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Plan of lecture

¢ Notions of chiral symmetry and chiral anomaly
¢ Effective chiral models with anomaly included

¢ Effective restoration of U A(l) symmetry at finite
temperature and density

¢ QCD phase diagram with anomaly incorporated and
possible signature of the QCD Critical Point

¢ Summary
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In the chiral limit (m=0)
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Q“ the generators of a continuous transformation
0"j,=0 - j,(x) Noether current i

eg. Chiral transformation for su,(2)® su ,(2)

0! = [dxqr’yz/2¢  Notice; [0 q(x)irz"q(x)]=-6"q(x)q(x)

NOW,  (0[gq|0) = (0]l0%, g7,7* ]0)
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Chiral symmetry is
0)# 0 spontaneously broken!




Gell-Mann-Oakes-Renner
fim?s = —iiau + dd) fiv=(1y + mq) /2
using
F-=03 MeV and m{1GeV)=(7T £+ 2) MeV,

(i) = (dd) = [—(225 £ 25)MeV]®  at p® = 1GeV

? FoLFRY = (350 + 30 MeV)?




Special Chiral transformations

(0, =0p=a wup ¢ U@, §—qU'(a)
gauge transformation: U (Ny)

generator; Q* = f dxq' (z)\*/2q(x)

(i) 0, = -0, = -0 g —UBv)e, 7— qUu'(Bys)




SU, (N ,) (@' N'q) = iy G(mi—m)Aq (a=0~NF—1)
irj _
Nf ?’a.} _urdrss
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ivj
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Anomaly

O, DF = @ﬁ = (14+.) Z:qmﬁr,zqt —FG Fl

T = 2 ) + (A — NP2 +

Some symmetries existing in the classical level are broken explicitly in the quantum
level. Quantum Anomaly



_ G= UL(3)@TUR(3) 2X(8+1)=18

H=U,(1)® SU ,(3) 1+8=9

# of NG-bosonsi dm G-dmH=18-9=9 (?)

Nambu-Goldstone Theorem

vk # of the lightest pseudo-scalar mesons

2 .
3 U4(1)" Anomaly 8,(Fvuysq) = 2Ny 9 e g (Operator Equation!
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even in the chiral limitt # 9 + |nstantons



The resolution of U A(1) Problem

Ref. S.Weinberg, QTF 2 (Cambridge, 1996);
K. Fujikawa and H.Suzuki, PI and QA, (Oxford, ‘04)

¢ There are "big as well as “small’ or regular gauge
transformations.

+ Owing to the mstanton configuration which
connects the gauge-non-equivalent vacuua |1) , by
a big gauge transformation, the QCD vacuum
becomes a theta vacuum,

0)= 3¢ i)

(o|F

[

o Thus, the Nambu-Goldstone Theorem can not
apply to this channel.



Rough sketch of a proof of absence of NG boson
Anomalous Ward-Takahashi identity:
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= 25(x - ) {0y v (1)]6)

o {0|T" (w ()" yw D (Myawr (N]0)-2N, (0|1 (—=—uFD . Dy (»)]6)

Fourier tr.

And integrate the both side (or take the 0 momentum limit:
Owing to instanton, J' dx <9 ‘ (trFD ) _ LY (0) ‘,9> # 0

Then, Chiral SB, (¢ | (0)y (0)|0) = 0

can be compatible without massless pole in the 15t term in LHS.

c.f Weinding number

- Idx(trFD ) : intejer
T



Construction of Effective Lagrangian:

Def. q;qi + 141754

I, = tr(ddH", (n = 1,2,3,...) Uy(3)@Ug(3)-invariant
8
@:;}@Hmﬁ " toa N, =25, )

B, = tr®A, V2 = G(1 - v5)2 q/2
= 04 +1Da, With 6, =qM\q/\2  Pa = Givs0aq/2
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L U4(1) Anomaly:

det®, detd: Uy (1)@SUL(3)@SUg(3)-inv.
but Ug(1)

Ip = det® + detd®! ; Hermite



Effective Model: S U L(3)®@SURr(3)-0 model

LY = 1/2. (tr0,®0"®) — 1/2 - > I, — NI} — vI, + 11p

a

.Vacuum:
8£g> _0

Dot
i <cb> — L(SL)<®>R* 6.)

If o -0 ,l.€, sU_ (3),

28X+ 7)ps — o + 12 /2 =10 <q>> is invariant, but otherwise
not..

T+ /T2 — 423X + )
w0 13X + )

for 4° <0



2. Meson spectra: @ = w1+, @ =—(5+iP)
S=> 5.4, P:iPﬂ
Meson masses; = “=0
P
2 5
H m(s)ps = 443N+ ) — 20T ?O i

oL
2 0
N m® s = 67 7%0 oot ="

Anomaly term

(2) scalar-mesons

2

m{g}s = p*+1203(A +7) + 207,
2

m% = 2(® - gor),



A dynamical Ciral Lagrangian with Axial Anomaly

M. Kobayashi and T. Maskawa (°70),
G. ‘t Hooft (’76)

L = givy - 0q + Z % [(@ha)? + (@Nar30)’] — amg /
=
_l_.g,r_] _dEtQ“L{l o ]qj' + ]

T.K. Soryushiron Kenkyu (1988),
T.K. and T. Hatsuda, Phys. Lett. B (1988);
Phys. Rep. 247 (1994)

A presentation of Chiral Anomaly:

0, AY = 2iN;g, (det® — h.c.) + 2igm~ysg Bij = 3;(1 — 3)g
Q
0 = 2Ny Fa, FI% +2igmosq  Anomaly eq. of QCD
Note- g, <0 consistent with the instanton-induced

Interaction



1.The vacuum in MFA: ¢ = (®)o = diag((au), (dd), (ss))
My = my — 2gsa — 2,37, o Q N
Mg =mg— 2g.3 — 2g,a7,
Mg =mg — 2957 — 2g,03, (o, B,7) = ((au), (dd), (5s))

The residual interaction in the new vacuum:
Loes = 0s Tr{!;!iTt;D} :
+g, : [Tr(¢d?) — Tr(od) Trd — %Tr@gTrc_zr + éTrc:’:'r[Tr!;B}g +h.el :
o - (det@ +h.e.)
Flavor mixing of n and 1’ mesons

= Z G E g - In the flavor basis:
e a,b=8,0 ab (Tiysu, divysd, §iyss)
GP=(

An effect of the anomaly term: Flavor mixing by the
Gy = 9s — —'lfl + 58+ 7v)a, < Gig = gs + éf_Eu + 28 —7)g, anomaly term!
= 0 — 1deal mixing.

Ta = qiys A ad;

—"rE 9. —dp7  —O9pl
720+ 28 -7)g, % E v—a—fg, )<::> G0 = —g,7 g —g,0

c‘hnk.u

ﬁ}n t'.l‘—;”_lf}” ':L E i-l_ JI”JN- -If.,i'”.d _.':JIJ“ q‘-.u

less attractive in the singlet channel Ep
than in the octet



The propagator and mixing angle

1
—1
E’ = —G » i N

) ——> T(6,)D"'(¢*)T(6;)"" = diag(D; " (¢°), D' (¢°))
[ costy —sind diagonalize with a mixing matrix;
n) sinf,  cos#,

S

=1

(1) g, =0 8, =—54.75° n = (wisu+diysd)/v2 and 7' = Siyss

(11) & # 0 m o=m, =m ; flavor symmetric 0, =0

n = ng = (Gitsu+divsd—25iv:8)/vV6  and 7 = m = (Giysu+dinsd+5ivss)/ V3.

Gii) g, #0 and m =m, 6 =55MeV #m_=135.7MeV  realistic case
Op(m;) = _20.0° My = 957.5 Me"‘» (fitted) m, = 486.5 MeV

Chiral limit n

Level crossing by the anomaly!

m =m, <m
u d K



At Finite Temperature and
Density




R. Pisarski and F. Wilczeck(1984)

I ¥ 1

tends to become
Ideal mixing.

100 T(MeV) 1200 100 J(MeV) 200

9,(1) =g, (T =0)exp| (T/Ty)].

NJL model with Kobayashi-Maskawa-'t Hooft term; T.K. and T.Hatsuda (1988)



around Tc in Lattice QCD

o /- -
X, = —<qq> = <(qq) >
om

CT. Lattice Calculation of the generalized

! masses
F. Karsch, Lect. Note Phys. 5§83 (2002),
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Fig. 2. Deconfinement and chiral symmetry restoration in 2-favour QCT): Shown
18 (L) (left), which iz the order parameter for deconfinement in the pure gauge

the softening of the o with it (mg — ), and (9) (right), which is the order parameter for chiral sym-

metry bresking in the chiral imit (my — 0). Also shown are the corresponding

Increasing T: Eff. Res. of U_A(1)  susceptibilities as  function of the eoupling § = 6/g”.



. . . L1 M. 2. ONTETZAK], FRL SV )22 2000
77'(958) mesic nuclel formation  H N M Takizawa and S. Hirenzaki, PRC74(06)045203 4
H. Nagahiro@NFQCD2010

= 77(958) meson ... close connection to the U, (1) anomaly

» many theoretical works

» 1n vacuum / at finite temperature / at finite densitv | Kunihiro, Hatsuda, PLB206(88)385
» R.D. Pisarski, R. Wilczek, PRD29(84)338 =

» T Kunihiro, T Hatsuda PLB206(88)385 / T. Kunihi{ 860 o ]
» V. Bermard, R L Jaffe and U -G Meissner, NPB308(1]  soo; 1

» Y. Kohyama, K Kubodera and M Takizawa, PLB208  ™0¢f

» K. Fukushima, K Onishi, K Ohta, PRC63(01)045203| 5% My 4 L
» P.Costa et al. PLB560(03)171, PRC70(04)025204. ¢| | e
400f
» poor experimental information at finite density L

. . . . . i
m U i( 1) anomalv m-medim from the viewpoint of “me{ o il BRSNS

BT 02 03 08 05 05 07 JoB

» the n’ properties. especially mass shift, at finite density

T=-0p/0,
m Nambu-Jona-Lasinio model with the KMT interaction i
—_ s g.s — . — E
L=q(i @=m)g+= Y [(Gha0)® + (iGhar50)’] ;

i

explicit breaking the U,(1) sym.
Kobayashi, Maskawa Prog.Theor.Phys.44, 1422 (70), G. 't Hooft, Phys.Rev.D14,3432 (76)

k1l . ®_ &

-y



1’ mass shift in medium Py = pd, Ps =0
H. Nagahiro@NFQCD2010

= we consider the SU(2) sym. matter as the sym. nuclear matter.

meson mass [MeV/|

P. Costa et al_PLB560(03)171, PRC70(04)025204, efc .__

anomaly term
effect

1000

parameters (1n vacuum)

P. Rehberg, et al.. PRC53(96)410.

' A = 602.3
o0 g A2 = 3.67 eVl Mg =367.6 MeV]
600 gpl = g (T3 = -241.9 pMeV]
e 140 T[,M o (5913 =-257.7 Mev]
e =R e m,; = 958 [MeV]
400 m, = 514 MeV]
m_ = 135 [MeV]
200 nand n’ mass shifts @ p,
0 | Am, ~—150 MeV @ p,
N Am, ~ +20 MeV @ p,

We can see the large medium effect even at normal nuclear density.




S
Possible experimental evidence of the

reduction of eta’ meson mass

— L etessier et al.

=
F &

=  [Kaneta et al.
=== UrGMD

=
i



Effects of Vector Interaction
and Anomaly
on




Phase diagram in NJL model

300 350

azaki,(1989)




With color superconductivity transition incorporated:
Two critical end point! M. Kitazawa, T. Koide, Y. Nemoto and T.K., PTP ('02)

30
200 :""?V'/GS = 035 20 -
"""" 10
0
%' 1020 1080
= 100 | ",
— . Wigner
vSB k
CSC
0 ————t— s
0 500(4) 1000 1500
g [MeV]
G,/G;=0.35 Another end point appears from lower temperature,

and hence there can exist two end points in some
range of G, !




2+1 flavor case

m = 14

u,d

5.5MeV m_ =

OMeV

Similar to the two-flavor case,
with multiple critical points.

G [6,i6,.70312 |

COE : I

4y | Bo/B,=0.950 ||

350 380 370 380 390 400

go L * NOR
B0+ S
I E
43 |
E i
= 30
= _ NG
20
| G /G, =0.300 |]
10k COE v
| 4| B4G,=0.950 |]
D 1 1 1 P | 1
340 350 380 370 380 380 400
u [ MeV]
Tﬂ 1,.‘| T T T T
60 e
5{] L
40
=
—|
.| NG
20
- L | 6,16,20.362 |
or COE | G e,=0950 ]
n 1 1 1 | 1 I1| 1 1 1
340 350 360 37o 380 380 400
B[ MeV]



a la Hatsuda-Tachibana-Yamamoto-Baym (2006)
£ ;ES} =K' (“'[(d;dL]ﬁf’] + h-c-) Fiertz-tr. KMT term with diquark-diquark-chiral int.

(A) In flavor-symmetric limit; Abuki et al, PRDS81 (2010)

T T T T T T T T
150 Set I: m, = ] 150 Satl:mq= ]
MOR
E 100 E Lon
= -
a0 a0
s==(]
i | L I
1 T T T ; L T T
150 '“=.\_ 150 T Setll: m <=0
. NOR
kS
a X“—'l]
E 100 g 100
=
= NG £ NG
ye=ll y =0
0 30
s=0 s=0
0 L 0 |
104 Lo




!!! !ea‘IS!IC case WI!” massive s!range quar!;

My = mg = 5.5 MeV << m, = 140.7 MeV H. Basler and M. Bubalia,
arXiv:1007.5198

140 p— ' T ' ' ' ' ' |
120 f

100 }
Notice!

Without charge neutrality
nor vector interaction.

80 [ 25Cgec

m, [MeV]

60 25Cgcs

CFlgesT

240 260 280 300 320 340 360 380 400
i [MeV]

40

Lse
20 F

phases and new endpomts, On the other hand, the low-temperature cnitical endpoimnt, which was
found earlier 1n the same model without 25C painng, 18 almost removed from the phase diagram
and cannot be reached from the low-density chirally broken phase without crossing a preceding
first-order phase boundary. For physical quark masses no additional entical endpoint 1s found.




Possible Signal of the

existence of
the QCD Critical Point




Plausible QCD phase diagram: Classical Liq.-Gas

Critical point

) Critical Point

Solid

Temperature (T)

Triple.P

o Y Stars
Baryon Chemical Potential (ug) /

The same universality class; Z2

H. Fujii, PRD 67 (03) 094018;H. Fujii and M.Ohtani,Phys.Rev.D70(2004)
Dam. T. Son and M. A. Stephanov, PRD70 ('04) 056001

Fluctuations of conserved quantities such as the
number and energy are the soft mode of QCD critical
point!

The sigma mode is a slaving mode of the density.




Spectral function of

density fluctuation at CP ¢

Y. Minami and T.K., (2009)

r-r)/7 =04

Syn(k, )/ <( dn(k t=0))%>

'4[][] ] ] | | | | ]
t = 0.1 350 |- E -
2500 T T T T T T Né 300 - i: -
| S 250} i -
2000 I S om0} f‘ _
= 150 Jl _
1500 | o \
£ 100 | 1 ~
w L 1‘
1000 S0 - .. b . B
M*‘“—-ﬁ—u—f-’; MT\‘%- L
i //U-ﬁ 015 -04+T005 0 005 01 015 02
200 w [1/fm]
0 . The sound mode (Brillouin) disappears
0.1 -0.08-0.06-0.04-0.02 ff 002004006008 010Qnly an enhanced thermal mode remains.
© [Vl Furthermore, the Rayleigh peak is
Spectral function at CP enhanced, meaning the large energy
dissipation.
The soft mode around QCD CP Suggesting interesting critical
is thermally induced density fluctuations, phenomena related to sound

but not the usual sound mode.

mode.



Possible disappearance or strong suppression
of Mach cone at the QCD critical point

developed from

Mach cone _ sound mode as the density fluctuation
1% 0.\ “s c,

However, \ZSC by =
Around the CP; (j) Attenuation of the ound mode; the dynamical density
fluctuation is hardly developed.

r (i) The enhancement of the Rayleigh peak suggests

that the energy dissipation is so large that the possible
density fluctuation gets dissipated rapidly.

Possible disappearance or strong suppression of Mach cone
at the QCD critical point!

Thus, if the identification of the Mach cone in the RHIC
experiment is confirmed, possible disappearance or
suppression along with the variation of the incident energy
can bea signal of the existence of the critical point belonging
to the same universality class as liq.-gas transition.




Cf. STAR, arXiv:0805/0622.

E- 02
-

g 015

R. B. Neufeld, B. Muller, and J. Ruppert,arXiv:0802.225

- (a)
F DMag. Proj.

- @ OfT-Dlag. Proj.

y N

1 15 2

d+Au

3-body correlations

Cf. the idea of Mach
cone: E. Stoecker

ZDC12% Au+Au | E Shuryak and many
Others.

2 <15 -1 45 0 0 1 1.5 2

E=1.-1'.¢I1+i'|.¢-!}|'2-ﬁ (squares) or i-.=[j.¢-1-a.¢ua:|.fi circles and histograms)




Summary

¢ Axial anomaly as well as chiral symmetry and its
spontaneous breaking in QCD has been briefly
reviewed: 7' 1s massive because of the chiral
anomaly and the theta vacuum of QCD.

o At finite temperature/density, instanton density gets
smaller, which may lead to an effective restoration
of U A(l) symmetry.

¢ The soft modes of the QCD critical point (CP) are
analyzed using rel. hydro. dynamics; the mechanical
sound 1s attenuated near QCD CP, suggesting that
possible Mach cone formation is suppressed around
the CP, which might be an experimental signal of
the existence of QCD CP.



Back UPS



abc

abc

abc



Chiral-invariant operators:
N,=2 SUL(2) ® SUR(2) transformation:
L=exp(ifr-7), R=exp(ibr-7) @.7+=53_0,7°

a=1

Any function V(c? +7?) of o+ 7?2 ; Invarian
eg.1 £L=1/2-[(8,0)°+ (0,m)°] —V(o® + =*)

(Linear sigma mo

9.2 L= qiv-9q+ g9/2[(q9)° + (qivs79)°]
(Nambu-Jona-Lasinio



LY = 1/2- (tr0,P0"®) — 1/2 - pi* I, — NI? — I, + 11p

. Determination of vacuum:

0Ly

<@>=0




2. Meson spectra: ¢ = i+ ¥ = (S +iP)

8
S=> 584 P=Y P2,

Meson masses:; = =0

(1) ps-mesons

1° +1205(A + ) + 2007,



Lop = —tr(eoho + €shs) (P + h.c.)/2v/2

Def C = (\/E'Eﬂ + ES)/Z\/E, d = —%\/g Eq

The vacuum: <11)> = dia'g(wﬂ:r Yo, Yo + (pl)




o5, = —2V2chr = m? frdr,
3#_?;1; — —2\/§(C—|— d/?)qf)}:{ — mﬁff;{qf);;




y (a(‘p)llectlve modes

P S
e RS
- ~
.

igma (pairing’ vib.)
«V% /
/ O (~ (79))

(pairing rotation)

® : Higgs field ‘ ¢ = (p) + QB
Higgs particle



17'(958) mesic nuclei by (.N) reaction

m Potential description [Energy independent]

H. Nagahiro@ NFQCD2010

Real Part V, ... evaluated by possible 7" mass shift at o,

Am(p) = V(p(r)) = Va2

Imaginary part W, ... unknown =2 20 MeV, for example

momentum transfer

5;? 500 . /n\
ﬂ i
2, 400 1
L=
5 300
— |
s ]
8 | . —50 MeV
B i n
£ 200 ]
2 i A \
5 Y
£ 100 ) e
$ m, — 100 ﬂ@ﬁ
0 1 2 3 4

elementary cross section ©°n =2 np

" BEAM MOMENTUM [Gev/iz)

1.5 2.0 2.0
[ | I

| S0— —

™ THIS
EXPERIMENT

' | T A 7 p DATA
. B ~"dDATA _
L]

CROSS SECTION lubl

a(m™—=>n'p) ~ 100 ub

l

| [fﬂr Lith.
S0l + {(55) =10~ 100ub/s
¢ + |
[ - | 1 I ] —
2.0 2.4 2.8
Eg,m lGeV)
R K Rader ef al.. PRD6(72)3059 e



A=6314MeV, g A* = 3.666, g,A° = —9.288, m, = 135.7MeV

my = 138MeV, fr = 93MeV, m, = 495.7MeV, and m,y = 957.5Me



Dynamical Chiral Symmetry Breaking and the sigma meson

Y. Nambu, 117 (1960), 648; Gauge invariance in Superconduc-

tivity — Appearance of a |collective mode '|Hne broken phase _
coupling to the longitudinal part of the current. Gauge invariance

(Bogoliubov-Anderson)
Y. Nambu, PRL 4 (1960), 380; Axial gauge (chiral) symm. ?

Y. Nambu and G. Jona-Lasinio, 122 (1960), 345;
Dynamical model of elementary particles based on an analogy
with superconductivity.

The pion ; a (massless) | collective mode [associated with the
dynamical breaking of chiral symmetry.
A scalar meson with the mass me appears as another |collective

mode

than the pion. The sigma is a Higgs in QCD.

m_ = 300MeV — m = 2mf ~ 000MeV

The feature essentially does not change with U_A(1) anomaly term incorporated;
T. Hatsuda and T.K.. Phys.Lett.B206 (1988), Z. Phy. C51 (1991)



- Possible Chiral Restoration Phenomena in~
Other Channels
¢ Vector-axial vector degeneracy

(S(x)S(y)) — (PY(x)P(y)), (Au(z)A () — (Vi(x)V, (v))
As chiral symmetry is restored,

¢ hadron realization of chiral symmetry; vector
manifestation

¢ Chiral symmetry in Baryon sectc

.T. Takahashi and T.K.,
PRD78 (2008), 011503



the Vector channel or Scalar channel?

4

10 F
- CERES/NA45 Pb-Au 40 AGeV
u #= 0 :: i Preliminary olo_ 5~ 30 %
% 10-5 i <dN_,/dn>=210
= 2.1<n<2.65
8 p,>200 MeV/c
z ®,>35 mrad
=10
scalar-vector §
mixing 5 i
, 3
= 10
3 C
= -
5 [
:‘ L
E -8 7 3
Z$ 10 A 1
N L
T [
1 0-9 | | Ivl | | | | | | | | \I/ | | | | | | | | B
0 0.2 04 0.6 0.8 1 1.2

m_, (GeV/c?)



and Charge Neutrality constraint
Z. Zhang and T. K.;7Phys.Rev.D80:014015,2009 ;

£ = & (- m)e+ Gs [(@x)a@)’ + @@)ins7a@)’] | gpira

+ Gp ZA: [g(z) 1572 Aa00(2)] [Go(z)r1sTaAag(z)] di-quark

- el & y -

3
- Gy -Z=u [{@{EJ";‘“WE{IHE + {ﬁ{-’ﬂ]f"r'ﬂ'?sﬁq'ix”g]

— K {det [3(1+76) 9] + det [$(1— )] |

Kobayashi-Maskawa('70); ‘t Hooft ("76)



S
(A") Role of 2SC in 3-flavor quark matter

H. Basler and M. Buballa,
arXiv:1007.5198

With cqual bare quark masses of (m. = mg = m. = 5.5 MeV).

100 100 |
8o aot
i o i o g
= sl - anl -
20 b 20t
u 1 1 1 D 1 1 1
200 250 200 350 400 200 250 300 350 400
n [MeW] b [MeV]
ja) K'=0 (b) K' =3.0K (c) K =35K
100
a0t
= = =
= = 2 @
= - - 40 F
20

200 250 a0 350 400
u MeV]
(f) K! =45 K

B Mel]
(d) K! =3.744 K




Sigma meson has still a non-zero mass at CP.
This is because the chiral symmetry is explicitly broken.

What is the soft mode at CP?
At finite density, scalar-vector mixing is present.

Spectral function of the chiral condensate
. . T-dependence (u=pcp )
Phonon mode in the space-like 0% & | |

region softens at CP. : T>Te

H. Fujii (2003)
H. Fujii and M.Ohtani(2004)

P=40 MeV

—40 MeV)
3,

A%p(e.p

phenomena. Space-like region o < p
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In the long-wave length limit, k—0 sound modes
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Rel. effects appear only in the width of the peaks.
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The strength of the sound modes vanishes out at the critical point.



