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* structure in P spectral function due to
coupling to baryon resonances

* strong momentum dependence

* modifications most pronounced at
small momenta
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From theoretical predictions to experimental observables

calculations of meson spectral functions assume:

e infinitely extended nuclear matter in equilibrium at p, T = const.;

® meson at rest in nuclear medium

transport calculations calculations are
needed for comparison with experiment !!!

theoretical IZ:> transport
predictions calculations E:>

experimental
observables

® initial state effects: absorption of incoming beam particles

® non equilibrium effects: varying density and temperature

® absorption and regeneration of mesons
e fraction of decays outside of the nuclear environment

e final state interactions: distortion of momenta of decay products




status of experiments in 2008/09
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experimental approaches for studying in-medium effects

of mesons in photon- and proton- induced reactions

Reviews:
® R.S. Hayano and T. Hatsuda, Rev. Mod. Phys. 82 (2010) 2949

® R.Rapp, J]. Wambach, H. van Hees, ArXiv:0901.3289,
Landolt-Bornstein vol/23, 4-1 (2010)

® 5. Leupold, V. Metag, and U. Mosel, Int. |. Mod. Phys. EI9 (2010) 147
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|.) measurement of transparency ratio: 7, = — 222VX
A-oyNovx

2.) lineshape analysis: M — X; + X2; my(p,5) = /(p1 + p2)?

3.) search for meson-nucleus bound states
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attenuation measurement of meson flux:
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— n'X

production probability per nucleon . :
within the nucleus compared to inelastic channels: 7T /M
production probability on the free nucleon

inelastic reactions remove W, N’ mesons, e.g. W, N’ N = TT N
shortening of W, N’ lifetime in the medium = increase in width

Imll
low density approximation: I'(p) = mE(p) ) et 5 L) — F(Po)ﬁ
Lo

in-medium W, N’ = quasi-particles with properties reflecting the
interaction with the medium

applicable to any meson lifetime !!

information on in-medium properties of mesons from

measurement of their decay outside of the nucleus
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|.) photon shadowing:

due to hadronic fluctuations photons
do not reach all nucleons
= apparent reduction of transparency ratio

Aefl /A

N. Bianchi et al., Phys. Rev. C 54 (1996) 1688
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systematic uncertainties in transparency ratio measurements

| ) Photon shadgwing; N. Bianchi et al., Phys. Rev. C 54 (1996) 1688
1.0[_ vrv,:. v - ———r———

due to hadronic fluctuations photons
do not reach all nucleons
= apparent reduction of transparency ratio

A /A

2.) multi-step processes:

e.g. Y NI=TT N,
T N2 2w, N’ N2

=> apparent increase of transparency ratio
at low meson momenta

second generation particles have on average
lower momenta
= momentum dependence of transparency ratio

3.) two-body absorption processes:

/M

absorption processs involving 2 nucleons distort [ = Cinel conversion

distortions can be reduced by taking . _ 1l-oyasemx
light nucleus like C as reference: A Aerf Ovoswm X
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momentum dependence of transparency ratio

M. Kotulla et al., M. Nanova et al.,
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momentum dependence of transparency ratio

M. Kotulla et al.,
PRL 100 (2008) 192302
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no strong variation of transparency ratio with meson momentum;
= no evidence for two-step processes



momentum dependence of in-medium width [ and Oinel

low density approximation: I'(pg) = hc- B - po - Tinel



—
o 150

m

—l 100

Oinel
14,
o

250

[[MeV]

50

momentum dependence of in-medium width [ and Oinel

low density approximation: I'(pg) = hc- B - po - Tinel

M. Kotulla et al.,
PRL 100 (2008) 192302

W meson

200 |
150 |

100 |

curves: GiBUU
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momentum dependence in transparency ratio: dilepton production
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momentum dependence in transparency ratio: dilepton production
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momentum dependence in transparency ratio: dilepton production

HADES M. Lorenz:A2; L. Fabietti| arXiv:1205.1918
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momentum dependence of dilepton spectra; = two-step production processes

the higher the ete- invariant mass the stronger the momentum dependence;
no momentum dependence for transparency ratio of identified W 16



momentum dependence of ® meson transparency ratio

ANKE @COSY: p (2.83 GeV)— C,Cu, Ag, Au
P K*K- A.Polyanskiy: session A2

A. Polyanski et al., PLB 695 (2011) 74
M. Hartmann, et al., PRC 85 (2012) 935206
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consistent with earlier Spring8 and |JLab measurements
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line shape analysis

M — X1+ X5 m(p,p) = /(p1 + p2)?

sensitive to nuclear density at decay point

|.) ensure sizable fraction of decays in the nuclear medium:
= select short lived mesons or cut on recoil momentum

2.) avoid distortion of 4-momentum vectors by final state
interactions = dilepton spectroscopy: p, W, ® — e'e

disadvantage: small branching ratio =10-4- 10~
w— Ty —3y; br=8.3% ; disadvantage: TT°-FSI

3.) measured mass distribution = convolution of spectral function with

branching ratio into final state: do A L'y x+%,
i (m,p) :
dm [0t




main problem: background subtraction

counts / 9MeV
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systematic uncertainties due to different background subtraction techniques
M. Nanova et al. PRC 82 (2010) 035209 9



w—TT% lineshape analysis M.Thiel

comparison with reference measurement

on LH>
> IR AR I LA LR A
=4000F LH2(I=1mm) ¥
(o2}

~ C
..63500 Nb

3

2000 g

-500l|llllllllllllllllllélIlllllllll

600 650 700 750 800 850 900
m_., / MeV

no significant structure in spectral function;
signal on Nb,C slightly broader than on LH>
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w—TT% lineshape analysis M.Thiel

comparison with reference measurement comparison with GiBUU calculations for

on LH; different in-medium scenarios (J.Weil, U. Mosel)
% |lllllllllllll'll"g'|""|""| % -Illllllllllllllllll;llllllllll-
=4000 LH2 (I =1 mm) s i , 1
2 C 4000} . 13 -
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; - I .
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; = 0 -k :.‘. e Pew ,¢, --------------------------- = i
'500!'llllllllllllllllll;lIllllIllll -lllllllllllllll|lll§l|||l|||l|-
600 650 700 750 800 850 900 600 650 700 750 800 850
m., / MeV m_, / MeV
no significant structure in spectral function; data consistent with collisional

signal on Nb,C slightly broader than on LH2 broadening scenario; mass shift less likely
20



dilepton invariant mass spectra

HADES arXiv:1205.1918

Pee > 800 MeV/c
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shape of mee spectrum in

p+Nb identical to reference

spectrum in p+p

M. Lorenz: A2; L. Fabietti
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dilepton invariant mass spectra

HADES arXiv:1205.1918

Pee > 800 MeV/c

. [Mb/(GeV/c?)]

do/dM

L !
10" T H
- 4
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: 171117
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107 1 L
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shape of mee spectrum

1.2
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in

M. Lorenz: A2; L. Fabietti
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p+Nb identical to reference

spectrum in p+p

® strong e*e” excess Yield below W peak
attributed to p-like channels;

® no hint for change in W line shape;

® strong W absorption confirmed
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o

do/dm,, [ub/GeV]

10

comparison to Gi BUU simulations

J-Weil, H. van Hees, U. Mosel; arXiv:1203.3557

comparison to different in-medium modification scenarios

p+Nb at 3.5 GeV
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e difficult to distinguish between different in-medium scenarios:
= best agreement with data for collisional broadening scenario
= mass shift tends to deteriorate agreement with data
= difficult to disentangle p, W contributions and to extract

individual in-medium properties

Yl



Search for meson-nucleus bound states

LB



deeply bound pionic states

recoil free production in (d,*He) reaction

D



d®0/dQdE [ub/sr/MeV]

deeply bound pionic states

recoil free production in (d,>He) reaction

Suzuki et al., PRL 92 (20004) 072302
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d®0/dQdE [ub/sr/MeV]

deeply bound pionic states

recoil free production in (d,*H

Suzuki et al., PRL 92 (20004) 072302
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d®0/dQdE [ub/sr/MeV]

deeply bound pionic states

recoil free production in (d,*H

Suzuki et al., PRL 92 (20004) 072302
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population of meson-nucleus bound states in

recoil-less kinematics

is W A attraction strong enough to allow for w-nucleus bound states ??

'vvyv\,>& v “ — \\k«%— > E, =2750 MeV
\k‘_ — Kk ~ ; i
forward going nucleon takes over incident photon momentum
M. Kaskulov et al. PRC 75 (2007) 064616
800 - —— ; . - .
r? i Lab
2 700 6, =10.5 deg.
S 600 |
8 500 3\ .
g 400 iz cT
£ 300 W\~ Eo=my-50MeV |
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outlook : search for N’ mesic states

J-PARC GSI ELSA

12C(*,p) X @ 1.8 GeV/c “C(p.d) N X @ 2.5 GeV 2C(y,n)X @ 1.5-2.9 GeV

d
H. Nagahiro, S. Hirenzaki, E. Oset and A. Ramos K, Itahashi et al. H. Nagahiro, S'PT'ée%Sk('z’(i'z())sé?t and A. Ramos
PLB 709 (2012) 87 ’ PE— :
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e observables for extracting in-medium properties of mesons:

e _transparency ratio: (CBELSA/TAPS, ANKE, CLAS, LEPS)

in-medium broadening of W, n’, ® mesons;

[(po) [MeV] < p>[GeV/c] Cinel [Mb]

W 130-150 l, | ~ 60
n’ 15-25 l, | 3-10
O 30-60 0.6-1.4 14-21

® p,W-line shape analysis: (CB@MAMI, HADES)
no evidence for structures or mass shifts;
limited sensitivity due to strong in-medium broadening and small
fraction of in-medium decays; TT-FSI for w—T11%

® meson-nucleus bound states: (GSI, RIKEN, CBELSA/TAPS, |PARC)
deeply bound pionic states: drop of chiral condensate in the medium
search for W mesic states ongoing
search for N’ mesic states planned

meson spectral functions do change in the nuclear environment !! .,



experiments
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experiments

® heavy-ion collisions:

CERN SPS: HELIOS-3, CERES, NA60, /s = |7 GeV;

BNL RHIC: PHENIX, STAR, +/s = 200 GeV;
probes: e*e’, WU, acceptance for p~ 0 MeV/c
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experiments

® heavy-ion collisions:

CERN SPS: HELIOS-3, CERES, NA60, /s = |7 GeV;

BNL RHIC: PHENIX, STAR, +/s = 200 GeV;
probes: e*e’, WU, acceptance for p~ 0 MeV/c

® proton induced reactions:

KEK: 12 GeV p;
probes: e*e”, K'K-; acceptnace for meson momenta > 800 MeV/c

COSY ANKE: p 1.0 - 3.5 GeV/c;
probes : K*K-; acceptance for meson momenta 0.6-1.6 GeV/c

® photon induced reactions:

SPRINGS: |.4-2.5 GeV
probes K*K"; acceptance for meson momenta > |.2 GeV/c

JLab CLAS: 0.6-3.5 GeV
probes: ete-; acceptance for meson momenta > 0.8 GeV/c

CBELSA/TAPS: 0.9-2.5 GeV
probes: photons; acceptance for meson momenta > 0 MeV/c

CB/TAPS@QMAMI: 0.9-1.4 GeV
probes: photons; acceptance for meson momenta > 0 MeV/c
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M. Kaskulov, E. Hernandez, E. Oset
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transparency ratio measurement for W and 1’ mesons
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transparency ratio measurement for W and 1’ mesons
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study of W in-medum signal in GiBUU simulations
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study of W in-medum signal in GiBUU simulations

S. Friedrich: density distributions
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s f -
10;_ <0>=0.73p, production _;
N - ;

L “Nb(y,0) ’
E,=900-1300 MeV  F

w— T decays

=
S O

average density finally probed only <p>=1/4 pg
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study of W in-medum signal in GiBUU simulations

S. Friedrich: density distributions
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average density finally probed only <p>=1/4 pg
10 000 w produced
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study of W in-medum signal in GiBUU simulations

S. Friedrich: density distributions
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S ¢ ]
10__ <0>=0.73p, production -
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E,=900-1300 MeV  F
10" = w— T decays =
10° = <p>=0.25p, E

:I ([ | ([ | | | ([ | ([ | ([ | | | ([ |

0
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