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LECTURE ONE

-Description of ordinary matter, QCD, Chiral Symmetry and hadron masses
-Any experimental “evidence” for partial restoration of Chiral Symmetry ?
Meson-Nucleon interaction in the medium
-pionic states in nuclei;
-low energy n-nucleus elastic scattering,
-’sigma” channel in 2x production in nuclei




Changing View of What makes the Universe

Exciting times for Physics! Tomorrow??

2000’s

Dark Energy v 4%
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Ordinary Matter ( only 4%)

Dark Energy
@ Dark Matter
@® Ordinary matter

In the current picture,
ordinary matter is made of
leptons, quarks, and the
particles that bind them

( Standard Model).
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Current Theory: Standard Model
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The Standard Model WORKS !
* Highly predictive theory - tested to high precision at an

energy scale of \/: = 100 GeV
* ALL particles of SM have been discovered with the

exception of the Higgs.




Origin of fermion masses (The Higgs)

Particle masses - Higgs Boson

There is one final ingredient to the Standard
Model - the Higgs Boson.

The Standard Model requires the existence of a
new neutral SCALAR (i.e. spin-0) particle - the
HIGGS boson.

Higgs Boson and Mass

% The Higgs Boson (if it exists) is the particle
responsible for the MASS of ALL particles
(including the W and Z°).

* The Higgs Field has a non-zero vacuum
expectation value, it is a property of the

vacuum. Spontaneous breaking of Symmetry
% As particles move through the vacuum they
interact with the non-zero Higgs field
% It is this interaction that gives fermions mass

% The strength of the Higgs coupling to
fermions is proportional to mass
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Quark masses — PDG 2008

[ 10P) = 33)

Mass m = 1.5 to 3.3 MeV [ Charge = % e kb= +%
my/mqg = 0.35 to 0.60

[4] 10P) = 33+)

Mass m = 3.5 to 6.0 MeV [ Charge = ~1 e
mg/mg = 17 to 22
m = (my+mg)/2 = 2.5 to 5.0 MeV

1UPy = 0(3 )

Mass m = 104J_’§§ MeV [2] Charge = —% e Strangeness = —1
(ms = (my + mg)/2)/(mg — m,) = 30 to 50

1Py = 0(3 )

Mass m = 1277007 Gev  Charge= 2 ¢ Charm = +1

b 1(JP) = 0(4)

Charge = —% e Bottom = —1

Mass m = 4207317 Gev (M3 mass)

] 10P) = 03

Charge = % e Top = +1

Mass m = 171.2 + 2.1 GeV (] (direct observation of top event




Mass of composite systems

Matter Molecule Atom Nucleus Baryon Quark

(Hadron)

10°°m 101°m 10-4m 10°m  <10Pm
Chemistry protons, neutrons, top, bottom,
; ; mesons, etc. charm, strange,
Atomic Phys\lcs TQA... up, down
For most composite systems M ~ X m, Nuclear
l Physics Elgctr)o i
_ 8 _ 3 epton
BEAtom ~ 10 BENuc:lei ~ 10 @
-18
The proton mass and the electron mass (almost) <10""m
add up to the hydrogen-atom mass. High Energy PhySiCS

Likewise, masses of two protons and two neutrons

(almost) add up to the alpha-particle mass.

However, this is not the case for Hadrons!!




Hadrons are made of quarks, anti-quarks (+gluons)

Under normal conditions, quarks ©,

are confined in Hadrons. _‘ ©,
m,, m, <10 MeV so naively one ) o e © o
might expect m, . ~20-50 MeV : o

Proton Meutron b
s

Observed m, . ~ 1000 MeV Mot

Baryons Mesons

Baryons qqq and Antibaryons qqq Mesons qg

Baryons are fermionic hadrons. Mesons are bosonic hadrons.
There are about 120 types of baryons. There are about 140 types of mesons.

Quark Electric Mass

Quark Electric Mass
content charge GeV/c?

content charge GeV/c? R

Symbol Name Spin Symbol Name

proton

anti-
proton

neutron

lambda

omega




Why is the proton so heavy?

Do masses of two u (up) quarks and a d (down) quark add up to the proton mass?

Not at all! Adding the u,d quark masses(=5 MeV/c?) fall very short of the proton
mass, which is 938 MeV/c2. Why?

e Condensation in vacuum

Right after the Big Bang, quarks and leptons were massless. With expansion:

the temperature of the Universe dropped below =100 GeV, Higgs particles condense in
the vacuum, and quarks and leptons acquire masses through the "Higgs mechanism".
the temperature reached =100 MeV, quarks (and gluons) became confined in protons and
neutrons. The vacuum structure changes again; quarks and anti-quarks condense in the
vacuum (called chiral condensate), and this condensate is considered to be responsible
for giving each u, d quark in the proton an "effective” mass of some 300 MeV/c?2.

Hiqggs generates ~2% and QCD generates 98% of the mass of ordinary matter !!!

The nucleon mass is almost entireley dynamically generated.

 How can we experimentally prove this scenario?

Experiments at the large hadron collider (LHC) at CERN will search the Higgs particle,
the missing piece in the Standard Model.

However, the chiral condensate cannot be studied this way, it is not an observable.
Theoretical models are used to link observables to the quark-condensate.

From Ryugo lectureHayano



QCD: The theory of Strong Interactions

Light quarks u,d, s (j,k = 1,2,3 refer to color; g = u,d,s refers to flavor; a = 1,..,8 to gluon fields)

ch = qu D )]kwq quwquC] GZVGZIW
T

/
mass of “free” quarks _ _
PDG2008, PLB667 At high momenta (short distances)
e e s Asymptotic freedom . Perturbative QCD

- - At small momenta (large distances), QCD
* highly non perturbative. Spontaneous

-, breaking of Chiral Symmetry.

! ! I 1 1 I ! ! L T
0 2 4 2 4 6 50 100 150

i

o +o—

*Iif m;=0 = exact chiral SU(ng), xSU(ng)z symmetry = RH and LH quarks “don’t
talk to each other” and we expect chiral partners degenerate in mass.
( pseudoscalar-scalar; vector-axial,.)

*If we restrict ourselves to only u and d quarks, m,, m, (< 10 MeV) being
relatively small = approximate chiral SU(n;), x SU(n;)r symmetry =
successful Chiral Effective Theories o -




Chirality: Concept of “handedness” Google

“I call any geometrical figure, or group of points, chiral, and say it has
chirality, if its image in a plane mirror, ideally realized, cannot be brought to
coincide with itself.” Lord Kelvin in 1904

CHIRALITY For massless spin 1/2 particles

An object that cannot be superimposed the HELICITY Opel’ator.

on its mirror image is called chiral

Mirror Mirror

y_ 3D
W{ \W Q Q with Eigenvalues 41 :d —1|I:<|espective|y.
@i? x@/ — — 0) P

Chiral objects Nonchiral objects
Nonsuperimposable Superimposable . . . . . . .
mirror images mirror images HELICITY is the projection of a particle’s SPIN onto its flight
direction.
| \H * h
CQ—& : 4}@@ > >
IVAR RH particle LH particle
|
(-)(S)-thalidomide Toxic (+)(R)-thalidomide

Chiral (y) symmetry breaking

All amino acid molecules are chiral
Aspartame (only one % is sweet)

DNA components all one

mixes RH and LH quarks
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Chiral symmetry (%) is broken in vacuum

Spectral evidence of ¢, breaking: we have non degenerate chiral partners:

n(JP=0) m=140 MeV &> o (JP=0*) m =400-1200 MeV
o (JP=1) m=770 MeV € a, (J° =1*) m=1260 MeV

N (1/2*) m=940 MeV <= (N (1/2) m=1535 MeV ) ?

hep-ex/0506072 (ALEPH):

0.08 —————
M [GeV/c® _
|, (el NOsss v 2um)
= 3 — | . Alt—>(2n+l)nv]
1260 T 0.06 o
R 2,260 = - ¢ p(770) + cont.
= I R a (1260) + cont.
1 Io) N(940) = 0 ] 1(1260)
@ 0.04 B ‘
(400— P 7o) T 0
1200) < [} |
0.5 ¢ .‘ \ pIDTD,, . .
:; 0.02F v. “oaccc.a¢+++++++++++ l l
/ et T
n (1 40) }:' ..‘ ’.’. LT 00’“..“” o Wﬂr TTPTT”‘ I
0 0 '-: o | ) N | |
0 1 ) 2 3



Order Parameters <0lqql> and f_

In the light quark sector ( u, d,.) x, is a very good symmetry of the QCD Lagrangian,
However, QCD vacuum doesn’t possess the symmetry of the Lagrangian,

Chiral symmetry is spontaneously broken in the vacuum.
(non zero order parameters “measure” how much the symmetry is broken).

-quark condensate (O lqq IO) ~—(250MeV)’ =10%
-pion decay constant fﬂ ~ 93 MeV

The (almost massless) pions are the Nambu-Goldstone bosons.

Symmetry Breaking Scale ( i.e. Mass Gap AX):
A, =47, ~1.GeV
Gell-Mann- Oakes — Renner (GOR) relation

m.f; ==2(m,+m;)<01qq 10 >+O(m?)
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Light mesons and baryons

-QCD vacuum as a Bose-Einstein condensate of quark-anti-quarks.

-All states (particles) are created out of the vacuum state, (“excitations of the
QCD vacuum’) - the ground-state structure influences the particles properties

-Pion mass # 0, explicit breaking of chiral symmetry because of small m,

The coupling to the quark

Baryons condensates gives the “constituent
mass”’ of ~ 300 MeV to the uand d
. quarks.
1/2
0.4 7 T T T T T T T
1 . 4 unquenched
0.3 —}z o quenched .
2 éﬂ
§, 02
S o1t
-]
0.0
= Nambu-Goldétone boson -0.1 : ' ' : : : '
00 05 10 15 20 25 30 35 40

g (GeV)

Chiral Condenstate <q¢> PRD71(2005)054507
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Spontaneous Breaking of Chiral Symmetry (i)

Effective potential in terms of x and o (effective dof)
- ¥ broken, “Mexican hat shape” potential

- s restored, paraboloid potential
- m as “phase fluctuation “ and o as “amplitude fluctuation”

%
A\.Q!
\V

O

%< highly broken ¥ lightly broken
m_>m_(m_~0) m, -->m_




Properties of

<0lqql0> and f_

in medium

% broken

W
?i;\'\\l exs®

¥ restored

Hatsuda et al, PRL55 (1985)158
Weise et al, NPA 553(1993)59

With T and p dependence of the type:

Ratti et al, PRD73(2006)014019
S. Klimt et al, PLB249(1990)386

[ZTp)_<0lggl0>, —T° o,

f20)  <0lggl0>,  8f> mf

2P+
i1

NPB 321 (1989) 387.
PRC 45 (1992) 1881.
PLB 357(1995)199
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How to study the changes in [<0lqq10> and £ 7

Contrary to the Higgs Boson, the quark condensate is not an observable. We

need theoretical models to relate the quark condensate to actual experimental
observations.

Experimentally: Properties of hadrons in the vacuum (such as mass, width,
spectral functions, etc...) are compared to those measured in the medium

looking for changes. Media created in heavy ion collisions or even inside a
normal nucleus are ruled by complex dynamics.

Theoretically: Understand the properties of hadrons in the medium. If possible,

separate “standard many body effects” from those related to QCD underlying
symmetries ( in this case Chiral symmetry). Unambiguous links between in
medium hadronic properties and <01qq10> or f_are not yet fully established.

Many models with different degrees of sophistication!

16



Nambu-Jona-Lasinio model at finite T and p

V. Bernard et al,PRL. 59 (1987) 966 and PRD38 (1988) 1551, NPA489 (1988) 647
T. Hatsuda et al, PRL55 (1985) 158 and PLB185 (1987) 304
U. Vogl et al,, Prog. PNP 27 (1991)195.

MESON MASSES

MESON DECAY CONSTANTS & QUARK CONDENSATE

300+

" 200
3 =
= D
! L2,
AO
>
13
v 100 T'tA,)
0.3}
o
1 1
% [ 2 3 =0 i
] 1 1 1 A 1
P/’% o 1 2 3 4 5 6
P/e

<0lqq > and f_ as a function of p
~ constant

As density increases, m,_, ,
Degeneracy of chiral partners
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QCD Sum Rules (QCDSR)

M. A. Shifman et al., NPB147 (1979)385, 448
T. Hatsuda et al, PRC46 (1992) R34; NPB394 (1993) 221
Y. Kwon et al, PRC78 (2008) 055

m, o, Po is normal nuclear density 0.17 fm-3

—~=(-0-—)  0~0.1840.06 for V=p ,o

m, po a~0.15y for V= ¢ (y nucleon stangeness content)
LSO T 1.050
1.25 [ = 1025 | -

y=0.12
1.000

0.975

(GeV)

s -
£0.950 [

- ;

0.925 — ]

- (a) | - (b) | |
OOO L1 ,|||||||||l|14L B 0900 1 1.1 | Lo 1 T T T -
0 0.5 1 1.5 2 0 0.5 1 1.5 2
P/ Po p/Po
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Mass Scaling

Brown and Rho, PRL66 (1991) 2720

T. Harada et al, PRD66, (2002)016003 ; PLB537 (2002)280; PRD73, (2006)036001.

near the chiral restoration point

“Brown-Rho Scaling”

m, —m, (qq),
* * * *
m, sz zmp - fn zog(pzp)
. 0
m, my m, f.
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Quark-meson coupling model (QMC)

K. Saito et al, PRC55 (1997) 2637

- o B
D]
< é
\\\ p = B ]
~_ ;
T

Ps/ Py
At normal nuclear density ( p, ): The p and w -masses have dropped by = 15%;

The N-mass has dropped by =~ 20%;
The D-mass has dropped by =~ 3%

20



Hadronic models

Many body effects such as coupling

_ vacuum p- meson
to baryon resonances gives 8 = ———- pn=0.5p,
inf i b i the mass Pn=1.0pq
infromation beyong just the mass e pu=2.0p.

ImD, [GeV ]

rho meson:

*

= (;) I\
AN AN //"‘7— \
pO b el
T

—

Rapp, Wambach, EPJA 6 (1999) 415
B Friman et al, NPA617 (1997) 496
R. Rapp et al, NPA617 (1997) 472
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Spectral Functions in Medium

M. Lutz et. al. , Nucl. Phys. A 705 (2002) 431

10 -

p

-ImD (o) [GeV 7]

(0

-ImD (o) [GeV?]

25

N
o

-
(&)

-
o

(3]

D. Cabrera et. al. , Nucl. Phys. A 705 (2002) 90

Sp (1/GeV?)

3.0

2.5

20

0.5

0.0

/.

p meson -

\. "\ ~Effective
density 4
in nucleus

MI (GeV)
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Spectral Functions in Medium

Momentum dependence should be measured

pP-meson
M. Post et al., nucl-th/0309085

A: [GeV-]

D13(1520)

F35(1905)

g
P13(1720) 10
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@ Lot of predictions, now what?

Many different predictions of modification of hadron properties in the
medium (mass shift, change in interaction, widening, extra peaks, etc..).
Experimentally, one needs to measure and compare the properties of these
hadrons in the vacuum and in different media (T and/or p # 0).

Inside nucleus

« Extensive programs to look at changes in properties of Baryons (p, n,..)

not covered in these lectures.
«  We will only mention some experiments looking at changes of

properties of light mesons (&, o, 4, p, ® and ¢,..) in the medium.




Mesons as probe of Chiral Symmetry restoration
- =zy5=5as:: sl qfnrniitini»idii

Disclaimer: only few experiments covered (might not be your favorite one)

25



Pionic Atoms (stopped &~ captured in atomic orbit)

n-bound by attractive Coulomb and repulsive Strong interactions
wly Ericson (1966): n-nucleus potential has s-wave and p-wave parts.

Vo =bop (1) +b,[p, (r)—p,, ()] + Byp (1)

b, (b4): isoscalar (isovector) scattering length
Pn (Pp): Neutron (proton) density
B, : s-wave absorption parameter

pionic X rays

- 17
n, = 17

—
n, =1

strong
interaction

T absorption

invisible !

Precise measurement for H done at PSI to derive the
isovector scattering length b, in “vacuum?”.
Measurements on heavier nuclei harder. it are
absorbed before reaching lower orbits.

Schroder et al, EJPC21(2001),473

-10

Pion Potential (MeV)

T
I

-20

-30

10 —

E /7( Strong + Coulomb

+ P-wave part

_||||||

/‘?o

IlII][IIIIIIIlIIIIII[II

n~ 28pp

11

absorptive

lIlIIII 1 Illllll

Coulomb

1111

IlII][II|IIII|IIII|][II

0.15p

(=]
-
(=]

o
<)
o

RN AR R R

Coulomb only
with Strong

1s

Pion Density (fm-)
g

’9

n
1]

1|ll|1|'|1|1|1|1|l||1|'

lIlIIIlIl

11 1111 1111 1111
10 15 20 25
r (fm)

w
o
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Limitation of pionic atom X-ray spectroscopy

7i—6h

1 L4

To “feel the medium”, the t needs to be in lowest
orbits. In Pb that is not possible. The last

PLB162 (1985) 81

(o]
S

observed transition is: 4f > 3d !l 1 }w M
|

gl

Binding 3
Energy 1
(MeV) ron !
ol Uy Pb '3
-———ﬁs___Sp———Sd i
g 35 == ===4p ==—=4d 1

-

5g—4f i

M \{ 6g—4f b

4f—3d

Pionic Pb X-rays |

IR

— ---- Coulomb only
____Full Opt Pot

ssssssss Absoprtion Width

10

H. Toki et al, NPA501 (1989)653

- L —1s
v

Solution: “deposit” the m in 1s orbit by nuclear reaction

1000 —|
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Deeply bound pionic state spectroscopy (GSI-FRS)

Spectator proton = High resolution

d?0/dQdE [ub/sr/MeV]

1248n(d 3He)1235n ﬂ n-

Ag~0

¥

30

20 ]

ol
30 [

20 k

ol

20 F

ol

10}

10}

30

10}

(d,®He) transfer successful to form deeply bound pionic atoms:
Pionic 1s states now seen in 5 nuclei (missing mass spectra)

:_124Sn(d,3He) p(d,3He)n°ﬁ

1s) - 128n
(18), 3

B[hlﬂeV]O 12 3| 4 5 l

F 250 (d,*He)

p(d.°He)n®
(1s),- 119Sn\l \‘

B[Mlev]0123|45 I

- 1"83n(d,*He)

p(d.aHe)no\‘

(1s),- "**sn

L SO DU SO OOt I
B[MeY]o12315 |

1s
repulsive

Stopped pion

— X-ray
spectroscopy

« Nuclear reaction

— (d,3He) reaction

(E4~503 MeV)

repulsive

10
1"
12 ~ -7

13

B.E. [MeV ] Nuclear Absorption

Pionic 1s states in Sn isotopes: [suzuki et al, PRL 92 (2004) 072302]
+(18),, peak seen in 151191235
+|sotope shift seen for the first time in deeply bound states

7360 365 870
3He Kinetic Energy [MeV]
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Link to quark condensate

Following Suzuki and Hayano:

1) Pionic-atom 1s binding energy

(

2) bo(pn + pp) + bi%Pn

= pp) s-wave optical potential

vauwum 2
vacuum m
4) Tomozawa-Weinberg bl X 5 X ’ b.&nmm _ f b gp)
) by 1
5) Gell-Mann - Oakes - Renner f,?(p)m,zt N —My ((jg)p

in-meadium vacuum
3) Compare bl with bl obtained from pionic hydrogen

Issues: uncertainties on neutron radii in Sn isotopes

free
= bl

At an effective density of ~0.6 p, | R
- b

_ (p; ) 0784005

T

<0lgg 10>
STV 67

ImBp [my4]

from symmetric nuclei: 160, 2'Ne, 28Si

from isotopes heavy N>>Z nuclei
GSI (d,3He) reactions on Sn isotopes

Precise X-ray spectroscopy on H ( PSI)
bp = —0.0233+0.0038 m_!,
by = —0.1149 +0.0074 m_ ',
ReBy = —0.019£0.017 m_*,
ImBy = 0.0472 +0.0013 m;* .
b1 /by 0.7 0.8 0.9 1.0
INn-medium vacuum
i

0.050[

0.048

0.046

0.044 i

123'119'1158n, 2BSi,20Ne,1GO free value

KX
ERAIKIIA]

%

3>
35

KL
SRKS

QL

<

3

IR
B
(X5

B,
0

X
9

&

%
%

-0.12 -0.11 -0.10 -0.09

b1 [mzg ]

-0.13

<01lgq 10>,

=> Evidence of partial restoration of chiral symmetry
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Low energy n—-nucleus elastic scattering

Elastic m-nucleus scattering at low energy |

Classical approach to investigate optical potentials
Complementary experiments to pionic atom

19.5 and 30 MeV on Ca
(LAMPF, Wright et al. PRC37 (88))

21.5 MeV on Si, Ca, Ni, Zr
(PSI, Friedman et al. PRL93 (04)) 10°

21.5 MeV 21.5 MeV =~ e

+

T

Zr v

%7 10°
Elastic scattering (Friedman et al.) %
biee /by ~ 0.69 bl 8 I
s ] ' Si
1°° llllllllll bl L b o a b A
25 50 75 10 125 25 50 75 100 125
¢.m, angle (deg.) c.m, angle (deq.)

reduction / ? by 22%( at 0.6p,) >37% ( at p,)

Consistent with the evidence for partial restoration of chiral symmetry found in pionic bound states
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The “0” and low mass ¥~ enhancement in nuclei

Predictions as we increase the density:

-Chiral symmetry is restored (the quark condensate decreases).
-The o mass drops (o-1r degenerate in chiral limit).
-Phase space for o 22x closes, o “becomes narrower” as if shifts to lower masses.

Hatsuda, Kunihiro, Shimizu PRL82(1999)2840

Studying nx channel

10 —
: Invariant mass of nr in:
81 oo nA >anX (CHAOS and CB)
L | B
o vA SnnX (TAPS)
3o A&//O.S mtn~ (1=0, J=0, quantum # of o and vacuum)
~ 4f 085 ntr~ and a%x’ compared to ntn*and ww”
S ~09
-] - \ /10
Q 2 r F. Bonutti et al. | Nuclear Physics A 677 (2000) 213-240
I \\k 20—
ol | T ... T~ Ca
0 0.2 0.4 0.6 0.8 1 1o \\
?ﬁg 10 F \
In it reactions: effective density ~ (1/3) poﬂ; \\
.00 J J »\ . | . \\\«—u__‘
0 1 2 3 4 5 6

In Y reactions: effective density ~(2/3) pg

Nuclear Radius (fm)

31



Low mass n*n~ enhancement in nuclei (CHAOS@TRIUMF)

wo N WA T T | Aar)X [E, = 243-305 MeV] observes:
g | ® . Pb | " Pb | | -enhancement of correlated pions with 1=0 close to 2m_
nl B 4 1| HE 16 | threshold.
sl P . ** I ] -no enhancement in nt*x*
: . {0 o h 4
24 E Q. ’0 : - I
N ‘s o Tﬂ: 284 MeV, m'm T": 284 MeV, 7'
° y R0 11— 0 17—
o ; . 18 F {18 ~
/>\ 45 | I II . L éz ZUHPb | | %2 Z()til_)b
é 30 I ‘I * 16 i ®: “Ca ] 16 i ®: “Ca j
E 150 i e . 14 T A} $ = ] 14 C [ ]
3 o L UERLZ 12 | CH 12 F @ H
Tl 2 C sfp[ @ * 10} ]
= N c ' ¢ & . oM )Io!
~ 12 ’. . ® 11.2 6 I I ] 6 4= z 13 ]
S 6 ** i 6.0 O(Mnn)/atot
o : . = 4 - : o A [ i
0 |+ 9N - -+ 2940.0 ! - ] .A
2 2 2+ am .5.. 4 2F s
8 * | los i ] \l!‘_ ]
5 .’ ] i los 0 A B ‘\". 0 C ‘W
. * st EF o 260 300 340 380 260 300 340 380
Mo . 1 [ g T
ol P 1 LR loz M (MeV) NPA763 (2005)80
A..’... 1 |‘AA¢ A‘ L ‘E:: Eoﬁ-aae m

0260' 300 540 380 420 260 300 340 380 420'0
NPA677 (2000)213 M __ (MeV)

-First explanation: Chiral restoration, f_has dropped. HOWEVER:
-Recent Final State Interactions (FSI) calculations can explain the enhancement (rescattering).
-However questions remain? NO EVIDENCE OF CHIRAL RESTORATION




Low mass n*n~ enhancement in nuclei (TAPS)

do/dM (nb/MeV/A)

e (O] b O=EDNWEAE ©OCONRBRAANRODNEL,AAX

A(y, n°0)X and A(y, n°%) X [A=(H,C, Ca and Pb) & Ey=400-500 MeV]

Metag, PPNPSS (2005)35 E, = 400 - 500 MeV E, = 500 - 550 MeV/

30 °r° | eF 7°n°
'y L

do/dM[nb/MeV/A]

T T S Y N B T T S T B pa by b Lo L
250 300 350 400 450 250 300 350 400 450 500
M._[MeV]

Ca data explained by FSI calculations.
Buss et al, EPJA32 (2007)219

50 300 350 400 4500250 300 350 400 450 Medium effects YES!
M(r°1®) (MeV) M%) (MeV) NO EVIDENCE OF CHIRAL RESTORATION!

With hadrons, BEWARE OF FSI, before any conclusions!




@ What have we learned from pions in medium?

1)

Studies of Pionic atoms with X-ray spectroscopy) and
deep bound states populated in (d,3He) reactions seem
to require a ~30% drop in f_at normal nuclear density.
precise r, measurements needed

Low energy scattering of pions is also consistent with this
drop.

In two pions production on nuclei, the n*- and =%x° yields
increase close to 2m_. Drop in o mass as suggested by
chiral restoration scenarios? Originally thought so BUT
correct FSI calculations of the two pions explains it.

BEWARE OF FSI WITH HADRONS

So far only “solid evidence” for partial chiral
restoration” comes from pionic atom studies.
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Kaons in Medium( addition of s quark)

< 600 < 100
Theoretical models [NPA567(19940937; NPAG10(1996)35¢; < 500 = 0
NPac25(1997)372) predict modifications of masses and | ¢ S
coupling constants for kaons and antikaons. T -100
300
-200
As density increases, m«(K*) rises slightly while 200
M (K°) drops “fast”. o 1 2 3 0545 3
P/pyPk=0 /P

Kaons (K*,K?) feel a weak repulsive potential, while anti-Kaons (K-,K°) feel a strong
attractive potential. Condensation of anti-Kaons in dense baryonic matter such as in
neutron stars [pPLB175(1986)57]

QMC calculations [prce2(2000)064904] predict that Kaons (K*, K°) and hyperons (A,X ) are
produced via the formation of intermediate A and N* resonances which are modified in
the medium - substantial changes of the kaon production cross sections at normal
nuclear matter density.

The FOPI collaboration at GSI has The ANKE collaboration at COSY has
measured the in-medium K? inclusive measured the in-medium K* inclusive
cross sections in A(n”, )X, [A=C, cross sections in A(p, K*)X, [A=Cu, Au;
Al, Cu, Sn, Pb; p,=1.15 GeV/c] Ep=2.3 GeV]

PRL102, (2009)182501 EJPA15, (2004)301
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Kaons in the medium ( FOPI @ GSI)

o (mb)

In-Medium KO inclusive cross sections in A(x, x*n")X, [A=C, Al, Cu, Sn, Pb; p,=1.15 GeVi/c]

T T
i W Data FOPI (m+A)
L —— Fit o=0,4A°
] Data (v'+N) o*A%?

~— QMC (p=pq)

10

IIIIIII

T T T 1T 17T I T
- — HSD (U=20 MeV)

A (1GeV/c)~1 fm - surface production expected
Indeed fit is: 0 = 0 AP
With ¢ .+=0.87% 0.13 mb and b=0.67+0.03 (~2/3)

Simple scaling ansatz underestimates data by 2
O =%[a(7r+p—>K°+A)+o-(7r+p—>K°+Z°)]+%[a(7r+n—>K°+Z_)]

- medium effects on production of Kaons

QMC model fits the trend, BUT QMC is for p=p,
Here p 4 ~0.5-0.6

HSD transport code [PR308(1999)308;NPA614(1997)415]
Can be directly compared to data.

However, the inclusive total cross section is not sensitive to the modification of K-N in

the medium. The ratio of Kaons yields as a function of momentum in the lab shows

sensitivity.
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Kaons in the medium

Ratio of yields for KO (K+) produced by pions (protons) on Pb and C seen in FOPI (ANKE)

T I T I T I T l T I T l I I I

B DATA FOPI K'(x+A) At p > 250 MeV/c, FOPI and ANKE ratios
agree. K% with p<170 MeV/c are suppressed
in Pb with respect to C.

Same pattern for K* below p~250 MeV/c

20

® DATA ANKE K*(p+A)

—— HSD (U=0 MeV)
15

~ — HSD (U=20 MeV)

3. -~ HSD (U=10,30 MeV)

A repulsive KN potential in the nuclear
medium can explain this observation. The
Kaons are accelerated before getting out of
the nucleus. The larger the nucleus , the

10

R((do/dp),,/(do/dp) )

5 S, T. A | longer they feel the potential
Coulomb repulsion accelerated the
0 depletion for K*

0O 01 02 03 04 05 06 0.7 0.8

P (GeV/c) HSD transport model calculations show
sensitivity to these ratios

A repulsive KN potential of 20 £ 5 MeV ( at normal nuclear density) explains the FOPI
and ANKE results
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