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» Chiral symmetry of QCD; dynamical breaking
> restoration in the medium

» Dileptons and vector correlator

» in-medium spectral function of vector mesons

> theoretically convincing signatures of chiral symmetry
restoration

» summary and outlook
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Chiral symmetry of QCD

In terms of chiral quark fields

Y qr,L = £qR,L

. o 1 y u
Loco = iGrPqr +iq, Pq — ZGWG“ aLrR = (dfg

—mq(GrqL + qL9R)

» for massless quarks no mixing of L and R (chiralities)
mg < 1 GeV fairly good approximation

> invariant under separate isospin rotations of left and right
handed components q; — U;q;, gr — Urqgr

» —> Locp is SU(2); x SU(2)r symmetric

» If the ground state of QCD is also chiral symmetric
so that Q\/|0) = 0 and Q4|0) =0
—we should expect degenerate isospin multiplets of opposite
parity in hadron spectrum

)
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What we actually observe

>

>

we do see isospin multiplets (p*, 0%, p7), (p, n)

i i X M [GeV/c?] Ni1535)
but multiplets of opposite parity e.g (p, a1) ** agen
largely separated in mass ~ 500 MeV . O New,
mq # 0 unlikely reason L 1o

T 40

QCD vacuum symmetric only under SU(2)y °
Qv|0) = 0 but Qal0) #0

= hypothesis: SU(2); x SU(2)g dynamically broken to
SU(2)v

0

with the pion multiplet (71, 7% 77) as the (approximately)

massless Goldstone bosons

existence of the chiral condensate: (0|Gg|0) ~ —(250 MeV/)3
» QCD vacuum is a BE condensate of quark anti-quark pairs
» induces L <+ R transitions

» imparts dynamical (constituent) quark mass .



Restoration of chiral symmetry

» heating/compression of hadronic matter leads to a non-trivial
modification of the QCD vacuum leading to possible
restoration of chiral symmetry

» ChPT calculations show a decrease of
the chiral condensate with T

> linear density expansions show decrease with ppg-

> pn
— to lowest order (gq) ~ (0|gqg|0) (1 — — — —
(qq) ~ (0[qq|0) < 8FZ 350
» lattice show (Gq) — 0 around T ~ 170 MeV
» an order parameter of YSR . |
(not measurable experimentally) § [
ConjeCtUred: % >~ (%7;)2 Brown-Rho, Harada ” .:':‘ Ty

100 150 200 250 300

Bazavov (2009)
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Current Correlators (in vacuum)

» modification of the vacuum is

conveniently studied using current
correlators

ny”(q)

i/d4xei‘7‘X(TV“(X)V"(0)>
n(a) = i / d*xe™(TA* (x)A"(0)

VI =gt 7iq/2 and A" = gyH4°1iq/2
are chiral currents of QCD

at low energies, these are dominated by p
and a; resonances: very different spectral
shapes — broken chiral symmetry

MYA expanded in terms of quark and

gluon condensates (QSR)
— behaviour of resonances reflects the
vacuum structure of QCD

ALEPH and OPAL
T decays —

even(odd) no. of 7's
vV (A)
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observing xYSR through in-medium correlators

» at T > T, chiral symmetry demands that MY and M* are
identical (not only mass and width but entire spectral shape)

» guidelines from Weinberg Sum Rules : relates difference of V

and A correlators to vacuum parameters e.g.
d:
/ i [Iml—lv(s) - ImnA(s)] = F2

S

> th ree pOSSIbI|ItIeS Of Observing XSR Kapusta and Shuryak (1994)

vl Al vl
=T, M mp g M
(n

M
&) 3) Koch(1997)

» ImlY is accessible from dilepton spectra >‘°""W‘<
ImM# not so because of final state interactions %ﬁi
in 7y invariant mass
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ImMY from Dileptons:

£
=
=
8
=
S

» Low Mass Region:
Dalitz decays and
thermal radiation
from low mass

7°,n Dalitz-decays

p.o

.?v/‘\
"\ @ hadrons
,_\\
N | » Intermediate Mass
\'YD A Region-
N, \\ . egion:
S~ o o
\_Dreii-van thermal radiation
Low- Intermediate- High-Mass Reg\it\)\n from QGP and
—— e s hadronic matter,
o k| - 3 4 5 . .
mass [GeV/c?] semi-leptonic
decays of heavy

We will look at thermal dilepton pro- quarks

duction in the low mass region > High Mass Region:

Drell-Yan, decays of
heavy quarkonia
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Dilepton Emission Rate

» Dilepton emission rate is given by the thermal expectation
value of the correlator of EM currents MeLerran & Toimela

dN/+/— _ Oéz L(m/)
d*x d4q =~ 3m3 q2 P +1

Wy(do.d) = Im / d*x (T (x) JEm(0))

g‘”’ W,ul/(qu (7)

» EM current of quarks g

=S emma
f

» gives the Born rate for emission from QGP

v _, 3q2L myg
8" Wi(q0,§) ~ Y 9%475) coth(5qo/2)
F

s



Dileptons:Hadronic Matter

» Consider e.g. iso-vector projection of the EM current JZ™

Jsm — (Oy,u — Jvud)

< NI

M
—> coincides with the vector current of chiral symmetry

» use field-current identity (Sakurai); replace currents by fields
- in this case the vector-isovector p meson

jﬁm — F,mpp,

» so that, EM correlator (T j¢™(x)j¢"(0)) o (T p(x)p(0))
p -propagator

» imaginary part — W, = Fp2m§ ImGf), < p sp. fn.
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Dileptons:Hadronic Matter

» Adding the iso-scalar contribution and other flavours,

Wy = F/?m/% ImG?, + F2m? ImG*, +

g nv

dN/+/7 . a2 1 2 92 R
d4x d4q - _37F3 q2 B0 +1 ZFVmVAV(q[)a q, T:MB)
4

— dilepton production is given by the imaginary part of
in-medium propagators (spectral functions) of vector mesons

» low mass dilepton emission = vector meson spectroscopy
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In-medium spectral function

>

Interactions of p with medium is evaluated perturbatively
by means of the self-energy

'\/\/\/\/f/\/\/VMJrN/\/\/\O\/\/\/VJrN/\/\/\O\/VV\/O\/\A/M\-‘--

G = G°+6°NG6°+ GnenGgl+---.
_ G° 1

1+N0G°  p2—m2+N

spectral function

Iml
(p? — m? + Rel)? + (Im1)?
Real part gives in-medium mass & Imaginary part relates
to width

A=1ImG =

The spectral function at finite momentum is essential to study
low mass lepton pair spectra

requires good estimation of the vector meson self-energy
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estimation of the self-energy

» We need to account for interactions with mesons and baryons
in the hadronic medium (mesonic & baryonic loop diagrams)

> to evaluate them we need :

» effective interaction Lagrangian
» Massive Yang-Mills Song et al PRD (1996)
» Hidden Local Symmetry Bando et al PRL (1985)
» Chiral Perturbation Theory

with massive spin-1 fields Ecker et al PLB (1989)

> perturbative framework — thermal field theory

» imaginary time formalism (Matsubara)
> real time formalism
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p self-energy: meson loops

» The one-loop self energy is given by

n(E.q =i [ (Zwﬁ N(q, K)Ds(K) Da(q— k) I
1

where D(k) = m

— 2imné(k? — m?)

vacuum + medium

» The vertex factors in N(q, k) are obtained from :
26,

Line = = F23Mﬁy-5'“7_r’><31'7? p—mT—T
Pl
+§ewo(a%ﬂﬁ —Wr ) R pow—
82 (8,5 — D) - O F h
“FE 1( wPv — V/’u)' ™ p—h—m
+ 805 = 0u5) - B x O p—a—m
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Self-energy in medium

>

In vacuum only the first
diagram of (a)
contributes
in the medium there are
eight possibilities

. d*k
ImM(qo, §) = —ﬂ/mx

{Nl{ (1= FOwr) = FO(wn))d(qo — wr — w)
+ (FO(wr) — FO(wn))d(go — wr + wh) }+
No{

(1= FO ) = FO ()0 +or + o)}

(F(wn) = F(wr))d(q0 +wr — wn)

for positive g% and qg
the diagrams (a) and (c)
contribute (shown by the
boxed terms)

S.Mallik and SS EPJC 61 (2009) 489
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meson-loop contributions

-100 T T T T T T T T T
T=150 MeV ol T=150Mev A
g (IS0 q=300MeV 1z q=300 MeV
z 2 60 ]
- -4 & 4
g 100 £ r Sum !
= = 40~
2 L 4 E r
50 E oL © n /]
0
104

S
T

Rell /m_ (MeV)
<
T
&

0 01 02 03 04

0.5 0.6 0.7 08 0.9 1 0 0.1 02 03 04 0.5
M (GeV) M (GeV)
contribution from m—m loop to  additional contributions from
real and imaginary parts the m —w, m—hyand m — a1
loops

S. Ghosh, 5.5 & S. Mallik, EPJC (2010)
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p self-energy: Baryons

» Baryon contribution is included through RN loops; R — 4-star

baryon resonances

[ d*p
N(q) = l/ WTf[ruaS(p, mn)FusSP(p — g, mR)]
» The pNR interaction vertices [, are obtained from:
L = grup[Yro™” puvibn + h.c] Jh = %+[N(940)]
L = grup[0ro" Y puwton + h.cl JE = %_[N*(1650), A(1620)]
L= el Yowtnthe]  JE= [N (1720), A(1232)]
L = grup[¥rY" puvthn + h.c] JE = %7[/\/*(1520), A(1700)]
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Imaginary parts

"

o

i1’ fm (MeV)

in the low mass region

S. Ghosh & S.S. NPA (2011)

30~ T=150 MeV - =30 T=150 MeV/ -
b u=150MeV F o p=150 MeV. N'(1520)
20 90 — =300 MeV
10— i ~ -
z
. =
o N (1650) =
5= n m‘é 5 A(1700) b
A(1700) -
-0 = -0 =
A(1232)
SE A(1620) 7 S 7
A(1232) A(1620)
“U 0.1 U‘v’l 0‘3 0.4 0.5 016 0‘7 08 0“) 1.1 UO 0.1 0.2 03 0.4 05 016 (1‘7 U‘K 0“} ‘I 1.1
M (GeV) M (GeV)
> baryonic loops significantly contribute to the spectral strength
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Real parts

30 T T T T T T T T T T 30 T T T T T T T T T T
ol TEISOMeV N(1520) . i _ p TEISOMeV Naso i
L p=150 Mev N(1720) | 2 L u=150 MeV/ N'(1720)
1] . 2 oL 0300 Mev -
r N(940) B E r N(940)
0 / - = 0 =
L N (1650) 4 % L N (1650)
Z -0 B = o B
z 1 L
e ; ; ; ; ; ; ; ; ; ;
=
2 g W B
R
xéu 1o A1700) 7]
)
£ 0 A(1620) =
M0 o1 02 03 04 05 06 07 05 09 1 1 "o o1 02 03 04 05 06 07 08 09 1 LI
M (GeV) M (GeV)

> The real parts from baryonic loops make a small positive
contribution

S. Ghosh & S.S. NPA (2011)
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The p spectral function

»

ImG,_ (GeV)’

10 — 10— T
L Vacuum ol ——— B
—— T=120MeV [ -
L —— T=140 MeV i =100 Mev ]
8 —— T=175MeV. 8 —— =250 MeV
t —— 1=400 MeV
r p=150 MeV  g=300 MeV T —
T=170 MeV g=500 MeV
o S o6 i
3 I
L s B
- L
4 E 4 —
L 3 B
2 2k —
L N B
o . . I . ok ; i | i | | | L
01 02 03 04 05 06 07 08 09 1 01 02 03 04 05 06 07 08 09 1 LI
M (GeV) M (GeV)

> p spectral function from meson and baryon loops:

A, =

Iml1,

(PP—m2+Rel, )2+ (Imi, )2’

S. Ghosh & S.S. NPA (2011)

n, =

Z My + Z Myr

h=m,w,hy,a;

R=N,N*,A
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Dilepton emission rate

vacuum
— meson loops
— M+B (u=0)
— M+B (u=250 MeV)

T=175 MeV

dR/AM (fm *GeV?)
>

dNjp _ a? 1 5 o .
d*x dM2q-,—dq-,—dy - _37T3 q2 eBao 1 1 Fp mpAP(q()v q, T, /«LB)

S.S. & S.Ghosh (2013)
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Space-time evolution

» QGP — Hadron gas — chem.
freeze-out — thermal freeze-out

> The total yield is obtained as
dN 4 dN x
70 - /d XW(E (x), T(x))

E* = u'Q,
= 7[Mrcosh(y —n) + q7 vr cosg]

> vr = VT(Xﬁy’Tle) and o
T = T(x,y,T,n) are obtained from - T les

0, T =0, T = (e+p)u”u’—g""p

using the Equation of State : p = p(e)
e.g from lattice
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Lattice Equation of State

s(n/m

a0

w
e3(T) & p(T)/€(T)

N=8

mm cX(T)
mmm p(T)/e(T)

p(T)/T*

N

.
1000 0.1 1 10 100 1000
€[Gev/fm?)

S. Borsanyi et al JHEP (2010)
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Dimuon mass spectra from In-In collisions @ SPS

+

10 107 g T T T T T T
Lo P
2 10 s 107 ¢
= = %T i, H
g g | *if
~ g ~ -8
g1 =10 ¢
= = F F + f E
£ 10° L In-Insemicentral £ 10° £ InInsemicentral H ﬁﬁﬁ
:g [ 0.2<p; (GeV)<04 ;g [ 04<p; (GeV)<0.6 B
0" RN E
z g z g
~ 10"‘ L L L L L L ~ 10"‘ L L L L L L
02 04 06 08 1 1.2 14 02 04 06 08 1 12 14
M (GeV) M (GeV)
10 107 g
P oo
20 20 # .
g s gl
~ -8 ~ -8
o 10 PR
= =2 E $ 3
Z z 0 L g b
g0 In-In semicentral 5 107 £ In-Insericentral ﬁn
:; [ 0.6<p, (GeV)<08 :: [ 0.8<p, (GeV)<10 i
o0 0
ERU ERLN- :
g Ll 2 . f
S0 TR R P AT =0 R I
02 04 06 08 1 1.2 14 02 04 06 08 1 1.2 14
M (GeV) M (GeV)

5.5. & S. Ghosh (2013)
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Dimuon mass spectra from In-In collisions @ SPS

+

10° ¢ ! ! ! ! ! ! 107 ¢ ! ! ! ! ! T
oo Lo
§ 10 ; : ﬁ 10 ;
i y b2 S £
~ 10t Y B ~ 10t |
N CE
£ 10° & In-Insemicentral Tﬁ f T £ 10° ' In-In semicentral T
:g [ L0<p; (GeV)<12 1 ;g [l 12<p, (GeV)<14 TWT
10 10
gt L gt L
Z g z :
"10"‘ L L L L L L Vlo’" L L L L L L
02 04 06 08 1 1.2 14 02 04 06 08 1 12 14
M (GeV) M (GeV)
107 T
~  NA60 dimuon data
[ ei=4.5,taui=0.7
= 10" L . . rho(pole+cont) 4
: ;
-
g 107 L ]
z
g For all p,.
= p
] L 4
S f
=
g
~ 10” : ;

M (GeV)

5.5. & S. Ghosh (2013)
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Conclusions and Outlook : observing xSR using dileptons

» comprehensive agreement with data at several pt and M
provides confidence about the vector spectral function

> consistent with a scenario where the p spectral function is
significantly broadened

» to check for xSR we need to obtain the axial-vector (a;)
spectral function :-

» Start from a microscopic theory (chiral effective theory)
» should reproduce the vacuum axial-vector spectral function
» obtain the in-medium spectral function

» no experimental verification forthcoming = check
consistency with in-medium Weinberg Sum Rules

» test if the vector and axial-vector spectral functions conform to
any of the scenarios of xSR
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Conclusions and Outlook : schematic study

» Connecting dileptons and SR using ansatz a; sp-fn (Rapp 2014)

> the a; resonance is parametrised with Breit-Wigner functions

» in-medium modification of a; implemented through
4-parameter ansatz compatible with Weinberg Sum Rules

Vacuum

T=100 MeV T=140 MeV
— Vector

— Vector
— Axial-vector

— Axial-vector

N

T=170 MeV

pv.aGlns

T=150 MeV T=160 MeV

— Vector

— Vector
— Axial-vector

— Axial-vector

— Vector
— Axial-vector

5 (GeV?)

5 (GeV?) 5 (GeV?)

» scheme to be scrutinized by microscopic calculations

» Status: calculation of the a; spectral function is challenging
even in vacuum (existing schemes do not lead to measured sp-fn)
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Theoretical details are discussed in the upcoming book

Thanks
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The w spectral function

-4 T T T T - 100 T T T

t — N (40 [ p=250 Mev —
= - NA11520i F o q=300 MeV 170 MeV
il — 720 sl = MY et
£ — N (1650) b — T= eV (medp)| |
Es L N'(1535)
E aF i

ImG, (GeV?)
3
T

0 + f i i | A
3 T=150 MeV 3

S L[ =150 Mev b 40 7
2 "L qu=300Mev
EN.
£ of —~ 20[
5 F
£ -

P ] [

- . . . . 0 I

0 02 0.4 0.6 08 1 0725 075 0775 038 0825
M (GeV) M (GeV)

> meson loop: p— 7
baryon loop: N — R,
[R = N*(1440), N*(1520), N*(1535), N*(1650), A(1720)]

S. Ghosh & S.S. EPJC (2013)
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