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1.
Introductory Notes
about
Chir al Or der P arameter s
and
Curr ent Corr elation Functions




1.1CHIRAL ORDER P ARAMETER

O Pion decay consta nt

dependence on
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SPONT ANEOUS CHIRAL SYMMETR
and CONFINEMENT
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CHIRAL C ONDENSA TE: DENSITY DEPENDENCE

new results fom:

In -medium
chir al

effectiv e

peld theory

N. Kaiser Ph.de Homont, W.W.
arXiv:0711.3154 [mcl-th] (2007)
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-0 | Boson —

® CurrentAlgebra
Weinberg Sum Rules

Ma, = 2m, = 41 f.

O KSFR Relation | | |

192 Sponta neous CHIRAL SYMMETR Y Br eaking
' and Curr ent Alge bra Relations
21 1+ A Mg = 1230+ 40MeV !, ! 400 MeV
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13 Vector andAxial V ector
"~ CURRENT C ORRELATIO N FUNCTIO NS
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1.4 FINITETEMPERAURE :
' VECT OR - AXIAL VECT OR MIXING

® Thermal Curent Correlation Functions E'ij‘ff’eﬁ'g";;“ga&”d%%
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1.5

&

In-Medium Spectr al Functions of VECT OR MESO NS
framework:
e chiral eféctive beld theoy + vector mesons + bayons
n ' ! !
® example:iin-medium TN -t
' meson self-enexg el \ N, ! \
(¢ = (1.4=0)) d
a5 "e,T) =00 "e =0, T) ! "g Tin (V)
; temper atur e dependence density dependence
107 ¢ 72—
o Rt/ SRR S R
< 10° T 10 -
S ‘ S
Elo §10
7] 3

R.A. SchneiderVV.W.
EPA9 (2000) 357

0.2 0.4 06 0.8 1.0 1.2 14

FEKlingl,N. Kaiser W.W.:
Nucl.Phys. A 624 (1997) 527
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1.6 Disenta ngling spectr

al functions fr om dile pton data ?

1.0010°° - T.RenkRA. SchneidgiW.W.
SPS conditions Plys.Rev. C66 (2002) 014902
Nucl.Phys A699 (2002) 1
1.010°© 4
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| 2 [
| ~ ~6L
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E 10-9 ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ]
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*) for updates sed. Renk

® Information aboutspectr al f unction superimposed ¥
(model dependentgpace -time ev olution scena rio

&
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State of the Ar t
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JRuppet, C. GaleT. Renk R Lichad, J.IKgousta (2007)
arXiv:0706.1934 [hep-ph]

e conclusions ?
Interpretation ?

In-mediummass shift ?
br oadening ?

de/dM (counts)

® NA 60 data vstheory:

large contribution fom
In-medium rho spectral function

H.van HeesR.Rap (2007)

arXiv:0711.3444 [hep-ph]
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PHENIX @ RHIC

o characteristic
low-mass
enhancement

...once again ?
but what©the origin ?

ol (CZ/GeV) IN PHENIX ACCEPTANCE
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® Interpretation ?
thermo - dominated scenario ?
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Dile pton pr oduction with I I a; mixing

e thermal : a; loop calculation 0% Minimum Bias Au-au  CooKal ——
PHENIX Pata

I a1 = 1072 K.Dusling).Zahed 1
B 3 arXiv:0712.1982
I Q.
v = 1073
X pion 2
(heat bath) 104 |
- -5
I -dg 107,
degeneracy

B | | I\I T [Mev] 150 I

— ozt C. Sasaki,
dN [ M.Harada,
S W.W.

ds (2007)

prelimina ry

spllttlng
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2.
QCD SUM R ULES
N
Vacuum andIn-Medium




Reminder of QCD SUM R ULES

(Shifman/ainshteinZakhaov)
® CURRENICURRENT CORRELAON FUNCTION:

... write as (twice subtractedpISPERSION RETION

Im! (s)
s?(s! o ! i)

(@@= T as

® OPERAOR PRODUCT EXFANSION (Wilson):
..expand atLARGE SRCELIKEQ®=! Q*< 0

12|2| 2 — 2\ — | 2| 'QZ n +CZ+C3+
..(q—.Q)—.canF C1 ztoat -
O for isovector v ector current:
3° ! 9! )
Co = é 1+ "S (leading ) CL = E mﬁ + mﬁ (small )
|2 n
o= —1-3G2" + 6l 2 (my'eu" + mg!d") 3= ... condensates of
2 | higher dimension
T \ (uncer tain)
l (0.3 GeV)* Il mZf2" ! (0.11GeV)*

(small )
@ BLIOffe’ Progpa't NUCIPWSSG (2006) 232 Technische Universitat Minchen m



QCD SUM R ULES for
MOMENTS of SPECTRAL FUNCTIO NS

FKIinglW.W.: EPA 4 (1999) 225

e perform BOREL transfrmation:

1+

o S Co C3
121 21 (0) + dsR(s)exp ! — =cyM?2+ ¢ + + +
(0) i (s) exp N 2 Co 1t Bt o

® delineateresona nce andcontinuum parts of spectral function:

R(s)
example! meson:
3 " s
R(s) = Ri(s)!(sg! s)+ 5 1+ m 1(s! sp)
take M“°>> s, and expand:
0 > S
le— gap — =» sum r ules for MOMENTS of R(s):
s | .
e Oth moment : dsR(s) = gso 1+ 1006y 122y (0
0
C s 2 ! (s0)"
® J1stmoment dssR(s) = ZS% 1+ .(.SO) e
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QCD SUM R ULES for
MOMENTS of SPECTRAL FUNCTIO NS (contd.)

relation betveengap Sp andchir al s.b. scale 4! f,

examine! meson invacuum , leading terms:

R(s)
resonance 12| 2 m|2
Ri(5) = — 5 "(s! mP)
assume : —
So= 4T . Contiuum
S:o é
Oth moment: 1st moment:
So 3 * Sp 3
; dsRi(s) = 550 dssR; (s) = Zs%
0
= m{=2g°f? - =2

(KSFR + Weinber g + W ess-Zumino ) UM
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QCD Vacuum Sum Rulestetailed !

meson angais

® use: chiral eféctive beld theoy Incl. vector mesons
EKIlingl,N. Kaiser W.W.: Nucl.Phys. A 624 (1997) 527

resonance

E.Marco,W.W.

Phys.Lett. B 482 (2000) 87 |

3: g
21+ 22 s

> ¥ (s! so)
"S5 =4f = 1.16GeV

L ¥ ti

/ 3 P 37

1 SR continuum
i e 1 !
. 2 2.5
s (GeV?)
So | S
dsR(s) = =sg 1+ S,(, 0)
0
S0 3 l <(s
dssR(s) = >s5 1+ SS o) C
0 4
|2 n
Co = '?! ISGZ # 6! 2m2f2

Y [
S e ,/g
-!_ -
g = 6.05
| «(S) = 0.5

115G2" — (0.3 GeV )
m? f? = (0.11 GeV)*

- S9 = 4! .
consistency beteen
Oth and 1st moments
to < 2%

Y.Kwon,M.ProcuraW.W. (2007)
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In-Medium !MESO N Spectr al Functions

R.Rapp, J.Wambach; KKW EKlingl,N. Kaiser W.W.;
Adv. Nucl.Phys.25 (2000) 1 Nucl.Plys. A 624 (1997) 527

» Chiral el ectve Peldtheory

RW :

' N'(1520)holeexcitations |
» Vectormesondominance

100
- — - Kilingletd.
— —  Rappet d.
T =
10 vacuum | 3
- huclear l = 15 =0.15 fm
N4 matter
1 KKW —
flf___//
I
.~ RW
I
|
0.1

Vs 1GeV!
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2 4 IN -MEDIUM QCD SUM R ULES for
: MOMENTS of SPECTRAL FUNCTIO NS

Test case : Pnite bayon density ,T=0,0=0 | 015
| 0.15-
expect: density dependengap / chir al s.bhscale Vs °
! Q. | I /n I /n # B
So=4t " Sp(")=4'fi (") # 4 f, 13 2m!12\Tf!2

case studyin-medium: meson spectral function

; !
S

0 3,
Oth moment: dsR(s,!)= 58 1+
0

sh 3
dssR(s,!1) = Ssp® 1+
0 4

()", 2

# M n

"S(S!O)
#

1st moment: — (e + $c(1))

I 2 n
vacuum condensates: ¢, = ?! I—SGZ" + 6! 2 (myleu” + my! &")
N .

: . ' 4
in-medium changes: !¢ (") = 3#2" My Ay ! EMS)) + 2%

NO dependence on (unkmen) four -quark condensates
...which enter ony in the 2nd moment



&

IN -MEDIUM QCD SUM R ULES for
MOMENTS of SPECTRAL FUNCTIO NS (contd.)

iInput (rh.s.):

' 4
lco(") = 3#%" My ALl —

27

" 7‘

1st moment of
parton distribution
from DIS

Apl 1

2 X momentum fraction
caried by quarks
in the nucleon

input (I.h.s.):

calculated in-medium
I meson spectral function

FEKlingl,N. Kaiser W.W. :
Nucl.Ptys. A 624 (1997) 527

density dependence
of gluon condensate

M élo) + 2%N

\

density dependence
of quark condensate

MY ~ 0.88GeV 'n ! 4oMeV
nucleon mass pion-rucleon
in the chiral limit sigma term
(ChPT) (emp)
10 |

0.1

0.01 |

I meson

In vacuum

Mo

0 0.2 04

.06 08 1 12
" s #GeV$

Technische Universitat Minchen m



IN -MEDIUM QCD SUM R ULES for
MOMENTS of SPECTRAL FUNCTIO NS (contd.)

: S!

"dsR(s,!) RHS

: S!

® detalled angbis: | HS : dssR(s,!) = F(sp,!)

0 0
B 1 ﬁ \‘(.K'vvo‘n,l\‘/l.l-“"roé:ur‘a,\/\‘/.V\‘/. (2007) - ® result:
q-> I KKW ) _| | mn 1
o 09 spectral function So = 4] f,( — o) = 1.01GeV
82 ' (chiral dynamics)
5038 : e Compae vacuum:
S | In medium % " !1,&
Eo7] LHS vs RHS | " Sp= 4l f, = 1.16GeV
0.6 o e ...consistent with:
096 098 . 1 102 104 - "

Pg!
0 I
0 dssR(s,!) then !

:S!
o 50 dsR(s,!) m f

within < 3%

® aboutBrown-Rho Scaling
m('o) , f(to)

debne m?(!) =



IN -MEDIUM QCD SUM R ULES for
MOMENTS of SPECTRAL FUNCTIO NS (contd.)

—» detailed eror anaysis €—

largest unceainty from QCD corr ections

include corections up to oder ! ¢

3

use! ¢(1GeV) = 0.50+ 0.03 and NNLO M'S

0.5

o (Q)

04 |

0.3}

0.2

0.1 |

aa Deep Inelastic Scattering
oe e'e¢ Annihilation
¢ Hadron Collisions

= QCD o3(Mz)=0.1189 +0.0010

1

10 Q [GeV] 100

S.Bethle
Prog.Pat. Nucl.Plys.
58 (2007) 351

G.M.Prosperi,M.Raciti,C. Simolo
Prog.Pat. Nucl.Plys.
58 (2007) 387
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QCD C ORRECTIO NS

R(s)
" #$%&%"™
#050 dss"R(s)
$/0%‘ = dy soj:ll(l +" )+ (! 1)”cn+l%
:
— "FS + :F 2$’¢\12| n%1A22§+ i 3%\13! 2 Aoz + :ﬁ | # A33$

A11 A12 Az A13 Ao3 Az3
1 1.641 | -1.125 | -10.28 | -5.69 | 1.69
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IN -MEDIUM QCD

SUM R ULES for

MOMENTS of SPECTRAL FUNCTIO NS (contd.)

vacuum (1 = 0)

1.7¢

1 moment GeV*"

! g %

5 o dssR(s,!) O

m*(!) = " S, T

o  dsR(s,!) 2

=

o) | g3 %
L&

® BR scaling:o.k.

&

® KKW spectral function

| EKIlingl)N. Kaiser W.W.; Nucl.Ptys. A 624 (1997) 527

= 1.14+ 0.01 GeV
= 0.99+ 0.01 GeV

in-medium (! =1!o=
T [ T T T T T T 1 T T

1.1F |




IN -MEDIUM QCD SUM R ULES for
MOMENTS of SPECTRAL FUNCTIO NS (contd.)

vacuum (! = O) O RW spectral function
R.Rap, J.WambachAdv. Nucl.Phys.25 (2000) 1

> 5o = 1.13+ 0.01 GeV
% ' §0=1.09% 0.01 GeV
S o !

= % gggn o)

o So f!

—

18 110 1.12 1.14 1.16 11e in-medium (I =1lo= 015 fm' )

1.40 ¢

\/Q!GeV' T

e . S im

ﬁQZ(!) - P |dSSR(S,.) (,;,D 125
S dsR(s,!) g 120

O 1157

HE 1.10;

B(r0) | (.95 o

m,

1'0804

® BR scaling:no

&



2.5 About 4 -QUARK C ONDENSA TES

® Sum rulesdr Oth and 1st moments:

|
* sp

dsR;(S) = seG+ ¢! 1202 (0) RHS quantities
| <2 accuratey determined
0 . .
i dssRi(s) = S G! (pQCD + lowest-dimensional condensates)
1
! So 3
S
o 2nd ds s?Ri(s) = Z2cy+ 3

moment 0 3

...involves C3 = #6! > s(!(W&M&S' AU # ‘gg‘y&s' *d)?"
4-quark condensates + g!(%. e @ ) ) g@ g

g=u,d,s

® Factor ization !q' q@' q'# !!gq”® ?

® (Consistency of factorization with leadingawnoments ?
NO ! I > 3 required both in vacuum and in-medium
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3. CONCLUSIO NS

QCD SUM R ULES for
prst two MOMENTS of SPECTRAL DISTRIB UTIO N
are accur ate ,both invacuum andin-medium

Miass Shift O again€Br oadening O isot an issue:
Investigatelst moment of  spectr al f unction
In the windawv of Olev-mass enhancementO

Brown-Rho Scaling
to be seen as a statement about the bPrst moment of the spectrum:

)= HERED w0y, 10
OOdSR(S,!) m, fu
N
further steps:
Pnitetemper atur e (incl. ' ! a; mixing)
non-zeo thr ee-momentum  (longitudinal vdrans\erse) )
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