MeV and 1129.74 MeV with kinematic coincidences for angle pairs around 8, = 30°,
60° and 6., = 457, 45°. The observed Mott oscillations exhibit an angular shift with respect to
pure Mott scattering. A comparison with the angular shift produced by a color van der Waals force
including nuclear polarizability, vacuum polarization, relativistic effects, and electronic screening
provides a new upper limit for the strength of this force. Influence of atomic effects other than

screening were identified for the first time.
PACS numbers: 25.70.Bc, 24.85.+p

Precision measurements of sub-Coulomb-barrier scat-
tering have been used successfully in the past to study the
influence of vacuum polarization and relativistic effects.
These have been clearly observed in the %0 + 2%8Pb [1]
and '2C + 12C [2] elastic scattering and were found to
be consistent with standard QED. The use of Mott scat-
tering was found [2,3] to be especially sensitive to detect
small effects via the angular shifts in the oscillatory Mott
scattering pattern,

The possibility of the existence of long range forces

compared to Mott scattering of low-Z nuclei. Moreover,
the large masses involved will lead to an “amplification”
of the effects of the possible color van der Waals force.
Effects of strong Coulomb fields in the scattering of two
heavy nuclei have an additional interest in view of the un-
resolved problem of the discrete positron lines observed
at GSI [11]. More generally, precision data could serve
as a stringent test for the known and higher order QED
effects.

The interference term of the Mott differential cross



Charmonium binding in nuclear matter

— an exotic nuclear bound state

* Nucleons and charmonium have no valence quarks in common
* Interaction has to proceed via gluons — QCD van der Waals

« No Pauli Principle — no short-range repulsion

BE ( M. to A= 9 nucleus) ~ 180 MeV*

L ~ 20 times BE (nucleon in Fe ) !

*Brodsky, Schmidt & de Téramond, PRL 64, 1011 (1990)



Short range repulsion

Quark-gluon exchange + Pauli exclusion principle




J/¥ binding to nuclei”

Two (independent?) mechanisms:

 Second order stark effect — octet intermediate state

* D,D* meson-loop — color singlet intermediate state

|

D mesons interact with the nuclear mean fields

*GK, A. W. Thomas & K. Tsushima PLB 697, 136 (2011)
K. Tsushima, D. Lu, GK & A. W. Thomas PRC 83, 065208 (2011)



Second-order Stark effect

J/VY as a small color-electric dipole

0p(k)

Ok

1
Amy(pp) = —§/dk2

Y (k) : charmonium wave function
PB : nuclear density
M, M . masses charm quark and nucleon

€ =2m, — My, @ energy shift octet — charmonium



Numerical results:

<048E2/7T>N = 0.9 G6V2 S.H. Lee & C.M. Ko,

PRC 67, 038202 (2003)

?70 . Gaussian <7°2> . from Cornell potential model

Am¢ _ —8 Mev at normal nuclear

matter density

Sibirtsev & Voloshin, PRD 71, 076005 (2005)

J/# N cross section > 17 mb Am¢ p— —21 Mev



D, D* - meson loops

o TN
AN /

Calculate loop with effective Lagrangians

— need coupling constants & form factors

— need a model for medium dependence of D masses



Effective Lagrangians NSO

PRC 67, 038202 (2003)

— SU(4) flavor symmetry - used gauged Lagrangian
- found almost no binding

o

,prp — igzpDD wu [D (@LD) — (8/,JD) D]
Loppr = P22 cqs,, (0°0°) |(9,D) D+ D (9,D™)
(I
Lyp<p- = igyp-p~ {¢"[(0,D*) D — D* (8,D})]

+ @) D, — v (9,D;)] D
+ D™ (9,D%) — (8,4") Di))



Potential of J/¥ in nuclear matter

Uy(pB) = my — my

- J/¥Y self-energy:

8 d*q

SEP ) = —300p [ P An(@Ap(E— 0

Ap,Ap : D-meson propagators

F(q®) : form factor

- J/'¥ masses:




Structure of the mesons

— form factors

(w3 (%)

Form factor for the loop calculation: F(q2) =4 up-(q®)

| up(¢*)up~(q?)
Quark model (3P, quark-pair creation, Gaussian w.f.):

up(q?) = e~ /4(Bp+267)

Phenomenological (dipole):

A% +m? ?
up(q®) = * Ty )}

A2 +4(g* + m3,




Model for D—-mesons in matter

— Quark-Meson Coupling (QMC)*

* Quarks are confined in a MIT bag

 In matter: non-overlapping bags,
scalar (o) and vector (w) mean fields couple to quarks
Single quark wavefunction in the bag

iy -0 —(mqg —9gg0) + 947wy =0

* P.A.M. Guichon, PLB 200, 235 (1988)
K. Saito, K. Tsushima & A.W. Thomas, Prog. Part. Nucl. Phys. 58, 1 (2007 )



Gross properties of nuclear matter & nuclei

(E/A)—my (MeV)
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DD,DD* & D*D* contributions

Couplings: VECTOR-MESON
. DOMINANCE
Parameters: g, & cutoff 4,
Matinyan & Muller, PRC 58, 2994(1998)
Lin & Ko, PRC 62, 034903 (2000)
Liu, Ko & Lin, PRC 65, 015203 (2002)

Ap m g DD DD* D*D* Am
1000 3081 —3 —2 —11 —16
1500 3079 ~3.5 ~25 ~12 —18
2000 3077 —4 —3 —13 —20
3000 3072 —6.5 -5 ~12.5 —24
D
JIv J/



J/Y In nuclear matter
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Can J/¥Y be bound to a nucleus?

Condition for a bound state

- spherical “square-well” radius R, depth V,

7T2 hQ
> 8m R?

Vo

R=5tm — V) > 1MeV



J/¥ potential in “He

- Use local-density approximation
- Experimental nuclear density distributions

o
IlIlIlI

cutoff 1500 MeV
= cutoff 2000 MeV

[
N
T T T

JJW potential (MeV)

p—
_—

o
bt —
]

fm



J/¥ single-particle energies in nuclei

— solving a Klein-Gordon equation

Ap p- = 1500 MeV Ap p- = 2000 MeV

E (MeV) E (MeV)

vHe ls —4.19 —5.74
vC Is —9.33 —11.21
1p —2.58 —3.94

vO Is —11.23 —13.26
1p —5.11 —6.81

PCa Is —14.96 —17.24
1p —10.81 —12.92

1d —6.29 —8.21

2s —5.63 —7.48

wZr Is —16.38 —18.69
1p —13.84 —16.07

1d —10.92 —13.06

2s —10.11 —12.22

VEPb Is —16.83 —19.10
1p —15.36 —17.59

1d —13.61 —15.81

2s —13.07 —15.26




Issues:

* J/¥ moving, not at rest
e Width of D mesons
 Interaction of D mesons with nucleons

« SU(4) flavor symmetry



Antiproton annihilation on the deuteron

] N o
P\ )
D
_ d = p
Panda @ FAIR a)
N\ PLE)
D — i /
. D(D)
4 = ( ) p
b) -

J. Haidenbauer, G. Krein, U.-G. Meissner, A. Sibirtsev
1) Eur. Phys. J. A 33, 107 (2007)

2) Eur. Phys. J. A 37, 55 (2008)




DN interaction

— meson + quark exchange




SU(4) flavor symmetry for couplings

My < Mg K Mg

D )
‘,,t \., &,
T D
1
SU(4) symmetry: gDDp — gKKp — §g7mp




Couplings in the quark model: 3P, model

qq creation with quantum numbers of the vacuum

Hyq = Q/dgx W, (z)Wy(z)

Transition matrix element

(BC|Hy5|A) =0(A—B—C)hy

hpi = gF(¢%) : COUPLING X FORM-FACTOR



Wave functions
- constituent quark model

Hamiltonian:
2 2 . 3D 8 3
H=m+ 22 4o+ 22 4 p g |22, % (T —o®r2)g .g,_C
2mq 2Mmo r 4 3mimeg \ 73

Solve matrix problem: expand w.f. finite HO basis

H|®) = E|®), @) =) Puln)

<r|n> = 6_n52r2/2, [ : variational parameter



Meson masses

139.7
p 272 770 770
K 362 492.5 495
499 1863.3 1867

All values in MeV



SU(4) breaking in the couplings

— nonrelativistic quark model + 3P,

F(g°) at ¢° =
- p7T7T / ngD pKK / ngD
SU(4)
symmetric
SU(4) 1.05 1.28 1.22
broken

SU(4) SYMMETRY BREAKING: AT THE LEVEL OF
20% - 30% C. E. Fontoura, GK, J. Haidenbauer



SU(4) flavor symmetry for couplings

— Dyson-Schwinger + Bethe-Salpeter equations
0.5

b L L T T
o ——— ]

& 19Kk /9DpD ~ 1/4 > 400% violation
=0
& 1|1 .. S N sl
g2 ) Ay ~1/2 > SU(4) OK
\k R
< |
S

Ot 5 —'z COUPLING LARGE, BUT FORM FACTORS ARE SOFT

2
P, (GeV?) - DN X-SECTION ONLY 5 TIMES LARGER THAN SU(4)

El Bennich, GK, L. Chang, C.D. Roberts, D. J. Wilson, PRD 85, 031502 (2012)



Perspectives

ATHENNA* collaboration JLab @ 12 GeV
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*A J/¥ THreshold Electroproduction on the Nucleon and Nuclei Analysis



Near Threshold Electroproduction of J/¥ at 11 GeV
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