QCD Symmetries in eta and etaprime

mesic nuclei .

Steven Bass, SMI Vienna

Looking for evidence of gluonic degrees of freedom in low energy QCD:
Confinement and dynamical (chiral) symmetry breaking
SU,(3) x SUR(3) x U,(1)
Expect nonet of pseudoscalar Goldstone bosons
Pions and Kaons fit in this picture

The masses of the eta and eta” are 300-400 MeV too big !
- Famous axial U(1) problem of QCD

Additional mass is associated with non-perturbative gluon dynamics
Using nuclei to probe singlet degrees of freedom and QCD symmetries:
- How should the eta and eta-prime masses be modified in nuclei ?

- Possible bound states and eta(-prime) nucleon scattering lengths

Cracow, September 23 2013




Experiments: What to expect ?

ELSA search for 1’-mesic states - exclusive measurement

”’Nﬁf__.’_}lﬂs ﬁ@ measurement of N'N formation and decay

BGO-OD@ELSA

H. Schmieden, P. Levi Sandri

CH,p X @ 2.8 GeV 41T acceptance

spectroscopy of 1’-mesic state: inclusive measurement
GSI n' missing mass measurement
PRME . .d) reaction with FRS@GSI
K. ltahashi et af, Prog. Theo. Phys. | 28(2013) 60/

12C(p,d) X @ 2.5 GeV
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WASA, ANKE ... J 9
Channels: dd — (*He-n)ps — “Hepn™ 1C mesic nucei

dd — (*He-n)ps — *Henn® — *Henyy

Search for n-mesic nuclei with WASA-at-COSY



From Quarks to Hadrons —
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Dynamical chiral symmetry breaking:
» Chiral condensate, pions, kaons, ... Goldstone bosons

Axial U(1) Symmetry breaking ... Big masses for eta and etaprime

Using nuclei o probe symmetries and possible restoration (both quark
and gluonic effects)



Chiral symmetry

QCD Lagrangian with massless quarks exhibits chiral symmetry
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No parity doublets in hadron spectrum - Spontaneous Chiral symmetry
breaking: non zero condensate (vic|gq|vac) <0  spontaneously breaks
the symmetry

> Nonet of near massless Goldstone bosons with JP = O-

Identify with pion, kaon, eta with meson mass squared proportional fo m,

2 L L
Mys — MK~ 57 .. Where is the singlet boson ?
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Confinement and chiral symmetry

Scalar confinement dynamically breaks chiral symmetry,
- E.g. Bag model confinement

Pions, kaons, eta ... as Goldstone bosons
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Chirality and anomalous glue
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Perturbative QCD conserves chirality for massless quarks

Confinement and vacuum tunneling processes (instantons, ...) connect left
and right handed quarks
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Eta and Etaprime masses
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With no glue:

chiral symmetry ,predicts” eigenstates with masses 300 MeV ,too small’

» ,eta" fﬁm“—f?"f}) degenerate with the pion
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Axial U(1) symmetry -
Extra gluonic mass term is associated with the QCD axial anomaly
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plus gluon topology  (note the difference with ..perturbative glue")

"t Hooft, Veneziano, Witten, Crewther, ...
- possible connection to confinement (Kogut and Susskind)

Can we observe physical manifestation of this anomalous glue in
low-energy physical processes involving eta and eta” mesons ?

- For review see SDB, Acta Phys Pol B Suppl 2 (2009) 11.



Glue in etaprime physics
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Glue enters through the anomaly equation ...
Three important places it can contribute

» Gluonic potential associated with QCD vacuum gives the
etaprime a big mass

» The etaprime has a large singlet component
- coupling to gluonic intermediate states (OZI violation)

» Gluonic Fock components in the etaprime wavefunction



Eta(prime) bound states in nuclei

[SDB + AW Thomas, Phys Lett B634 (2006) 368]
New experiments + big effort ...
Binding energies and effective masses in nuclei are sensitive to

- Coupling to scalar sigma field in the nuclei in mean field
approx.

- Nucleon-nucleon and nucleon-hole excitations in the medium
TH: Solve for the meson self-energy in the medium

k?> —m? =Re II(E, E )

b
:_4"”9(- ) b= a(l+ §7)
(F=0} L+ b(L) N

- Where a is the ,eta(prime)-nucleon scattering length®
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Eta bound-states in nuclei

—

Sigma mean field couples to light quarks and not fo strange quarks
- Flavour-singlet component is important |

The bigger the eta-eta” mixing angle, the bigger the singlet
component in the eta

- greater the attraction
- more binding
- bigger eta-N scattering length
Likewise, more mixing gives smaller singlet component in the eta
- reduced binding and smaller eta'N scattering length

QCD arguments
- gluonic mass term is suppressed in the medium

but TH technology to calculate the size of the effect
direct from QCD still some time away

- look at QCD inspired models
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QCD and models

Include key aspects of QCD as input motivation
» Confinement
» Chiral symmetry

» Eta-etaprime mixing

Quark-meson coupling, chiral coupled channels, NJL, linear sigma model...
include different aspects of QCD input with very different predictions

Suppose we see a bound state or mass shift ©

» What do we learn about QCD ?
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U(1) extended chiral Lagrangian

Low energy effective Lagrangian

) FT?* T Tt FTE ‘TT T ] T T ri 3
"i'm _l I'['I.C_rijl l{,-' a}a EI‘ = _l IT' [‘U} | lt-' | l[-' .I] | EEQ I]'l_tljﬂ; E-‘ — ]Il}i_' E-‘ ] | ?TI%}FE QQ.
I (CAENELY
AR VIR
Q represents the topological charge density.
The gluonic potential
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yields the gluonic contribution to the etaprime mass term
. . 1+ 2z
Couple to sigma mean field and repeat ... w2, e g2 = ml, ui;az <m?,
where
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QCD Inspired Models

*  Quark Meson Coupling Model:
- Can vary the mixing angle !

- Use large eta and eta” masses to treat the eta and eta”as MIT Bags
embedded in the medium with coupling between the light-quarks and the

sigma mean field

Solve for in-medium mass and binding energy
> Extract an ,effective” scattering length for the model
- Increases with increasing singlet component in the eta |

m (MeV) m* (MeV) Rea (fm)
e 04775 3.31  500.0 0.43
n (-10°) | B47.75 3.15 4747 0.64
1 (-20°) | 547.75 3.00 4493 0.85
o 0958 1.46 S8T78.6 0.99
i’ (-107) | 958 1.62 =99.2 0.74
n' (-20°) | 958 1.76 921.3 0.47

For etaprime V., ~ —48 &£ 11 MeV
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Eta-etaprime mixing and mass shift

Phenomenological fits to EP data
» On-shell Re[a_eta] ~0.9 fm [Green + Wycech, Arndt et al]
» COSY-11 ~ 0.7 fm from FSI in pp > pp eta
» Re[a_eta”]< 0.8fm, prefer |a_eta” |~ 0.1 fm

Chiral coupled channels treating the eta as a pure octet state
» Small mass shift and small Re[a_eta] ~ 0.2 fm
» For etaprime: new Nagahiro et al., consider range of |a_eta” |

N*(1535)
- 3 quark state (1s)2(1p) in Quark model and lattice calculations
or
K-Sigma quasi-bound state from Chiral coupled channels in octet approx.

- Indata and in both QMC and chiral coupled channels models, negligible
shift in excitation energy in nuclei
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Bound states in finite nuclei

S —————

Table 1
7, w and 7' bound state energies (in MeV), E; = Re(E; — m;)(j = n,w,7), where &
widths for the 7' are set to zero. The eigenenergies are given by, E;} = E; + m; — il'; /-

_ Yo =0.5 tw=0.2 Ty =0
ELSEVIER Nuclear Physics A670 (2000) 198c-201¢ . E, r, E, I, Ey
'He 1s -10.7 145 -556 24.7 * (not calculated)
Study of w-, n-, n- and D~ -mesic nuclei 25 ls -245 228 -808 288 *
“Mg 1s -388 285 997 311 *
K. Tsushima® * Ip -17.8 231 -785 294 *
2% — 428 248 *
o e 16
+ -10 degrees mixing angle Fo s s a7 %4 o il
- Eta Binding energy PCa 1s 460 317 -111 331 -518
. lp  -268 268 -908 310 -385
-10.7 MeV in ¢He 2%  -461 17.7 -655 289 -21.9
i PZr  1s  -529 332 -117 334 -56.0
- (14-15) MeV with -20 degrees ip -40.0 305 -105 32.3 -47.7

2s  -21.7 261 -864 307 -354
“®Pb 1s -563 332 -118 33.1 -57.5
Ip -483 318 -111 325 -52.6

*  For etaprime in Carbon 12 25 -35.9 206 -100 317 -449
- Binding energy

- (22-37) MeV for mixing angles -20 and -10 degrees
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omparison with NJ

NJL model using density dependent instanton interaction

- QCD input: chiral symmetry, no confinement, medium a Fermi gas of
quarks instead of nucleons, mass shift for the eta”up to ~ 150 MeV

» Phys Rev C74 (2006) 045203

L£=L0+ L4+ Lg,
Lo = (18.0% — i),

]
L4 = 3—25 D M) + @Fatiysy ),
a=0

Lg = gpldet[y; (1 — ps)v,; ]+ he .

(a) gn(p) = gbp
(b) gp(p) =0
(c) 2n(e) = gpexpl—{o/ro)l,
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Suppose eta-eta’ mass splitting comes just from anomaly, proportional to
quark condensate > 80-100 MeV mass shift

» Phys Rev €85 (2012) 032201, arXiv:1309.4845
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Outlook and Conclusions

—

Eta and etaprime physics probes the role of long range gluonic
dynamics

Etas and etaprimes in nuclei:
- Aspects of Confinement, chiral symmetry and their interplay

- Binding energies and scattering lengths sensitive to the flavour-
singlet component in the eta

- QMC model:

» Factor of 2 increase in the eta-nucleon scattering
length and binding energy in nuclei with eta-etaprime
mixing cf. Theory prediction with a pure octet eta

» N*(1535) as 3 quark state (1s)?(1p)

... Awaits experimental input!
.. ELSA, GSI (etaprime), COSY (eta).
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