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Medium modifications of light hadrons

One of the central properties of QCD in the nonperturbative region is the spontaneous breaking of

chiral symmetry in the ground state, resulting in a nonvanishing chiral condensate, (ch} # 0.

e Many QCD-based calculations suggest that the masses and couplings of light hadrons are
controlled by chiral symmetry and its breaking.

—> Confinement seems to play a lesser role.
e® Hadronic properties should depend on the value of the chiral condensate (ch).

® Hadronic properties should be modified in the nuclear medium, where the chiral condensate is

reduced.

e Lattice QCD calculations suggest that chiral symmetry will be restored at 7. > 150 MeV and/or

Pc = D Pruc:
—> expect significant hadronic property modifications near these values.

By investigating medium effects on hadronic properties, one can test our understanding of those

nonperturbative aspects of QCD which are responsible for the light hadronic states.



Of all particles, the po has received the most attention
with regard to medium modifications.

e Since the pY carries the quantum numbers of the conserved vector current (JPC =1"7),its

properties are related to chiral symmetry.

e® Can be investigated with effective chiral models, current algebra, QCD Sum Rules, etc.
Brown & Rho scaling [PRL 66 (1991) 2720]
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® based on chiral symmetry arguments and scale invariance.

e m, should drop from its free value by ~ 15% at normal py ..

e Lattice QCD calculations suggest that m , should drop by ~ 25% at normal ppye.
[Jin & Leinweber, PRC 52 (1995) 3344]

These predictions are complicated by the presence of the nuclear medium, as
one must try to disentangle conventional in-medium effects from those which

may be due to the change of the chiral condensate.




Experimental evidence for p° mass modification has been widespread,
but all suffer from significant model uncertainties.

e CERN dilepton production data
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Experimental evidence

e |[UCF 2852'(17, ];’)2852' polarization transfer data found an effective isovector NV N interaction
strength consistent with m, ~ 615 MeV.
[Stephenson et al., PRL 78 (1997) 1636].

o TAGX ?’He(77 7T+7T_)ppn production data utilizing Fermi momentum to produce ,00 in the
subthreshold region found an energy-dependent mass reduction m, ~ 640 — 680 MeV.
[Lolos et al., PRL 80 (1998) 241, Kagarlis et al., PRC 60 (1999) 025203].

e Frascati A total photoabsorption cross sections on C', Al, C'u, Sn, Pb at 0.5-2.6 GeV are
less than expected (i.e. more shadowing).
Best explained in terms of reduced in-medium m, ~ 610 — 710 MeV.
= increases coherence length A\, = 2k/m[2).
—> decreases threshold for shadowing.
The size of the required mass shift is inversely proportional to A.
[Bianchi et al., PRC 60 (1999) 064617].



Experimental evidence

e KEK €€ spectra obtained from \
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Important Aspects of our A(y,it 1) Experiment

Choose the ** subthreshold’’ region to maximize nuclear interaction effect

&> require Fermi momentum to put p°on shell. He target
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Detect TUTT in TAGX large angle spectrometer

c> 1 1S, horizontal acceptance optimized for planar detection
of particles emitted with large opening angle.

&> p° - Tt decay channel has favorable
~100% decay ratio.

> minimize TeN FSI by choice of
nucleus (°H, °He, “C).
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Reconstruct the ,00 decay angular distribution

Pour

e Usually studied in the s-channel helicity frame.
° pO direction is taken as the quantization axis.
e (* is the polar angle of the 7T in the ,00 — 7t7T C.M. system.



There are many possible ways of producing aTt'Tt pair in this energy range.

a) | — Polarized p’ b) Polarized p’ ¢) A-mProduction
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To understand the A(y, Tt ) data, it is necessary to take into account

the presence of these processes.
[1 MC smulations used to evaluate the effectiveness of various cuts

upon the data.



Simulated 1Tt production channels

Quasi-free p° production.

o line shape taken from [=1 partial
wave analysis of e'e - Tt data.

Quasi-free ¢° production.

o Similar to p°, except |=0.

o Used to investigate whether any
cut-induced |=1 signatures appear
In the MC simulations.

Quasi-free Baryon resonances.
o AT, ATTT, N*(1520)TT,
N'(1520) - A1, N (1520) - pp°.
o Missing-mass cut required to
exclude >21t processes.

o AA involves 2 nucleons, so
IS simulated as test case.

TN Final State Interactions (FSI).
o T+ N - T+ N,

o TIN amplitudes taken from
phase shift analysis of
Rowe, Salomon and Landau
[PRC 18 (1978) 584].

Simulated Events
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Investigation of the effect of the opening angle 6;cut
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The combination of m . and B, cuts enhance the relative proportion of p’ events in the data.
They do not appear to induce a false cos’8 distribution to the data.



The effect of the cuts upon =N FSI in **C
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The mean cut survival probability of FSI processesis <25% of that of
non-FSI processes, enhancing the expected relative proportion of
non-FSI to FSI events by afactor of 4.



The effects of the cuts upon the data
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Results of cut-dependence study

Data distributions for all three nuclel are similar,

imi 2C data distributions.
and respond similarly to the cuts. adistributio

No cuts 6> 120° MM130 Both cuts
Application of the opening angle cut removes "% /4™, & & . #ﬁ o +++++++”++ p ? #W
most of the yield near cos 8,=0, resulting in A R L
p-wave-like distributions. -
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. . 0 R RIWRLN, 20 1 5 EY
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The small number of surviving events near cos 6,=0

indicate that the total number of events from non-p° processes
Issmall.
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Extraction of the In-Medium p? Invariant Mass Distribution

We may be able to use the helicity plots for the various invariant mass bins to study the in-medium pO

spectral function.
® Need to investigate the relative contributions of the various T production processes to the

observed cosf’ | distributions.

® Subtract the contributions of the background processes in as model-independent manner as
possible.

= The result is a better measure of the observed p% distribution versus invariant mass for 2 H ,
3H6 120

e Fit the distributions with
Events = A + Beos 0%, + Ccos® 0%,

This is not intended to provide a perfect fit to the data distributions, but rather a means to quantify

the relevant features of the observed distributions.

A - pedestal at cos 9;‘;+. Indicative of non—p% contribution.

B - skewness coefficient. C - p-wave coefficient.

® To characterize the data distributions, form p-wave shape ratio

C
Hp—wave = grAT T 3[B[ 1 |C
Al + 3Bl +[C]




Comparison of p-wave shape ratios of data and simulations
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Helicity analysis estimate of **C FSI-corrections
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Subtraction of background to yield the in-medium p_ invariant mass distribution
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Comparison of extracted in-medium distributions to model calculations

A number of significant effects must be taken into account before any comparison can be made:

1. Subtheshold experiment:

— Limited kinematic phase space effects must be taken into account.
2. TAGX spectrometer acceptance and detection threshold effects are significant.
3. Model must be subjected to same 0., and m,,,;ss Cuts as the experimental data.

The best way to take these effects into account is to embed the model calculation within a MC

simulation of the experiment, and analyze the simulated events in the same manner as the data.

= This is the only reliable manner in which model comparisons can be made to the data.

1. Kinematic models:
= Quasi-free p% production.
= Quasi-free N*(1520) — p'p.

2. Phenomenological models:
—> Relativistic Resonance Model.
= p — NN Interaction “Rhosobar” Model.
— Quark Meson Coupling Model.



Comparison to free p° line shape in kinematic model
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Conclusions from comparison to kinematic models

® The general agreement of the experimental distributions with expectations from partial wave

analysis verify that the helicity analysis has indeed identified pions originating from pO decay.

e The 2H and °® He data distributions favor p? production via the quasifree N*(1520) — p§ N
mechanism.
—> This provides strong experimental support of the likely p% production mechanism at these

photon energies.

e The lack of evidence in the 12C' data to support even modest N *(1520) could be due to the
role the N*(1520) plays in nuclei.
= Ongoing debate re. in-medium N *(1520) mass and width.

® A detailed comparison of the data with the simulations reveal deviations which may be due to
higher N* and A resonances and/or reaction mechanism admixtures.

—> Comparison with the phenomenological models may shed further light on these

discrepancies.



Saito-Tsushima-Thomas (STT) Quark Meson Coupling Model

® Quarks in non-overlapping nucleon bags interact self-consistently with both scalar and vector

mesons in the mean-field approximation.
® The vector mesons are described by quark bags utilizing the MIT bag model.

e The in-medium masses are given in terms of the mean-field value of the o meson at the local

nuclear density.

2 | _ 858 x 10~4(MeV ™)
2

(950)]

® The model describes the modification of the ,00 mass due to nuclear binding effects only, and can
make no statement on any ,00 width or shape modification.

= in the MC implementation, the free PDG width and shape of the po was used.

e This is the only work to provide specific predictions for our experiment.

= Predict a 40 MeV reduction in the mass of the po in°>He.

[K. Saito, K. Tsushima and A.W. Thomas, PRC 56 (1997) 566]



The agreement of the Saito-Tsushima-Thomas model with the datais impressive,
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given its lack of any in-medium p~ width or shape modification.
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STT model agreement with the observed p° width
implies that the p; line shapeislargely unaffected
by the nuclear medium.

[1 Consistent with the kinematic models.



Rapp-Chanfray-Wambach (RCW) p — NN Interaction “Rhosobar” Model

® ,00 rescattering and particle-hole excitation in the medium lead to an enhancement of the m

distribution below 600 MeV/c? and a depletion of the top of the po invariant mass peak.
1. Medium modification due to the interaction of the po with intermediate two-pion states.

2. Significant contributions from “rhosobar” processes such as
pN — pN*(1720)N~ ! — pN

due to the large pN N and pN A coupling constants, and the significant branching ratios of
N*(1720) and A(1905) decays to pN final states.

= Spectral function constrained by low m ., PWA and timelike F. parameterization.
e RCW model accounts very well for the high energy heavy ion dilepton spectra, and so provides

an alternate explanation to that of the chiral phase transition.
[R. Rapp, G. Chanfray, J. Wambach, NP A 617 (1997) 472]

e In-medium p spectral functions appropriate to cold nuclear matter are incorporated into a MC

model of the quasi-free A(~y, p')pX reaction.



The Rapp-Chanfray-Wambach model provides agood description
of the data over the full energy range and for all three nuclal.
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Post-Leupold-Mosel (PLM) Relativistic Resonance Model

0’ rescattering in nuclear matter, calculated using the low-density approximation.

=>|n-medium self-energy of the p° is completely determined by the TiN forward scattering
amplitude, extracted from TN — TN processes.

=>|n the longitudina channel, the N*(1520) is the main contributor.

= N*(1520) - Np =25% branching ratio.

= Since my+m,>1520 MeV (assuming m,=770 MeV), the decay can only proceed via
the lower mass component of the p spectral function.

[M. Pogt, S. Leupold, U. Masel, NP A 689 (2001) 753]
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Conclusions from comparison to phenomenological models

Rapp-Chanfray-Wambach model provides a reasonable description of the data from all 3 nuclei
over all energy bins.

= Simulated invariant mass distributions exhibit some characteristics of the p° and N*(1520)
simulations.

—> Presumably a reflection of the “rhosobar” nature of the model.

Post-Leupold-Mosel model simulations are similar to RCW.
— While RCW tracks the changing shape of the 12 distribution with energy, the PLM model

predicts a larger energy dependence than the data portray.

Saito-Tsushima-Thomas model does a surprisingly good job of describing the data.
— Underpredicts the 3 H e mass shift at 800 < E. <960 MeV by 20 MeV.
= Only model to underpredict 12C mass at 960 < E, <1120 MeV.

It might seem reasonable that the combination of the STT and RCW-PLM models will
together provide a good description of the data.

I.e. a central mass shift in addition to a spectral function modifi cation.

A similar argument has already been raised by Brown and Rho in the context of recent result
from RHIC [nucl-th/0206021].
—> Brown-Rho scaling of medium-dependent masses is combined with the spectral function

modification of RCW in a unified picture.



A (7, 7" 77) Helicity Analysis Summary

e Significant p — 77~ decay withl = 1, m = 0 is observed for 575 < M, < 750 MeV on
2H,3He, 12C.

e \We employed this unique signature to isolate p% events in the 600-1120 MeV photon energy
region.
= cosf?* distributions fit with A + Bcos + Ccos?0 versus m .

=> After subtraction of a small non-p background, coefficient C' was used to yield in-medium p%

invariant mass distributions for all three nuclei over three bins of tagged photon energy.

e free pO line shape from ete” =t~ partial-wave analysis incorporated into quasi-free
kinematic MC simulations and compared with the data.

= 600-960 MeV % H data favor production via the YNz — N*(1520) — p% N’ production
mechanism.

= For the 960 < E, < 1120 MeV data, neither of the kinematic production mechanism

models account for the observed distribution.



A (7, 7" 77) Helicity Analysis Summary

® ,0% spectral functions from relativistic rescattering, rhosobar, and quark-meson coupling models

incorporated into quasi-free MC simulations and compared with the data.

—> Comparison with the STT model simulation, using the free p% width and line-shape indicates
that the data provide no evidence of an in-medium p% distribution that is broader than the free
distribution.

* This is consistent with model expectations, which predict that the in-medium p% distribution

will be significantly wider than the p% distribution.

— STT model predicts a modified mass of 730 MeV in 3He, in excellent agreement with the
960-1120 MeV data. For the 800-960 MeV bin, the data support a somewhat lower mass,
m, = 700 — 710 MeV.

— RCW model is in excellent agreement with the data for the two lower energies, but RCW

predicts a wider distribution in the 960-1120 region than the data support.

® A model which incorporates both the nuclear binding effect of STT as well as the spectral function

modifications of RCW-PLM has the potential to provide the best description of the 12¢ data.

e Look forward to new data forthcoming from GSI-HADES.



