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Chiral symmetry restoration

sQGP at RHIC = partial chiral symmetry restoration = search
for experimental signals

QCD: chiral symmetry between the v, d and s quarks:
UL(3) X UR(3)

UL(3) X UR(3) = SUL(3) X SUR(3) X UA(l) X U\/(].)
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Chiral symmetry restoration

sQGP at RHIC = partial chiral symmetry restoration = search
for experimental signals

QCD: chiral symmetry between the v, d and s quarks:

UL(3) X UR(3)

UL(3) X UR(3) = SUL(3) X SUR(3) X UA(l) X U\/(].)

@ Flavour symmetry: SU;(3) x SUg(3), spontaneously broken
(SU(3)) = eight Goldstone boson with small mass:
at, m, 70, K° K9, KT, K~ and 1
(Mass: 134 MeV — 548 MeV)

@ Ua(1) explicitly broken = mass of the ninth Goldstone boson
increases: 7 (958 MeV)

@ Uy (1) not broken = barion number conservation
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Number of produced 7/

Chiral symmetry is partially restored = 1’ mass decreases —>
y yIsp y n

more 7' produced

Hagedorn formula:

m
n'

Tecond

g ~ mn/"‘e

o: production cross section

m,: the mass of the o’
a=1-—d/2, where d is the effective
dimension on the expansion

Teond: temperature, where the 7’ is
produced

V)
Py co
@® 0®
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> m;‘
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Change of the number of the
produced 7/’:

N*/ m*/ [e% mn,—m;‘]/
L/ — <_’7> e Tcond
Ny myy

the * denotes the in medium values
the values without a * are the values in
vacuum

the change could be up to 50x%
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Decay products of the n/

Number of the 7’ can be analysed only from it's decay products
Decays:
o = v+7(21%)
o Hard to analyse (7% — v +7)
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Decay products of the n/

Number of the 7’ can be analysed only from it's decay products

Decays:
o = v+7(21%)
o Hard to analyse (7% — v +7)
on = IT+17 (<0.1%)
@ Analysis:
Adare, A. et al.: Phys. Rev. C81 034911 (2010)
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Decay products of the n/

Number of the 7’ can be analysed only from it's decay products

Decays:
o = v+7(21%)
o Hard to analyse (7% — v +7)
on = IT+17 (<0.1%)
@ Analysis:
Adare, A. et al.: Phys. Rev. C81 034911 (2010)
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Two-particle correlation

Bosons = Bose-Einstein statistic = Correlation between pions
Halo: long lived resonances = no
Core

correlation with the pions of the core
(Hydroqinamically N ( )
te;l;?:ﬁslgg medium) C2 (p17 p2) — 2 pl’ p2

N (p1) N1 (p2)
e N1 (p1) 2/5(X1,p1)|W1\2(X1)d4X1a
N> (p1, p2) :/5(X1,P1)5(X2,P2)|W2|2(X1,X2)d4X2d4X1
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Two-particle correlation

Bosons = Bose-Einstein statistic = Correlation between pions
Halo: long lived resonances = no
Core

Sore —— correlation with the pions of the core
N M) = [ S0up) P Gu)dt,
N> (p1, p2) = /S(Xl,Pl)S(Xz,Pz) Wa|? (x1, x2)d*xod*xq
Glap s —@p)S@p) @Rl

S(@=0,p1)S(g=0,p2) \g(q:07K)\2

Where g = p1 — p2, K = (p1 + p2) /2 and p1 =~ p2
Halo: R > 50 fm, g < 4 MeV

~ 2 ~ 2 NC
S K S K e = ————
Glak)=1e LRy Bewh (v )
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Two-particle correlation

Collision of two particles
N8
Hot and dense matter formed:
1’ is produced with lower mass

\
More 7’ is produced

\
W=t +r +rt+a + a0
average mr = 200 MeV
\

Pions not correlated with the
core’s pions
\

A« measures the correlation

4

Value of \, is lowered
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Two-particle correlation

Collision of two particles
\
Hot and dense matter formed: s ]
n' is produced with lower mass My ]
U

More 7’ is produced &

02 ¢ o PHENIX Sinyukov
[ PHENIX preliminary
auss

Relative intercept

. 4 STARG:
i} L || * STAREdgeworth

W=t +r +rt+a + a0 °57
average mr = 200 MeV
)
. . @ R. Vértesi, T. Csorgé and J. Sziklai:
Pions not correlated with the Phys.Rev.Lett. 105 (2010) 182301
core s prons @ A hole in A, at 200 MeV

Ay measures ilhe correlation @ Needs to be done:
* Proof that this is caused by the

4 _ decrease of the mass of the 7/
Value of A, is lowered

0.4 0.6 0.8 1
Transverse mass  m , [GeV]
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How to find decay products of the 7'?

@ Is the reason for the hole in )\, the larger number of o’ ?
@ Reject the decay products of the 7/
@ Square of the invariant mass: m2, = (E; + E;)* — (p1 + p2)?

nv
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How to find decay products of the 7'?

@ Is the reason for the hole in \, the larger number of 1’ ?

@ Reject the decay products of the 7’

@ Square of the invariant mass: m2, = (E; + E2)* — (p1 + p2)?

mnv

Simulation: Pions coming from the decay of 7':

HIJING, 200 GeV, p+p HIJING, 200 GeV, p+p

N—>Tt +71
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How to find decay products of the 7'?

@ Is the reason for the hole in )\, the larger number of o’ ?
@ Reject the decay products of the 7/
@ Square of the invariant mass: m2,, = (E; + E2)* — (p1 + p2)°

Simulation: Pions coming from the decay of 7'

B e I3 ] =
o, o, pep A7 o, 200 cav, e L 7 b, 200 Gev, pep
. J‘ h 7 1

[ r 1, |

i \ ] B
] = . 'Y 1. -

M=+ 1 N—>T+T LSTHTU AT T
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Ranges chosen:

nt, 77 0.075 Gev2/c <m? <O0. 171 GeV2/c?

7r+,7r ,7r+ : 0.43 GeV2/c? < m2 < 0.69 GeV?/c?
Similar for et + e~ collisions:

Kulka, K. and Lérstad: B. Nucl.Instrum.Meth. A295 443-449 (1990)
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Loss and efficiency

Is the rejection of the i’ working?
Checked in simulation:
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Loss and efficiency

Is the rejection of the i’ working?
Checked in simulation:
Pion pairs: 7+ 4 7"

@ decay products of the same 7/

o all possible 77 + 7+ 7= + 7~ — m?2  criteria?
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Loss and efficiency

Is the rejection of the i’ working?
Checked in simulation:
Pion pairs: 7+ 4 7"

@ decay products of the same 7/

o all possible 77 + 7+ 7= + 7~ — m?2  criteria?

Pions: 7+
@ decay product of 7/

2

o all possible 774 7t + 7~ + 7~ — mz criteria?

Ménika Kéfaragé, Maté Csanad A method of 7’ rejection in high-energy Au+Au and p+p collisions



Loss and efficiency

Is the rejection of the i’ working?
Checked in simulation:
Pion pairs: 7+ 4 7"
@ decay products of the same 7/
o all possible 77 + 7+ 7= + 7~ — m?2  criteria?
Pions: 7+
@ decay product of 7/

2

. s
inv criteria!

o all possible 7t+ 7t +7~ +77 = m
Pions and pion pairs can be categorised:

o from 7/, criteria /

o from 7/, criteria ®

@ not from 7/, criteria \/

@ not from 7/, criteria ®
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Loss and efficiency

Is the rejection of the i’ working?
Checked in simulation:
Pion pairs: 7+ 4 7"
@ decay products of the same 7/
o all possible 77 + 7+ 7= + 7~ — m?2  criteria?
Pions: 7+
@ decay product of 7/

2

. s
inv criteria!

o all possible 7t+ 7t +7~ +77 = m
Pions and pion pairs can be categorised:

o from 7/, criteria \/ — efficiency

o from 1/, criteria ®

@ not from 7/, criteria y/ — loss

@ not from 7/, criteria ®
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Simulations

a: from 1/, criteria \/ c: not from 7/, criteria \/
b: from 1/, criteria ® d: not from 7/, criteria ®
Efficiency: P Loss: —d
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Simulations

a: from 1/, criteria \/ c: not from 7/, criteria \/
b: from 1/, criteria ® d: not from 7/, criteria ®
Efficiency: P Loss: —d

Number of 7/ pions (pairs): a+ b

Number of other pions (pairs): ¢+ d

Ratio of 7 pions (pairs) before the rejection: (a+ b)/(c + d)
Ratio of 1’ pions (pairs) after the rejection: b/d

Change of the ratio of 1/ b ja+b
(change of \,): g/m
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Simulations

a: from 1/, criteria \/ c: not from 7/, criteria \/
b: from 1/, criteria ® d: not from 7/, criteria ®
Efficiency: P Loss: —d

Number of 7/ pions (pairs): a+ b

Number of other pions (pairs): ¢+ d

Ratio of 7 pions (pairs) before the rejection: (a+ b)/(c + d)
Ratio of 1’ pions (pairs) after the rejection: b/d

Change of the ratio of 1/ b ja+b
(change of \,): g/m
PYTHIA 8.135 HIJING 1.411 THERMINATOR 2.0.3
@ 200 GeV p+p @ 200 GeV p+p @ 200 GeV Au+Au
@ 14000 GeV p+p @ 14000 GeV p+p
@ 200 GeV Au+Au

PYTHIA, HIJING, THERMINATOR outcome — analysis with
C++ programs
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Simulation of the arrangement of detectors

@ don’t have detectors everywhere

@ not all pions are detected : =
Y *
Auice| || _I
7T, ©+ coming from an 7/ - e
‘U’ % | oy |
. . . F PHENIX
no other pair with which m? g L
criteria are satisfied e S R

Pseudorapidity

I

efficiency becomes worse

¢ (radian)

® ©

@ geometric acceptance given in ¢ and 0 F ALICE
(pseudorapidity: n = — In[tan (6/2)]) “ ’

@ Simulations on 200 GeV:
STAR, PHENIX
Simulations on 14000 GeV: F
CMS, ALlCE o= I3 2 E] 1

Pseudorapidity
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Results: 200 GeV proton-proton

2.55+0.02 3.82+0.02 2.81+0.1
94.6+4.7 -18.02 25
3.55+0.03 4.90+0.03 59+0.1
9.0£1.2
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7.0£0.4
14.5+0.1 4.65%0.03 1.38+0.02
0.00 200 40.0 60.0 8[; 0 1000 0.0 20.00 40‘00 60.00 80.00 100.00 0.00 20.00 40.00 60.00 80.00 100.00
STAR PHENIX

No geometric cut

B Pythia pairs, efficiency
Pythia pairs, loss

® Hijing pairs, efficiency
Hijing pairs, loss

W Pythia pions, efficiency

H Pythia pions, loss

m Hijing pions, efficiency

Hijing pions, loss
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Results: 200 GeV proton-pro

2.55+0.02
94.6+4.7
3.55+0.03

14.4+0.1

14.5+0.1

0.00 200 400 600 800 100.0

No geometric cut
B Pythia pairs, efficiency
Pythia pairs, loss
® Hijing pairs, efficiency
Hijing pairs, loss
W Pythia pions, efficiency
H Pythia pions, loss
m Hijing pions, efficiency

Hijing pions, loss
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432+47

3.82+0.02

40.9+2.0
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4.65%0.03
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Results: 14000 GeV proton-pr

| |

5.81+0.05

10.2+0.1

17.5£0.1

96.9+12.3

48.4+0.8
0.0 20.0 40.0 60.0 80.0 100.0 0.0 200 40.0 60.0 80.0 100.0 0.0 200 400 60.0 80.0 100.0
No geometric cut CMS ALICE

B Pythia pairs, efficiency
Pythia pairs, loss

® Hijing pairs, efficiency
Hijing pairs, loss

W Pythia pions, efficiency

H Pythia pions, loss

m Hijing pions, efficiency

Hijing pions, loss
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Results: 14000 GeV proton-proton

90.2+32.6

5.81+0.05
93.3+11.9
10.2+0.1

96.9+12.3

48.4+0.8
0.0 20.0 40.0 60.0 80.0 100.0 0.0 200 40.0 60.0 80.0 100.0 0.0 200 400 60.0 80.0 100.0
No geometric cut CMS ALICE
® Pythia pairs, efficiency .
2 & 035
Pythia pairs, loss
Ke} 0.30
m Hijing pairs, efficienc ®
jing.p ’ 4 - 025 + No geometric
Hijing pairs, loss 2 A ) out
Jing pairs, % 020 = CMS
W Pythia pions, efficiency Q 015 I * + ALICE
£
5 % @©
H Pythia pions, loss 5 e ; +
m Hijing pions, efficiency 0.05 5 + "
- 0.00
Hijing pions, loss Pythia Hijng Pythia Hijing
pairs pairs pions pions
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Results: 200

GeV gold-gold

00 20,0 400 60,0 80,0 1000

No geometric cut

100.0+31.3
100.0+23.9
100.0+12.3

100.0+10.4

100.0£1.3

00 200 400 60,0 20,0 1000

PHENIX

A method of 1’ rejection in

100.0+58.3
41.6+0.1
100.0£20.4
49.6+0.1

100.0+£27.2

200 200 60,0 80,0 100,0

STAR

Therminator pairs, sfficiency
Therminator pairs, loss
Hijing pairs, efficiency

Hijing pairs, loss
Therminator pions, efficiency
Therminator pions, loss
Hijing pions, efficiency

Hijing pions, loss
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Results: dependency on the impact parame

70 T T T T T T
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Results: dependency on the impact parameter and on pr

70 T T T T T T
™ = THERMINATOR +—e—
= "
= . B HING —a—
65 | E
|
_ 60 E
3
8 s &
55 18 - & a5 g -
=
L ]
50 4
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impact parameter (fm)
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Results: dependency on the impact parameter and on pr

68 - - |

66 - . g

64 1 8

62 -

loss (%)

60 . B

54 I I L
0 0.05 01 0.15 0.2
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T T
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@ Why? Searching for a proof for the partial restoration of the
chiral symmetry

o Method: From m?,  ranges it can be determined whether a
pion is a decay product of 7’
o Results:
@ Dependency on the geometric acceptance
Dependency on the number of particles
Dependency on impact parameter
Checked with three simulations
Method works in all cases
Publication:
@ VI Workshop on Particle Correlations and Femtoscopy 2010:
Csanad M. and Kéfaragé M.: arXiv:1101.1192
@ European Physical Journal A: Csanad M. and Kéfaragé M.:
arXiv:1101.1276
o Further plans:
o Optimization of m2, ranges
& Analysis of experimental data

<

¢ ¢ ¢ €
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Thank you for your
attention!




Invariant mass

Square of invariant mass: m?,, = (E; 4+ E)* — (p1 + p2)?
Calculations for the ¥ — n+ 7" + 7~ decay (c = 1):

M, = mi + mj +2\/mf —I—P%\/mg + p3 — 2p1p2 COS p =

=2m? —i—2\/m72r —i—pf\/m}r + p3 — 2p1p2 COS P
En/ =5 +E+ E777

Pn = —P1— P2

my = \/m%+p% + \/m%+p§ + \/m,%+p% + p3 + 2p1pacos
Energy of 7 is:

@ smallest: py =ppand p =7

@ biggest: py =prand p =0
By substituting these: 0.078 GeV/2/c? < m?, < 0. 168 GeV?/c?

By calculating the same for the n — 7+ 4+ 7~ + 70 decay:
0.078 GeV?/c? < m? < 0.166 GeV?/c?



Checking of the simulation

Number of pairs, ratio of the geometric cuts, pseudorapidity
distribution, angle distribution:

2

n (db)

g
HIJING, 200 GeV, p+p Foooo

il HIJING, 200 GeV, p+p

60000
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40000
30000

20000

10000

3
LB L e e
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°
=|L

6 8 10 2 3
Pseudorapidity Angle (radian)



m2., of pions from the 7’ decay

Pythia, 200 GeV. pp

Pythia, 200 GeV, p+p Pythia, 200 GeV, p+p

nN—>Tt+Tt

0.1 0.2  mi. (GeVic) 0.05 0.1 0.15méy (Gevic)

HIING, 14000 GeV, p+p

nN—>1t +11

HIJING, 14000 GeV. p+p = HIJING, 14000 GeV. prp

01 02  mh(Gevic)  0.05

[ Pythia 14000 GeV. pip r
I N->Tt+10 i
P h[LF"\P"‘—mﬂn Lbo.

0.2 0.3

01
i W nN—>Tt+7t I I
— ; - e+
l . 11 HNH [ I I NHTHN Il
0.4 0.6 0.8 1

0.1 0.2 0.3 0.05 0.1 0.15 0.2

Pythia, 14000 GeV, p+p




2

m: . of all pions

HIJING, 200 GeV, p+p L HIJING, 200 GeV, p+p

TU+TT i L T
TCHTTHTT +TT

0.1 02 ma (Gevic) 0.4 0.6 0.8m%, (Gevic)




2 .
m: . of all pions

7 oo
I — .
3 AEREED
o of b o
- = TUHTTHTT+TT
L R [
L 3 [
L P L
TU+TT e
TUHTTHTT+TT
01 02 03 04 06 08 1
F Pythia, 14000 GeV, p+p
Pythia, 14000 GeV. p+p B
L N F
TU+TT = e
r L TUHTTHTT+TT
01 02 T (Gevic) 0406 0.8 Gavic)
B 4 + = + =
| TU+TU TUHTUHTTH+TT




RHIC: gold-gold: /sp, = 10 — 200 GeV

proton-proton: /s = 20 — 500 GeV

LHC: proton-proton: /s =7 TeV

Lead-lead: 0.32 — 2.76 TeV

7’ compensates it's mass loss from the impulse = produced 7/
have a small transverse impulse

* 2 * 2 2 2
mn, —|—p77/ = My —|—p77/

Pions have small transverse impulse too: average 138 MeV
W =t +r +at+ 7 + (7% or v) (12.19%)

Chiral transition: 150 MeV

Quark-hadron transition: 170 MeV

Fodor, Z. and Katz, S.D.: arXiv:0908.3341 (2009)
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