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X.~tLI 

Welcome address 

P. Kienle 

Hochverehrte Frau Minister, 

Sehr geehrte Frau Stadtk~immerin, 

Sehr geehrter Herr Ministerialdirigent, 

Dear colleagues, 

It is a great honour and pleasure for me to welcome you at the INPC'92 in 

charming Wiesbaden. l am very pleased that we can host this most prestigeous 

meeting of nuclear physicists a second time in Germany after the illustrious Mun- 

ich Conference in 1973, with the noble state reception in the Antiquarium of the 

Residence, and the less noble battle of our participants for a Kiifer buffet in Schloss 

Schleissheim. We cannot offer you anything like that, because this was the golden 

era of o u r  science and science in general. Since then the reputation of science has 

declined in the hands of our opinion makers, but as science is made in laborato- 

ries and not in newspapers, it has survived all this. On the contrary, it became 

very virile in the public exile of the last decade. 
Nuclear Physics 1992, as presented at this conference, has a shining new face 

due to pioneering progress in our methods, exciting discoveries, new areas of re- 

search and applications, and interesting opportunities and perspectives. 

What are the new things? 
Concerning the methodology I like to mention two breakthroughs in accelera- 

tor technology. Firstly, the development ofcontinuous wave electron accelerators 

and secondly the cooling of ion beams in storage rings. Two examples of both 

kinds of facilities you can find here in the Rhine-Main-Neckar-area (which has 

become a kind of Mekka of progress in our field). There are MAMI at Mainz and 

the S-Dalinac in Darmstadt, both pioneering developments in electron accelera- 

tion and the TSR at Heidelberg and the ESR at GSI, cooler rings for heavy ions, 

which became landmarks in the progress of heavy ion research. There is also very 

good news from the high energy frontier, like the acceleration of gold beams to 

ultra relativistic energies in Brookhaven, and from the far off stability research, 

like radioactive beams at various places and the first cooled, high energy radio- 

active beam at GSI. 

Progress and discoveries? 
Yes, there are. Especially this morning you will hear about the progress in un- 

derstanding the most fundamental problems concerning broken symmetries and 

the properties of the vacuum by T.D. Lee. After this we will probably hear very 



Broken symmetries and the physical vacuum T. D. Lee

Recent developments in neutrino physics Rudolf L. Möβbauer

Ultra-relativistic heavy-ion collisions: Searching for the 
quark-gluon plasma J. Schukraft

Lattice QCD and nuclear physics John W. Negele

Nuclear aspects of chiral symmetry W. Weise

The quark-gluon plasma Jean-Paul Blaizot
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W. Weise / Nuclear aspects of chiral symmetry 65c 

is trivial, so that tile local change of the scalar density is Aps(r)  = ps(r) - ps(o~) = 

- ( f i t ,  + dd)oO(R - r). The sigma term becon,es 

o [ 4 ~  2 2 
aN = m ~ 'l'3r Aps(r)  = --~-R°m, f~, (17) 

where we have used the GOR relation again, itence one finds R "" 0.S fro for on, = 

45 M e V .  In this picture, each nucleon represents a small volume 4rrRa/3 ~ 2fro 3 inside 

of which chiral symmetry is locally restored. This volume is about one third of the specific 

volume o = p~-! 2 5.9fro a availahle to a nucleon in nuclear matter,  in practice, the scalar 

density profile of the nucleon is generally not that simple, but essential features remain 

[15]. 

Figure 2: Picture of the nucleon as an "impurity" in the non-pertnrbative vacuum. 

ChirM effective theories have been used extensively in order to estimate both the 

density and the temperature dependence of the {~q) condensate. Its behaviour with 

temperature,  in the chiral limit, is determined entirely by the pion decay constant. [16]: 

< ~ q > r  = 1 -  + O  (18) 
< eq >r:0  2 \2f ) 

(for N! = 2 flavours). Below T <~ 100 M c V ,  there is hardly any variation with temper- 

ature. The density dependence is far more pronounced. Hence the place to look for 

indications of chiral symmetry restoration is dense, rather than hot, systems. Fig. 3 

shows a qualitative impression of how ((/q) behaves with both p and T; this is a typical 

result of NJL modei caiculations [14]. 

DENSITY 

Figure .~: The condensate {#q) as a function of  density p and temperature T (adapted 

from ,'ef.[I4] ). The density is 9iven in units of nuclear matter density Po = 0.17 f m  -3 

W. Weise, NPA 553 (1993) 59
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While mH is an observable,
       is not.〈q̄q〉



Brown and Rho, PRL 66 (1991) 2720

Brown-Rho scaling

m∗
σ

mσ
≈ m∗

N

mN
≈

m∗
ρ

mρ
≈ m∗

ω

mω
≈ f∗

π

fπ
≈ 0.8(ρ = ρ0)

〈q̄q〉∗

〈q̄q〉 =
(

f∗
π

fπ

)3



Hatsuda and Lee, PRC 46 (1992) R34

(QCD sum rules)

Hatsuda-Lee

m∗
V

mV
=

(
1− α

ρ

ρ0

)
,

y; nucleon strangeness content

α ≈ 0.18(±30%) for V = ρ,ω,

≈ 0.15y for V = φ

ϕ meson



質量変化
in-medium mass shift, 

how to detect?



1. decay (minv)
2. production



Renk, Schneider, Weise, PRC 66 (2002) 014902 

also see Muehlich et al., NPA 773 (2006) 156

dσ/dMe+e- ∝ BR (mass dependent) × “spectral function” 
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lowering & broadening at finite ρ

CERES and RHIC restricts !q! on average to only a fraction
of the vector-meson mass mV .

Finite temperature modifications of the vector-meson self-

energies appearing in Eq. !16" are calculated using thermal
Feynman rules. The explicit calculations for the # and $
meson can be found in Ref. %9&. At the one-loop level, the #
and $ are only marginally affected by temperature even

close to TC because of the comparably large pion and kaon

masses: m'"TC ,mK"3TC . The thermal spectral function
of the ( meson has been discussed in detail in %26&. Here, the
reaction ('→'' was found to cause a considerable broad-

ening of the ( spectral function, leading to )((TC)

"7)((0). The corresponding photon spectral function is

displayed in Fig. 4 !left panel".
At higher invariant masses 1 GeV!M!2 GeV, 'a1

annihilation is the dominant source of dileptons %27,28&. The
vacuum vector and axial vector spectral functions become

mixed to order T2 with a strength T2/(6 f '
2 ) ( f'"93 MeV is

the pion decay constant" due to their coupling to the pionic
heat bath %29& and should be degenerate at the point of chiral
symmetry restoration. The effect of the a1 and higher reso-

nances can then be approximately subsumed in a structure-

less continuum above 1 GeV %30&. We practically implement
the 'a1 contribution by adding a flat 2' continuum to the

resonance #-meson spectral function that feeds into the pho-
ton spectral function, reminiscent of the perturbative plateau

of qq̄ annihilation.

There is still considerable stopping of the interpenetrating

nuclei at SPS energies, resulting in a net-baryon density #B
in the central rapidity region. At RHIC, measurements

%31,32& indicate that the proton over antiproton excess is
small, implying that the baryons are distributed over a larger

rapidity interval. Therefore, finite baryon density effects

should not play such an important role in RHIC kinematics.

For the evaluation of density effects which are relevant at

SPS conditions, we use the results discussed in %33&. There it
was shown that in the linear density approximation, *V is

related to the vector-meson–nucleon scattering amplitude

TVN :

*V!q0,q"0;#""*V
vac##BTVN!q ",

TVN!q ""#
i

3
# d4xeiqx+N!Tj,!x " j,!0 "!N-, !17"

with !N- being zero-momentum free nucleon states. In the

following, we assume that the temperature and density de-

pendences of *V factorize, i.e., we replace *V
vac in Eq. !17"

by the temperature-dependent *V(T) and leave TVN unaf-

fected. This amounts to neglecting contributions from matrix

elements such as +'N!Tj,(x) j,(0)!'N- !nucleon-pion scat-
terings where the pion comes from the heat bath". Further-
more, this approximation does not take into consideration a

possible T-dependent pion or nucleon mass. Some effective

models suggest that, near the phase transition, the nucleon

mass follows the behavior of the chiral condensate +.̄.- and
drops abruptly as the quarks lose their constituent masses.

Such modifications of particle properties may have a consid-

erable impact on the spectral functions. However, since the

temperature range over which the dropping takes place is

narrow, we expect such effects not to leave distinct signals in

the dilepton spectra, which are only sensitive to the inte-

grated time !and hence temperature" evolution of the system.
The photon spectral function at finite density and zero

temperature is depicted in Fig. 4 !right panel". The interac-
tion with nucleons causes a strong broadening of the # me-
son down to the one pion threshold, leading to a complete

dissolution of its quasiparticle peak structure. The modifica-

tions of the (- and $-meson spectral distributions are more
moderate: The mass of ( drops by about 100 MeV at normal

nuclear matter density, and its width increases by a factor of

about 5, whereas the $ mass stays close to its vacuum value,

accompanied by a ninefold increased width.

To summarize, the most prominent changes of the photon

spectral function, when compared to the vacuum case, arise

from the broadening of # due to finite baryon density effects
and the broadening of ( due to scattering off thermal pions.

The $ meson retains its distinct peak structure even under

extreme conditions of density and temperature. Very close to

TC , however, these results based on perturbative calcula-

tions, are not expected to be reliable.

C. After freeze-out contributions

At the freeze-out stage, there are still vector mesons

present. These will decay with their vacuum properties on

their way to the detector and add to the dilepton yield from

the previous thermalized phase. The invariant mass region

below /400 MeV is mainly filled by the Dalitz decays of

the vector mesons. We take these contributions from the ex-

FIG. 4. The photon spectral

function R(()"(12'/(2)Im*̄(()
at finite temperature and #B"0
!left panel" and at T"0 and

baryon density of normal nuclear

matter, #B"#0"0.17 fm
#3 !right

panel". For orientation, the qq̄ line
in the left panel shows the spectral

function in the QGP phase with

massless u and d quarks and ms

"150 MeV for s quarks, neglect-
ing 0s corrections.

PHASES OF QCD, THERMAL QUASIPARTICLES, AND . . . PHYSICAL REVIEW C 66, 014902 !2002"

014902-7
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CBELSA / TAPS

Mπ0γ

H. En’yo, YKIS2006

←               10 m               →

J-Lab CLAS (g7)

Me+e-



ρ,ω e+

e−

ρ (770)

ω (782)

φ (1020)

BR(e+e-)

4.7×10-5

7.2×10-5

3×10-4

cτ

1.3 fm

23 fm

44 fm

‣small FSI

‣ rare decay

‣ fast ω, ϕ decay outside

KEK E325 p+A → V + X
J-LAB g7   γ+A → V + X

Me+e-



moving vector mesons, which have a larger probability
to decay inside a target nucleus. In 2002, the primary
proton beam with a typical intensity of 7! 108 Hz was
delivered to one carbon and four copper disk targets,
which were aligned inline along the beam axis. The inter-
action length of each copper target is 0.054%(73 mg=cm2,
0.57% in radiation length), and that of the carbon tar-
get is 0.21%(184 mg=cm2, 0.43% in radiation length).
The tracking system consists of three drift chambers
and gives the momentum resolution of !p=p "!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
#1:37%p$2 % 0:41%2

p
[12].

The mass resolution and mass scale were examined for
the observed peaks of ! ! p"& and K0

S ! "%"& decays.

The observed resolutions and centroids of these resonances
are consistent with the expectations given by a detailed
detector simulation using GEANT4 [13]. The effects caused
by multiple scattering, energy losses, the chamber resolu-
tion, and a misalignment of the tracking devices were
minutely inspected. Please note that the mass spectra pre-
sented in this Letter is not corrected for the mass scale
which is 3:7' 0:8 MeV=c2 lower than the real value at
0:8 GeV=c2 (i.e., ! peak). At the low-mass side of the
resonances, a long tail arises due to the energy loss of
electrons, mainly caused by bremsstrahlung. Such a tail
is estimated to be negligible compared to the excess that
we have been observing. The mass resolutions for ! !
e%e& and # ! e%e& decays are estimated to be 8.0 and
10:7 MeV=c2, respectively. These values are consistent
with the data when we neglected the excess parts of the
mass spectra.

Figure 1 shows the invariant mass spectra of the e%e&

pairs using all of the data taken in 2002. We have required
each track of an e%e& pair to come into each of the two
arms; therefore, the low-mass region of the spectra is
largely suppressed. The invariant mass spectra was fitted
with the combinatorial background and known hadronic
sources: $ ! e%e&, ! ! e%e&, # ! e%e&, % !
e%e&&, and ! ! e%e&"0. The combinatorial background
was evaluated by the event-mixing method. The relativistic
Breit-Wigner distribution was used to obtain the spectral
shapes of resonances. The mass resolution and the detector
effect of our spectrometer were taken into account through
the detector simulation described before. The kinematical
distributions of mesons have been obtained by the nuclear
cascade code JAM [14], which is in a good agreement with
the real data. The relative abundances of these components
were determined by the fitting, except for the ratio of ! !
e%e&"0 to ! ! e%e& decay which was fixed to their
branching ratios, 59=6:95 given by the Particle Data
Group [15]. The fit results are plotted with the solid lines
in Fig. 1 and summarized in Table I. The obtained '2=dof
are 161=140 and 154=140 for the C and Cu targets, re-
spectively. The region from 0.6 to 0:76 GeV=c2 was ex-
cluded from the fit, because the fit including this region
resulted in failure at C.L. 99.9% as listed in Table II [16].

A significant excess can be seen on the low-mass side of
the ! peak, whereas the high-mass tail of the ! can be
reproduced with the expected shapes. The number of ex-
cess was evaluated by subtracting the amplitude for the fit
function from the data, in the range of 0.6 to 0:76 GeV=c2.

fit result

background

φ→e+e-
ρ→e+e-
ω→e+e-

ω→e+e-π0
η→e+e-γ

(a) C

invariant mass

fit result

background

φ→e+e-
ρ→e+e-
ω→e+e-

ω→e+e-π0
η→e+e-γ

events[/ 10MeV/c2]

(b) Cu

FIG. 1 (color). Invariant mass spectra of e%e& for the (a) C
and (b) Cu targets. The solid lines are the best-fit results, which
is the sum of the known hadronic decays, ! ! e%e& (dashed
line), # ! e%e& (thick dash-dotted line), % ! e%e&& (dash-
dotted line), and ! ! e%e&"0 (dotted line) together with the
combinatorial background (long-dashed line). $ ! e%e& is not
visible (see text).

TABLE I. Signal yields in the acceptance together with '2=dof for the C and Cu targets,
obtained by the fit excluding the mass range of 0.6 to 0:76 GeV=c2. The values for $ are
expressed as an upper limit at 95% C.L.

% Dalitz # ! $ excess '2=dof

C 1012' 112 398' 42 3644' 92 (112) 1461' 131 161=140
Cu 1249' 126 547' 45 3346' 91 (169) 1341' 136 154=140

PRL 96, 092301 (2006) P H Y S I C A L R E V I E W L E T T E R S week ending
10 MARCH 2006

092301-2

E325 e+e- invariant mass spectra
Naruki et al., PRL 96 (2006) 092301
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delivered to one carbon and four copper disk targets,
which were aligned inline along the beam axis. The inter-
action length of each copper target is 0.054%(73 mg=cm2,
0.57% in radiation length), and that of the carbon tar-
get is 0.21%(184 mg=cm2, 0.43% in radiation length).
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detector simulation using GEANT4 [13]. The effects caused
by multiple scattering, energy losses, the chamber resolu-
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sented in this Letter is not corrected for the mass scale
which is 3:7' 0:8 MeV=c2 lower than the real value at
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resonances, a long tail arises due to the energy loss of
electrons, mainly caused by bremsstrahlung. Such a tail
is estimated to be negligible compared to the excess that
we have been observing. The mass resolutions for ! !
e%e& and # ! e%e& decays are estimated to be 8.0 and
10:7 MeV=c2, respectively. These values are consistent
with the data when we neglected the excess parts of the
mass spectra.

Figure 1 shows the invariant mass spectra of the e%e&

pairs using all of the data taken in 2002. We have required
each track of an e%e& pair to come into each of the two
arms; therefore, the low-mass region of the spectra is
largely suppressed. The invariant mass spectra was fitted
with the combinatorial background and known hadronic
sources: $ ! e%e&, ! ! e%e&, # ! e%e&, % !
e%e&&, and ! ! e%e&"0. The combinatorial background
was evaluated by the event-mixing method. The relativistic
Breit-Wigner distribution was used to obtain the spectral
shapes of resonances. The mass resolution and the detector
effect of our spectrometer were taken into account through
the detector simulation described before. The kinematical
distributions of mesons have been obtained by the nuclear
cascade code JAM [14], which is in a good agreement with
the real data. The relative abundances of these components
were determined by the fitting, except for the ratio of ! !
e%e&"0 to ! ! e%e& decay which was fixed to their
branching ratios, 59=6:95 given by the Particle Data
Group [15]. The fit results are plotted with the solid lines
in Fig. 1 and summarized in Table I. The obtained '2=dof
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resulted in failure at C.L. 99.9% as listed in Table II [16].
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detector simulation using GEANT4 [13]. The effects caused
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which is 3:7' 0:8 MeV=c2 lower than the real value at
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pairs using all of the data taken in 2002. We have required
each track of an e%e& pair to come into each of the two
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with the combinatorial background and known hadronic
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branching ratios, 59=6:95 given by the Particle Data
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are 161=140 and 154=140 for the C and Cu targets, re-
spectively. The region from 0.6 to 0:76 GeV=c2 was ex-
cluded from the fit, because the fit including this region
resulted in failure at C.L. 99.9% as listed in Table II [16].

A significant excess can be seen on the low-mass side of
the ! peak, whereas the high-mass tail of the ! can be
reproduced with the expected shapes. The number of ex-
cess was evaluated by subtracting the amplitude for the fit
function from the data, in the range of 0.6 to 0:76 GeV=c2.
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FIG. 1 (color). Invariant mass spectra of e%e& for the (a) C
and (b) Cu targets. The solid lines are the best-fit results, which
is the sum of the known hadronic decays, ! ! e%e& (dashed
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combinatorial background (long-dashed line). $ ! e%e& is not
visible (see text).
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The obtained ratios of the excess to the ! peak in the
acceptance are estimated to be 0:40! 0:04 and 0:40!
0:04 for the C and Cu targets, respectively. The obtained
yields of each resonance and the excess are given in
Table I. This procedure determines the ratio of ! to !,
provided that they follow the relativistic Breit-Wigner
distribution without any mass modification. After the ac-
ceptance correction, the 95% C.L. allowed parameter re-
gions are obtained as !=! < 0:15 and !=! < 0:31 for C
and Cu targets, respectively. The systematic errors arises
from the uncertainty of the background estimation, which
amount to 0.09 and 0.21 for the C and Cu targets, respec-
tively. The obtained !=! ratios are much smaller than
unity, as was previously measured in pp interactions at
the same energy [19]. A possible explanation is that most
of the ! are decaying inside the nuclei due to their short
lifetime; their mass is modified in nuclear media and
contribute to the excess.

A comparison has been done for the data with a model
considering the in-medium mass modification. In this
model, the mass decreases linearly as a function of the
density !, in the following relation: m"!#=m"0# ’
1$ k"!=!0# [5,6]. The parameter k was expected to be
16! 6% for ! and ! meson, where !0 is the normal
nuclear density [6]. The pole mass was modified by the
above formula according to the density at the decay point.
The decay-width modification was neglected. A Woods-
Saxon shape was used for the nuclear density distribution;
!=!0 / "1% exp&"r$ R#="'#$1, where R ( 2:3 and
4.1 fm, " ( 0:57 and 0.50 fm for the C and Cu targets,
respectively. We assumed that the vector mesons were

generated at the surface of an incident hemisphere of the
target nucleus. This assumption is reasonable, since we
have observed the mass-number dependence of the !
production cross section as #"A# / A2=3 [20]. This model
predicts that the probabilities of ! meson decays inside a
nucleus are 46% and 61% for the C and Cu targets,
respectively, while those of ! are 5% and 9%.

Based on the model, we modified the shapes of ! and !,
by introducing the shift parameter k which is common for
the C and Cu targets. We fit again the entire mass region of
Fig. 1 using the same procedure as before. The fit results,
after subtracting the combinatorial background and the
shapes of $ ! e%e$% and ! ! e%e$&0 are shown in
Figs. 2(a) and 2(b). The spectra for both C and Cu targets
can be reproduced quite well by this model. Confidence
ellipsoids for the shift parameter k, and the !=! ratio are
also shown in Fig. 3.

We obtained the shift parameter of k ( 0:092! 0:002.
The best-fit values of the !=! ratio are 0:7! 0:1 and 0:9!
0:2 for the C and Cu targets, respectively. Please note that
here the yield of ! and ! includes both free decays and in-
medium decays. It is concluded that the observed modifi-
cation can be understood with the model in which the
masses of the ! and ! mesons decrease by 9% at the
normal nuclear density. This value is consistent with the
theoretical prediction [6].

We have neglected in-media mass broadening, which is
theoretically predicted in [21–24] and well summarized in
[25,26], since it appears that such width broadening of !
and !, which increases the yield of the high-mass tail, does
not fit our data [27].
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FIG. 2 (color). Invariant mass spectra of e%e$. The combinatorial background and the shapes of $ ! e%e$% and ! ! e%e$&0

were subtracted. The result of the model calculation considering the in-media modification for the (a) C and (b) Cu targets, together
with (c) the fit result with the !-! interference for the Cu target. The solid lines show the best-fit results. In (a) and (b), the shapes of
! ! e%e$ (dotted line) and ! ! e%e$ (dash-dotted line) were modified according to the model using the formula m"!#=m"0# (
1$ k"!=!0# with k ( 0:092. In (c), the solid line shows the !-! interfering shape with the !=! ( 0:64 and the interference angle (
2:8 rad. The dotted line is the fit result with the typical values of the !=! ratio ( 1:0 and the angle ( 2:0 rad [28].

TABLE II. Same as Table I but corresponds to the fit including the excess region.

$ Dalitz ' ! ! excess (2=dof

C 1025! 116 347! 40 3552! 98 1468! 242 893! 169 366=162
Cu 1248! 132 505! 44 3209! 98 1405! 257 798! 175 295=162
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difference for the two data samples. Figure 1 shows the
comparison of the background subtracted invariant mass
distributions for !0 ! "", # ! !0!0!0 ! 6", and #0 !
!0!0# ! 6". Indeed, a difference in the line shapes is not
observed. However, when comparing the ! ! !0" invari-
ant mass distributions, we find a significant change in the
line shapes. The left panel of Fig. 2 shows the !0" invari-
ant mass distribution without further cuts except for a three
momentum cutoff of j ~p!j< 500 MeV=c. The dominant
background source is two pion production where one of the
four photons escapes the detection. This probability was
determined by Monte Carlo simulations to be 14%. The
resulting three photon final state is not distinguishable
from the ! ! !0" invariant mass. The central panel of
Fig. 2 shows the invariant mass distribution obtained after
background subtraction. We observe the expected super-
position of decays outside of the nucleus at the nominal
vacuum mass with decays occurring inside the nucleus,
responsible for the shoulder towards lower invariant
masses. The high mass part of the ! mass signal appears
identical for the Nb and LH2 targets, indicating that this
part is dominated by ! meson decays in vacuum. These
decays are eliminated by matching the right hand part of
the Nb invariant mass spectrum to the LH2 data [see
Fig. 2(b)] and by subtracting the two spectra from each
other. For this normalization the integral of the undistorted
spectrum corresponds to 75% of the counts in the Nb
spectrum. This is in good agreement with a theoretical pre-
diction obtained from a transport code calculation [24,29].
There, about 16% of the total decays are predicted to occur
inside the nuclear medium ($> 0:1$0) without any FSI,
and 3% of the events are distorted due to FSI in the mass
range of 0:6 GeV=c2 <M!0" < 0:9 GeV=c2. In addition,
9% of the events are moved towards lower masses due to
the ! decay kinematics. Fig. 2(c) shows the resulting in-
medium signal along with a Voigt fit (Breit-Wigner folded
with Gaussian) to the data. We obtain an ! in-medium

mass of Mmedium ! "722#4
$4%stat&#35

$5 %syst&' MeV=c2. This
corresponds to a lowering of the ! mass by 8% with
respect to the vacuum value at an estimated average nu-
clear density of 0:6$0 in line with the assumptions in [23].
Consistency with a scaling of the ! mass by m ! m0%1$
0:14$=$0& is found [4]. Within this scenario the width is
governed by the experimental resolution of " !
55 MeV=c2 (FWHM). The systematic uncertainty mainly
reflects different assumptions for the subtraction of decays
of the ! mesons in vacuum. The fraction of these decays
was varied within a broad range from 80% to 45%
[Fig. 2(b) and 2(c) correspond to 75%]. The case with
45% corresponds to the upper bound of the systematic
uncertainty (#35 MeV=c2). This extreme scenario would,
however, require an increase of the in-medium width of the
! by almost an order of magnitude.

Furthermore, the dependence of the signal on the !
momentum has been studied. It is expected that only
low-momentum ! mesons (with a corresponding low ve-
locity) decay inside the nucleus and carry information on
the in-medium properties of the ! meson. Figure 3 shows
the !0" invariant mass distribution after background sub-
traction and FSI suppression (T!0 > 150 MeV) for differ-
ent !-momentum bins. A pronounced modification of the
line shape is only observed for ! momenta in the range of
200 MeV=c < j ~p!j< 400 MeV=c. In Fig. 4 the mean
value of the mass distribution is plotted against the three
momentum for the LH2 and the Nb data. This result might
allow the momentum dependence of the !-nucleus poten-
tial to be extracted [24,29].

In summary, we have investigated the in-medium
modifications of ! mesons in photoproduction experi-
ments using the Crystal Barrel/TAPS detector at the
ELSA accelerator facility in Bonn. When comparing data
from a LH2 target with data taken with a Nb target, we find
a pronounced modification of the ! meson mass in the
nuclear medium for ! mesons with momenta less than
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difference for the two data samples. Figure 1 shows the
comparison of the background subtracted invariant mass
distributions for !0 ! "", # ! !0!0!0 ! 6", and #0 !
!0!0# ! 6". Indeed, a difference in the line shapes is not
observed. However, when comparing the ! ! !0" invari-
ant mass distributions, we find a significant change in the
line shapes. The left panel of Fig. 2 shows the !0" invari-
ant mass distribution without further cuts except for a three
momentum cutoff of j ~p!j< 500 MeV=c. The dominant
background source is two pion production where one of the
four photons escapes the detection. This probability was
determined by Monte Carlo simulations to be 14%. The
resulting three photon final state is not distinguishable
from the ! ! !0" invariant mass. The central panel of
Fig. 2 shows the invariant mass distribution obtained after
background subtraction. We observe the expected super-
position of decays outside of the nucleus at the nominal
vacuum mass with decays occurring inside the nucleus,
responsible for the shoulder towards lower invariant
masses. The high mass part of the ! mass signal appears
identical for the Nb and LH2 targets, indicating that this
part is dominated by ! meson decays in vacuum. These
decays are eliminated by matching the right hand part of
the Nb invariant mass spectrum to the LH2 data [see
Fig. 2(b)] and by subtracting the two spectra from each
other. For this normalization the integral of the undistorted
spectrum corresponds to 75% of the counts in the Nb
spectrum. This is in good agreement with a theoretical pre-
diction obtained from a transport code calculation [24,29].
There, about 16% of the total decays are predicted to occur
inside the nuclear medium ($> 0:1$0) without any FSI,
and 3% of the events are distorted due to FSI in the mass
range of 0:6 GeV=c2 <M!0" < 0:9 GeV=c2. In addition,
9% of the events are moved towards lower masses due to
the ! decay kinematics. Fig. 2(c) shows the resulting in-
medium signal along with a Voigt fit (Breit-Wigner folded
with Gaussian) to the data. We obtain an ! in-medium

mass of Mmedium ! "722#4
$4%stat&#35

$5 %syst&' MeV=c2. This
corresponds to a lowering of the ! mass by 8% with
respect to the vacuum value at an estimated average nu-
clear density of 0:6$0 in line with the assumptions in [23].
Consistency with a scaling of the ! mass by m ! m0%1$
0:14$=$0& is found [4]. Within this scenario the width is
governed by the experimental resolution of " !
55 MeV=c2 (FWHM). The systematic uncertainty mainly
reflects different assumptions for the subtraction of decays
of the ! mesons in vacuum. The fraction of these decays
was varied within a broad range from 80% to 45%
[Fig. 2(b) and 2(c) correspond to 75%]. The case with
45% corresponds to the upper bound of the systematic
uncertainty (#35 MeV=c2). This extreme scenario would,
however, require an increase of the in-medium width of the
! by almost an order of magnitude.

Furthermore, the dependence of the signal on the !
momentum has been studied. It is expected that only
low-momentum ! mesons (with a corresponding low ve-
locity) decay inside the nucleus and carry information on
the in-medium properties of the ! meson. Figure 3 shows
the !0" invariant mass distribution after background sub-
traction and FSI suppression (T!0 > 150 MeV) for differ-
ent !-momentum bins. A pronounced modification of the
line shape is only observed for ! momenta in the range of
200 MeV=c < j ~p!j< 400 MeV=c. In Fig. 4 the mean
value of the mass distribution is plotted against the three
momentum for the LH2 and the Nb data. This result might
allow the momentum dependence of the !-nucleus poten-
tial to be extracted [24,29].

In summary, we have investigated the in-medium
modifications of ! mesons in photoproduction experi-
ments using the Crystal Barrel/TAPS detector at the
ELSA accelerator facility in Bonn. When comparing data
from a LH2 target with data taken with a Nb target, we find
a pronounced modification of the ! meson mass in the
nuclear medium for ! mesons with momenta less than

Mπ γ [MeV/c2]

co
un

ts
 / 

[ 3
 M

eV
/c

2 ]

Nb

LH2

| p
→
ω |< 0.5 GeV/c

10

10 2

10 3

700 800 900

Mπ γ [MeV/c2]

co
un

ts
 / 

[ 1
2 

M
eV

/c
2 ]

Nb
LH2

| p
→
ω |< 0.5 GeV/c

0

200

400

600

800

600 700 800 900
Mπ γ [MeV/c2]

co
un

ts
 / 

[ 1
2 

M
eV

/c
2 ]

Nb - LH2 data
Mpeak = 722 MeV/c2

0

200

400

600 700 800 900

(a)

(b) (c)
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with a Voigt fit to the data (see text). The vertical line indicates the vacuum ! mass of 782 MeV=c2.
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500 MeV=c. The in-medium mass has been determined to
Mmedium ! "722#4

$4%stat&#35
$5 %syst&' MeV=c2 at an estimated

average nuclear density of 0:6!0. The width is found to be
! ! 55 MeV=c2 and is dominated by the experimental
resolution. The momentum dependence of the signal shows
that only low-momentum ! mesons contribute to the
downward mass shift. In contrast, ! mesons with high
momenta decay outside the nucleus, exhibiting an invariant

mass distribution corresponding to vacuum decays. First
evidence for a lowering of the ! mass in the nuclear
medium has been observed.
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looks convincing,
but what about FSI?
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Fig. 6. Invariant mass distributions of π0π0 (left) and π0π± (right) pairs produced in photonuclear reactions on

p, C, Ca, and Pb targets [23–25] for the incident photon beam energy range of 400–500 MeV.

The question arises whether the observed shift in the π0π0 invariant mass distribution

is not simply the result of pion absorption. Energetic pions which mainly contribute to

the high mass part of the π0π0 invariant mass distribution have a higher chance with
increasing nuclear size of exciting a ∆ resonance in a pion–nucleon collision. They might

be more strongly absorbed than low energy ones, leading to a reduced yield at higher

masses.

This hypothesis has been tested experimentally by comparing the invariant mass

distributions in the π0π0 channel to those in the π±π0 channel, which the neutral σ
meson cannot decay to. In the experiments of Messchendorp et al. [23] this final state has

been measured concurrently, exploiting the capability of the TAPS spectrometer to identify

charged pions via a time-of-flight and energy measurement. Positively and negatively

charged pions can, however, not be distinguished because of the lack of a magnetic field.

The preliminary π±π0 invariant mass distributions measured for p, C, Ca, and Pb are

shown in the right panel of Fig. 6. In contrast to the π0π0 channel, the π±π0 invariant
mass distributions do not show a variation in shape with increasing nuclear mass. This

becomes even clearer from the ratio of distributions measured for different target nuclei

shown in Fig. 7. The ratio of the π±π0 invariant mass distributions for Pb and C targets is

approximately constant, indicating no shape variation, while the corresponding ratio for the

π0π0 channel shows a strong dependence on the invariant mass, emphasizing the shift of

the π0π0 strength towards the 2π threshold for increasing nuclear mass. This comparison

of isospin channels shows that the observed shift is a genuine feature of the π0π0 channel
and cannot be ascribed to absorption processes which would be similar for all isospin

channels. The experimental observation is thus consistent with the theoretically predicted

Metag, PPNP 55 (2005) 35
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Fig. 3. π0γ invariant mass spectrum for photonuclear reactions on a Nb target. Preliminary experimental data [12]

are compared to calculations within a coupled-channel transport model [13,14].

Fig. 4. Dependence of the π and σ masses on the baryon density calculated by Bernard et al. [15] within the

Nambu–Jona-Lasinio model. The meson masses become degenerate when chiral symmetry is restored at high

baryon densities.

The σ meson decays into π0π0 or π+π−. As a consequence of the decreasing σ

mass the phase space for two pion decays shrinks; the 2π strength gets more and more

concentrated near the 2π threshold, as studied quantitatively by Hatsuda et al. [17]. Their
theoretical prediction is given in Fig. 5.

A strong concentration of 2π strength is also predictedwithin the chiral unitarymodel of
the Valencia group [18]. They provide a comparative study of s-wave I = 0ππ correlations

in vacuum and in the nuclear medium. Here, in-mediummodifications in the σ channel are

Bernard et al., PRL 59 (1987) 996. 



FSI can mimic mass shift
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p, C, Ca, and Pb targets [23–25] for the incident photon beam energy range of 400–500 MeV.

The question arises whether the observed shift in the π0π0 invariant mass distribution

is not simply the result of pion absorption. Energetic pions which mainly contribute to

the high mass part of the π0π0 invariant mass distribution have a higher chance with
increasing nuclear size of exciting a ∆ resonance in a pion–nucleon collision. They might

be more strongly absorbed than low energy ones, leading to a reduced yield at higher

masses.

This hypothesis has been tested experimentally by comparing the invariant mass

distributions in the π0π0 channel to those in the π±π0 channel, which the neutral σ
meson cannot decay to. In the experiments of Messchendorp et al. [23] this final state has

been measured concurrently, exploiting the capability of the TAPS spectrometer to identify

charged pions via a time-of-flight and energy measurement. Positively and negatively

charged pions can, however, not be distinguished because of the lack of a magnetic field.

The preliminary π±π0 invariant mass distributions measured for p, C, Ca, and Pb are

shown in the right panel of Fig. 6. In contrast to the π0π0 channel, the π±π0 invariant
mass distributions do not show a variation in shape with increasing nuclear mass. This

becomes even clearer from the ratio of distributions measured for different target nuclei

shown in Fig. 7. The ratio of the π±π0 invariant mass distributions for Pb and C targets is

approximately constant, indicating no shape variation, while the corresponding ratio for the

π0π0 channel shows a strong dependence on the invariant mass, emphasizing the shift of

the π0π0 strength towards the 2π threshold for increasing nuclear mass. This comparison

of isospin channels shows that the observed shift is a genuine feature of the π0π0 channel
and cannot be ascribed to absorption processes which would be similar for all isospin

channels. The experimental observation is thus consistent with the theoretically predicted

Metag, PPNP 55 (2005) 35

π0π0 π0π ±

TAPS “σ” mass shift
Buss et al,  EPJA 29 (2006) 189
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Scoreboard



Proton induced γ　induced (Eγ GeV)

Einc 12GeV 0.6-2.5 0.8-1.1 1.5-2.4 0.6-3.8

Exp KEK TAPS TAGX LEPS CLAS

Α 12, 64
0.2~0.07g/cm2

1, 93
0.37-0.85 
g/cm2

2, 3, 12 7, 12, 27, 64
5.4,8.2,6.5,2.6g/cm2

2,12,48,56,207.
1g/cm2

φ e+e−  K+K−  K+K− e+e−

Shift
3.4 ±0.6%

Limits on Γ* In-media 
broadening ?

seen

No report yet

ω e+e−   π0γ e+e−

Shift
9.2 ± 0.2%

Not very sensitive for ω 
mod.

Shift 
13%

No shift
2±2%(1σ)

Not very sensitive 
for ω mod.ρ   π+π−

Shift
5~8%

Originally by Metag, updated by En’yo at YKIS2006
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1. decay (minv)
2. production



Klein-Gordon Eq.

Π(ω,"r) = 2ωU(ω,"r)

∆m = meff −m0 ≈ ReUs

[!∇2 + ω2 −m2
0 −Π(ω,!r)]Φ(!r) = 0

self energy

potential

mass ➘  attraction → bound state?



12C(γ,p) ω recoilless production
H. Nagahiro et al. / Nuclear Physics A 761 (2005) 92–119 113

Fig. 11. Formation spectra of the ω mesic nucleus in the (γ ,p) reaction with the 12C target calculated with the

attractive potential V
(b)
ω (a) and the repulsive potential V

(c)
ω (b) at the photon energy Eγ = 2.7 GeV. E0 is the

ω production threshold energy. The thick solid lines represent the total spectra and the other lines represent the

contributions from the dominant subcomponents as indicated in the figures.

tials at the incident photon energy Eγ = 2.7 GeV. As seen in Fig. 11(a), in the case of the

attractive potential V
(b)
ω , the bound state structure is clearly seen thanks to the narrow width

of the bound state in p state and dominant contribution of the (0p3/2)
−1
p ⊗ pω configura-

tion. This is consistent with the (γ ,p) spectrum shown in Ref. [12], in which the energy

dependence on the ω optical potential is taken into account. Comparing these two spectra,

we see that the energy dependence of the potential has relatively small contribution to fix

the global shape of the spectra and the energy dependence affects on the reaction rate as

a weak repulsion. In Fig. 11(b), we show the (γ ,p) spectrum with the repulsive potential.

Apparently the shape of the spectrum is quite different from the previous two attractive

potentials. The repulsion of the omega meson inside the nucleus makes the spectrum push

to higher energies and almost nothing is seen below the omega threshold. It would be in-

teresting if one could measure the omega-nucleus system in the (γ ,p) reaction around the

threshold of the omega production.

Here we have obtained three types of plots for the formation spectra of the omega-

nucleus system. In the first case, the optical potential V
(a)
ω has enough attraction to form

bound states of the ω meson in nucleus, but the widths of the bound states are enlarged due

to the strong absorption. Thus the whole spectrum of the (γ ,p) reaction dose not show

distinct peak structure caused by the bound states even at the ideal recoilless kinematics,

in which the (0p3/2)
−1
p ⊗ pω configuration dominants the spectrum. In the second case,

since the optical potential V
(b)
ω has more attraction and less absorption, a deeper bound

state of omega in p wave is formed with a narrower width. This bound state is clearly seen

in the spectrum at the recoilless condition. In the third case, the optical potential V
(c)
ω is

repulsive. The spectrum obtained with this potential has definitely different from the above

two cases. The missing mass spectroscopy of the (γ ,p) reaction in the omega production

energies is a good practical tool for the investigation of the omega-nucleus interaction, at

least it will be clearly seen if the optical potential is attractive or repulsive.

E. Marco and W. Weise, 
PLB 502 (2001) 59

T. Nagahiro et al. 
NPA 761 (2005) 92 &
M. Kaskulov et al,
nucl-th/0610085bound-state peak

quasi free continuum



‣Bound state:

- well-defined meson wavefunction

- well-defined nuclear density

‣This possibility not fully exploited yet
some hint from CBELSA/TAPS?



湯川
 Yukawa



Pion mass is not expected to depend on ρ

40 V. Metag / Progress in Particle and Nuclear Physics 55 (2005) 35–45

Fig. 3. π0γ invariant mass spectrum for photonuclear reactions on a Nb target. Preliminary experimental data [12]

are compared to calculations within a coupled-channel transport model [13,14].

Fig. 4. Dependence of the π and σ masses on the baryon density calculated by Bernard et al. [15] within the

Nambu–Jona-Lasinio model. The meson masses become degenerate when chiral symmetry is restored at high

baryon densities.

The σ meson decays into π0π0 or π+π−. As a consequence of the decreasing σ

mass the phase space for two pion decays shrinks; the 2π strength gets more and more

concentrated near the 2π threshold, as studied quantitatively by Hatsuda et al. [17]. Their
theoretical prediction is given in Fig. 5.

A strong concentration of 2π strength is also predictedwithin the chiral unitarymodel of
the Valencia group [18]. They provide a comparative study of s-wave I = 0ππ correlations

in vacuum and in the nuclear medium. Here, in-mediummodifications in the σ channel are

Bernard et al., PRL 59 (1987) 996. 

What do we measure, then?



m∗
σ

mσ
≈ m∗

N

mN
≈

m∗
ρ

mρ
≈ m∗

ω

mω
≈ f∗

π

fπ
≈ 0.8(ρ = ρ0)

Remember, e.g., Brown-Rho scaling



Goal: in-medium modification of fπ 

Tool: pionic atom 1s state



1s1s

Pionic Pb

Pion in nuclei
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208 Pb nucleus. 

distortion could not be correctly dealt with. The pres- 

ent investigation avoids this complication by studying 

the spherical 208pb nucleus. 

The experiment was performed at the pion beam 

at SIN, Switzerland. The pion beam was tuned for 

100 MeV/c particles. Approximately 106 rr-[s were 

stopped in a 208pb target [15 g of PbO and 20 g of 

Pb(NO3)2 enriched to 99% in mass 208]. The experi- 

mental set-up and measuring technique, including a 

BGO Compton suppression spectrometer, were the 

same as described earlier [ 1,11 ], measuring energy and 

time-of-flight of  every event on magnetic tape. This 

method takes care of any difference in time resolution 

as a function of ' /-ray energy. 

In fig. 1 we show the prompt part of the pionic X- 

ray spectrum up to 1600 keV. This Compton sup- 

pressed spectrum is essentially free from delayed neu- 

tron-induced T-ray background. Figs. 2a and 2b dis- 

play details of the same spectrum also on a logarith- 

mic scale, regarding the 5g ~ 4fand  the 4f-~ 3d tran- 

sitions, respectively. The solid lines represent fits to 

the data points. Contrary to the analysis of  ref. [2], 

we include in our fits all the transitions in the energy 

regions of interest. This enables us to reduce consider- 

ably systematic errors in the fits, down to 1.4 keV in 

the 4 f ~  3d transition as compared to 4.6 keV in ref. 

[2]. Our systematic error is mainly caused by the un- 

certainty in the fitted background (see below). 

In table 1 the results of  the pionic X-ray intensities 

and transition energies are presented. The experimen- 

tal energies and intensities are in rather good agree- 

ment with the calculated values, obtained by using the 

pionic X-ray cascade code STARKEF, which uses the 

observed transition energies and level widths as input. 

In table 2 we present the strong interaction shifts 

and widths of the 4f  and 3d levels, determined as in 

earlier work [6,11], from the X-ray spectrum using a 

lorentzian shape folded with the response function of 

the Ge-detector. This instrumental response function 

is of vital importance [1,11 ] in extracting the lorentz- 
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Fig  2. (a), (b) These figures display part of the prompt X-ray 2°spb spectrum, showing the energy regions of the 5g -~ 4f  and 

4 f ~  3d ~rX-ray transitions, respectively. The solid lines represent the fits to the data points. The fitted backgrounds also shown in 

the f'~,ures were obtained by fitting large energy intervals below and above the regions of interest. The various -f-rays also included 

in the fitting procedure have all been identified as transitions from T1 isotopes in the mass region A = 200-205.  
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distortion could not be correctly dealt with. The pres- 

ent investigation avoids this complication by studying 

the spherical 208pb nucleus. 

The experiment was performed at the pion beam 

at SIN, Switzerland. The pion beam was tuned for 

100 MeV/c particles. Approximately 106 rr-[s were 

stopped in a 208pb target [15 g of PbO and 20 g of 

Pb(NO3)2 enriched to 99% in mass 208]. The experi- 

mental set-up and measuring technique, including a 

BGO Compton suppression spectrometer, were the 

same as described earlier [ 1,11 ], measuring energy and 

time-of-flight of  every event on magnetic tape. This 

method takes care of any difference in time resolution 

as a function of ' /-ray energy. 

In fig. 1 we show the prompt part of the pionic X- 

ray spectrum up to 1600 keV. This Compton sup- 

pressed spectrum is essentially free from delayed neu- 

tron-induced T-ray background. Figs. 2a and 2b dis- 

play details of the same spectrum also on a logarith- 

mic scale, regarding the 5g ~ 4fand  the 4f-~ 3d tran- 

sitions, respectively. The solid lines represent fits to 

the data points. Contrary to the analysis of  ref. [2], 

we include in our fits all the transitions in the energy 

regions of interest. This enables us to reduce consider- 

ably systematic errors in the fits, down to 1.4 keV in 

the 4 f ~  3d transition as compared to 4.6 keV in ref. 

[2]. Our systematic error is mainly caused by the un- 

certainty in the fitted background (see below). 

In table 1 the results of  the pionic X-ray intensities 

and transition energies are presented. The experimen- 

tal energies and intensities are in rather good agree- 

ment with the calculated values, obtained by using the 

pionic X-ray cascade code STARKEF, which uses the 

observed transition energies and level widths as input. 

In table 2 we present the strong interaction shifts 

and widths of the 4f  and 3d levels, determined as in 

earlier work [6,11], from the X-ray spectrum using a 

lorentzian shape folded with the response function of 

the Ge-detector. This instrumental response function 

is of vital importance [1,11 ] in extracting the lorentz- 
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feeding from above

why not from below?



208Pb(n,p)

Gamow-Teller resonance

Just below the pion 
production threshold

221

To confirm our identification of deeply bound π− states
we made a reference run using an Al target, where no for-
mation of deeply bound states is expected. The spectrum
in the scale of the Q value is shown in Fig. 2c). It reveals
clearly a quasi-free component of π− that terminates at the
π− emission threshold at Q = -145.8 MeV (shown by a dot-
ted line) on a smooth continuum, showing no strength in the
bound π− region. This reference spectrum gives a strong
confidence that the peak we observed in the 208Pb target is
due to the formation of deeply bound π− states.

In conclusion we have discovered deeply bound π−

states which are assigned to the π− 2p orbital coupled with
the p1/2 and p3/2 neutron holes in

208Pb. The overall struc-
ture is very close to what was predicted by Hirenzaki et al.
[7]. These discrete states can be viewed as a new family of
narrow nuclear resonance states of the Gamow-Teller type
located at 130-140 MeV excitation, which is just below the
pion emission threshold. Using the hypernuclear nomencla-
ture they can be called 207

π−Tl. The narrowness of the deeply
bound states is well understood because they are Coulomb-
assisted bound states in a Coulomb pocket accommodated
by an attractive Coulomb potential and a repulsive strong
interaction potential [1, 2, 9], where the π− resides in the
nucleus fractionally, yet feeling the effect of the nucleus in
a close location.

It should be noted that the present experiment is the
first spectroscopic detection of the pion-nucleus interaction
in the close proximity of heavy nuclei. The overall struc-
ture is in good agreement with the theoretical predictions
[6, 7] using the conventional pion-nucleus optical potential.
The presently known potential parameters have been derived
by using the available shallow pionic atom data [10], but
whether they describe the deeply bound states or not is an
open question. The binding energies of deeply bound π−

may also be related to the question as to how the hadronic

masses are modified in the nuclear medium. So far, this
issue has not been studied by spectroscopic methods. There-
fore, further systematic studies of deeply bound π− states
are expected to give some key to this important question.
Detailed analyses of the present data to deduce the binding
energies more accurately and to obtain the cross sections are
in progress.

The authors would like to thank Prof. H. Specht of GSI and Dr. Madeleine

Soyeur of Saclay for the strong support of the present experiment and the

accelerator and the FRS staff for the excellent operation of both the machine

and the FRS. We also thank Prof. O. Hashimoto and Mr. Y. Matsuyama for

providing the drift chambers to this experiment. We are grateful to Prof. H.

Toki and Dr. S. Hirenzaki for their collaborative theoretical work for many

years. This work is supported by the Grant-in-Aid for Specially Promoted

Research and for International Scientific Research of Monbusho (Japan)

and by the Bundesministerium für Bildung, Wissenschaft, Forschung und

Technologie (Germany).

References

1. H. Toki and T. Yamazaki, Phys. Lett. B213 (1988) 129.

2. H. Toki, S. Hirenzaki, T. Yamazaki and R.S. Hayano, Nucl. Phys. A501

(1989) 653.

3. M. Iwasaki et al., Phys. Rev. C43 (1991) 1099.

4. A. Trudel et al., private comm.(1991), T. Yamazaki, Phys. Scrip. 48

(1993) 169.

5. N. Matsuoka et al., Phys. Lett. B359 (1995) 39.

6. H. Toki, S. Hirenzaki and T. Yamazaki, Nucl. Phys. A530 (1991) 679.

7. S. Hirenzaki, H. Toki and T. Yamazaki, Phys. Rev. C44 (1991) 2472.

8. H. Geissel et al., Nucl. Instr. Meth. B70 (1992) 286.

9. E. Friedmann and G. Soff, J. Phys. G: Nucl. Phys. 11 (1985) L37.

10. R. Seki and K. Masutani, Phys. Rev. C27 (1983) 2799.



The reaction 

Beam Detect

Target

500-600 MeV

recoilless

substitutional reaction:
s-shell neutron hole pion in 1s 



FRS @ GSI

1. 250 MeV/u deuteron on target

2.Measure 3He momenta at the central focal plane

3. Identify 3He form time of flight in the 2nd half of FRS

1.

2.

3.

d
3He
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π − nucl potential ∝
b0(ρn + ρp) + b1(ρn − ρp)

pionic atom 1s energy Coulomb + strong

isoscalar isovector



TW (Tomozawa-Weinberg)

b0(ρn + ρp) + b1(ρn − ρp)

b0 ≈ 0

b1 ∝
mπ

f2
π

pion mass 
&

pion “decay constant”

isoscalar

isovector



GOR (Gell-Mann - Oakes - 
Renner)

m2

π
f2

π
= −mq < q̄q >

Normal
Nucleus

|<qq>!,T|

5!0
T

300 MeV

Temperature
Density

!

T. Hatsuda and T. Kunihiro, Phys. Rev. Lett. 55 (1985) 158.

W. Weise, Nucl. Phys. A443 (1993) 59c.

order parameter of
χSB

Jido et al.



Putting these together...



b1 ∝

mπ

f2
π
(ρ)

TW

Normal
Nucleus

|<qq>!,T|

5!0
T

300 MeV

Temperature
Density

!

T. Hatsuda and T. Kunihiro, Phys. Rev. Lett. 55 (1985) 158.

W. Weise, Nucl. Phys. A443 (1993) 59c.

pionic atom 1s energy

b0(ρn + ρp) + b1(ρn − ρp)

f2

π(ρ)m2

π ≈ −mq < q̄q >ρGOR



By the way, we also need the 
“vacuum” b1 value



pionic hydrogen x-ray spectroscopy

Early 

Universe

RHIC
LHC

Color 

SuperconductorQuarks and gluons

        Hadrons
Temperature

Density

←“Vacuum”



Pionic Hydrogen

ε1s ∝ aπ−p→π−p

∝ b0 + b1

Γ1s ∝ (aπ−p→π0n)2

∝ b2
1

9

PIONIC HYDROGEN  - STRONG INTERACTION EFFECTS

ππππN       scattering at „rest“

isospin     1  ⊗⊗⊗⊗ 1/2  !!!! 1/2  ⊕⊕⊕⊕ 3/2

εεεε1s    ∝∝∝∝ a ππππ– p  →→→→ ππππ– p 

∝∝∝∝ a + + a –

ΓΓΓΓ1s ∝∝∝∝ (a ππππ– p  →→→→ ππππo n)
2

∝∝∝∝ ( a – )2

pppp

nppppp

aaa

aaa

++++++++−−−−−−−−

−−−−−−−−−−−−++++++++

ππππ→→→→ππππππππ→→→→ππππ
±±±±

ππππ→→→→ππππππππ→→→→ππππππππ→→→→ππππ

±±±±====

−−−−====−−−− 02

Kαααα 2.5 keV

Coulomb deexcitation

external Auger effect

X-ray emission

hadronic shift
and broadening

capture

(π0 n + γ n
)

π− H 2p-1s 2.43 keV

3p-1s 2.88 keV

4p-1s 3.04 keV

shift ~ 7 eV

width ~ 1 eV

b0: isoscalar
scattering length

b1: isovector
scattering length
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PRINCIPLE  of  SET-UP  

high position resolution high stop density

!!!! background reduction !!!! high X - ray line yields

analysis of hit pattern !!!! bright X - ray source

crystal spectrometer

highest possible energy resolution

29

SET-UP at  PSI

crystal spectrometer

!!!! spherically bent  crystals

CCD X-ray detector

!!!! 2 ×××× 3  matrix 75 ×××× 50 mm2

cyclotron trap II

!!!! more muons
X-ray tube

!!!! ECR - source

cryogenic target

0 – 40 ρρρρstp H2

PSI experiment R-98.01
Debrecen – Ioannina – FZ Jülich – Paris – PSI – IMEP Vienna – ETH Zürich

Cyclotron trap

bent crystal spectrometer

CCD focal-plane detector



1.0

0.7

7.0 7.1 7.2

0.8

0.9

W
id

th
 (

e
V

)

Shift (eV) (attractive)

Schröder et al (2001)

PSI R-98.01 

(Preliminary)

Unprecedented precision 



Tomozawa-Weinberg

Chiral perturbation

H

1s  uncorrected

EM
 C

orrection

H 1s Doppler corrected

0.01

0

-0.01

-0.02

0.07 0.08 0.09 0.10 0.11

a
/m

a /m

Is
os

ca
la

r

Isovector (-b1)

Improved width measurement
by PSI R98.01 (near final) D. Gotta, PPNP 52 (2004) 133,

L. Simons, EXA05 Vienna, 95



that these authors included the so-called angle-transformation (AT) term, which causes
an appreciable decrease in the width [134]. In fact, the best-fit value in our analysis with
the AT term included is: ImB0 = 0.058 ± 0.003. Basically, these isoscalar parameters are
well determined by using only the 1s states of light symmetric pionic atoms. The addition
of the Sn data has yielded a precise value for b1.

Fig. 7–12. b1 parameters deduced from the deeply bound 1s states in comparison with those
from global fits.
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Fig. 7–13. Likelihood contours in the {b1, ImB0} plane from the simultaneous fitting of {B1s,
Γ1s} of the 1s pionic states in the three Sn isotopes and three light symmetric nuclei. The open
diamond and open square indicate how the center of the contour moves, when the “halo” and
“skin” type neutron distributions are assumed. The two side crosses show how much the center
of the contour moves, if we allow an uncertainty of ∆rnp of ±0.04 fm. The previous 205Pb data
reanalyzed with ImB0 (= 0.046) is shown for comparison. From Suzuki et al. [?].

Figure ?? also shows how the best-fit values move, when we choose the “halo” type (open
square) or the “skin” type (open diamond) for ρn(r) − ρp(r). Furthermore, we find that
the possible change of b1, when we allowed an uncertainty of ±0.04 fm in ∆rnp [133],
would be around ±0.005??, respectively, as indicated by two crosses in the figure.

7.6 Evidence for partial restoration of chiral symmetry

The magnitude of the observed b1 is significantly enhanced over the free πN value, which
translates into a reduction of f∗

π
2 as

R(ρe) =
bfree
1

b1
= 0.78 ± 0.05. (7–40)

Since the bound π− probes the optical potential at an effective nuclear density, ρe ≈ 0.60 ρ0

[?], the above value implies that the chiral order parameter, f ∗
π(ρ0)2, would be reduced

by a factor of 0.64 ± 0.08, when the π− were embedded in the center of the nucleus.
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quantitative demonstration of the 
“proton-mass” generation mechanism

bfree
1 /b1 = 0.78± 0.05 at ρ ∼ 0.6ρ0

↓
〈q̄q〉ρ0

/ 〈q̄q〉0 ∼ 0.67



b1 is coupled to ρ(r)

b0(ρn + ρp) + b1(ρn − ρp)

how well are ρns known ?



that these authors included the so-called angle-transformation (AT) term, which causes
an appreciable decrease in the width [134]. In fact, the best-fit value in our analysis with
the AT term included is: ImB0 = 0.058 ± 0.003. Basically, these isoscalar parameters are
well determined by using only the 1s states of light symmetric pionic atoms. The addition
of the Sn data has yielded a precise value for b1.

Fig. 7–12. b1 parameters deduced from the deeply bound 1s states in comparison with those
from global fits.
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of the contour moves, if we allow an uncertainty of ∆rnp of ±0.04 fm. The previous 205Pb data
reanalyzed with ImB0 (= 0.046) is shown for comparison. From Suzuki et al. [?].
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square) or the “skin” type (open diamond) for ρn(r) − ρp(r). Furthermore, we find that
the possible change of b1, when we allowed an uncertainty of ±0.04 fm in ∆rnp [133],
would be around ±0.005??, respectively, as indicated by two crosses in the figure.
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Since the bound π− probes the optical potential at an effective nuclear density, ρe ≈ 0.60 ρ0

[?], the above value implies that the chiral order parameter, f ∗
π(ρ0)2, would be reduced

by a factor of 0.64 ± 0.08, when the π− were embedded in the center of the nucleus.
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±0.04 fm

Uncertainty due to our insufficient knowledge of the 
neutron radii of Sn nuclei



ECT* Workshop 2006
High resolution systematic spectroscopy in RIBF

BigRIPSAccelerator

250 MeV/u deuteron beam

High duty factor

High intensity primary beam

No spill structure

Large acceptance including 0 degree

Double bending magnets to sweep out BK

Beam:

Intensity=1 x 1012/s

!p/p = 1 x 10-3

d"=80 x 100 #Sr

D = 10,000 mm

Experimental setup:

Dispersion matching SRC-TA=TA-F5

5 mg/cm2 target

Drift chambers at F5 and F7

Scintillation counters at F5 and F7

Resolution 400 keV => 150 keV

‣ Systematic studies at RIKEN/BigRIPS

‣ better energy resolution

‣ absolute beam energy measurement

‣ disentangle b1 vs neutron radii K. Itahashi et al.



結
Summary



‣15 years since Wiesbaden

‣experiments on mass, fπ modification

‣mass shift : tantalizing results, but more work needed

‣fπ : must understand “conventional” nuclear physics

‣study of meson-nucleus bound states important




