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Dear Jean-Paul, and Dear Larry,
May You Live a Hundred Autumns |
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One more step towards the QCD Ciritical Point

Rajiv V. Gavar
T. 1. F. R., Mumbai, India

Introduction
Towards the Critical Point
Comparison with Other Results

Summary
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Introduction : QCD Phase diagram

& A fundamental aspect — Critical Point in T-up plane;
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Introduction : QCD Phase diagram

& A fundamental aspect — Critical Point in T-up plane; Based on symmetries and
models,

Expected QCD Phase Diagram

Mg > My g # 0
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Introduction : QCD Phase diagram

& A fundamental aspect — Critical Point in T-up plane; Based on symmetries and
models,

Expected QCD Phase Diagram ... but could, however, be ... McLerran-
Pisarski 2007
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Lattice QCD Results

e QCD defined on a space time lattice — Best and Most Reliable way to extract
non-perturbative physics.
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Lattice QCD Results

e QCD defined on a space time lattice — Best and Most Reliable way to extract
non-perturbative physics.

e The Transition Temperature T, the Equation of State, Flavour Correlations
(Cps) and the Wréblewski Parameter A are some examples for Heavy lon
Physics.

e Mostly staggered quarks used in these simulations.
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Lattice QCD Results

e QCD defined on a space time lattice — Best and Most Reliable way to extract
non-perturbative physics.

e The Transition Temperature T, the Equation of State, Flavour Correlations
(Cpgs) and the Wréblewski Parameter A are some examples for Heavy lon
Physics.

e Mostly staggered quarks used in these simulations.

— exact chiral symmetry for all lattice spacings.

— Broken flavour and spin symmetry on lattice

— Ny = 4 or multiples straightforward but need “rooting trick” for other NN;
— Ny = 2 simulations may be fine in @ — 0 limit but 3 or 2 41 maybe
problematic (creutz, arxiv:0901.0150[hep-ph] ).
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e Domain Wall or Overlap Fermions better, in principle.

— exact chiral symmetry for all lattice spacings
(xSBreaking o exp(—Lsas) for Domain Wall),
— Flavour and spin symmetry preserved on lattice,
— BUT Computationally expensive — very few full theory simulations —, and
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e Domain Wall or Overlap Fermions better, in principle.

— exact chiral symmetry for all lattice spacings
(xSBreaking o exp(—Lsas) for Domain Wall),
— Flavour and spin symmetry preserved on lattice,
— BUT Computationally expensive — very few full theory simulations —, and
— 1 = 0 unfortunately breaks chiral symmetry for both Overlap and Domain
Wall Fermions !
(Banerjee, Gavai & Sharma PRD 2008; PoS (Lat2008) & Gavai-Sharma PRD 2009)
— No order parameter to explore the T' — i phase diagram.
— Thorny technical issues : Non-Hermiticity, Valid for a limited range of ua,
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e Domain Wall or Overlap Fermions better, in principle.

— exact chiral symmetry for all lattice spacings
(xSBreaking o exp(—Lsas) for Domain Wall),
— Flavour and spin symmetry preserved on lattice,
— BUT Computationally expensive — very few full theory simulations —, and
— 1 = 0 unfortunately breaks chiral symmetry for both Overlap and Domain
Wall Fermions !
(Banerjee, Gavai & Sharma PRD 2008; PoS (Lat2008) & Gavai-Sharma PRD 2009)
— No order parameter to explore the 1" — i1 phase diagram.
— Thorny technical issues : Non-Hermiticity, Valid for a limited range of ua,

e Staggered Fermions, howsoever problem-ridden they may be, appear to be our
best bet so far.

e Graphene-inspired fermions (creutz JHEP 2008, Borici PRD 2008) could be better 7
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The Phase Problem for ;1 # 0

Assuming N flavours of quarks, and denoting by p ¢ the corresponding chemical
potentials, the QCD partition function is

Z = fDUexp(—sG) [1fDet M(mppus)
and the thermal expectation value of an observable O is

J DU exp(—Sg) OTI¢ Det M(mg.pf)
(O) = L .

QFT in Extreme Environments, Institut d'Astrophysique de Paris, April 25, 2009 R. V. Gavai Top 6



The Phase Problem for ;1 # 0

Assuming N flavours of quarks, and denoting by 1 ¢ the corresponding chemical
potentials, the QCD partition function is

Z = fDUexp(—sG) [1fDet M(mppus)
and the thermal expectation value of an observable O is

J DU exp(—Sg) OTI¢ Det M(mgpup)
(O) = L .

Simulations can be done IF Det M > 0 for any set of {U} as probabilisitc
methods are used to evaluate (O).
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The Phase Problem for ;1 # 0

Assuming N flavours of quarks, and denoting by 1 ¢ the corresponding chemical
potentials, the QCD partition function is

Z = fDUexp(—sG) [1fDet M(mppus)

and the thermal expectation value of an observable O is

J DU exp(—S¢g) OTIyDet M(mspuyg)
(O) = - .

Simulations can be done IF Det M > 0 for any set of {U} as probabilisitc
methods are used to evaluate (O).

However, det M is a complex number for any p # 0 : The Phase/sign problem.
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Lattice Approaches

Several Approaches proposed in the past : None as satisfactory as the usual T" # 0
simulations. Still scope for a good/great idea !
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Lattice Approaches

Several Approaches proposed in the past : None as satisfactory as the usual T' # 0
simulations. Still scope for a good/great idea !

e Two parameter Re-weighting (z. Fodor & S. Katz, JHEP 0203 (2002) 014 ).

e Imaginary Chemical Potential (Ph. de Frocrand & O. Philipsen, NP B642 (2002) 200; M.-P. Lombardo & M.

D'Elia PR D67 (2003) 014505 )

e Taylor Expansion (c. Aiiton et al., PR D66 (2002) 074507 & D68 (2003) 014507; R V. Gavai and S. Gupta, PR D68 (2003)

034506 ).
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Lattice Approaches

Several Approaches proposed in the past : None as satisfactory as the usual T' # 0
simulations. Still scope for a good/great idea !

e Two parameter Re-weighting (z Fodor & s. Katz, JHEP 0203 (2002) 014 ).

e Imaginary Chemical Potential (Ph. de Frocrand & O. Philipsen, NP B642 (2002) 200; M.-P. Lombardo & M.
D’Elia PR D67 (2003) 014505 ).

e Taylor Expansion (c. Aiiton et al., PR D66 (2002) 074507 & D68 (2003) 014507; R V. Gavai and S. Gupta, PR D68 (2003)
034506 ).

e Canonical Ensemble (k. -F. Liu, JMP B16 (2002) 2017, S. Kratochvila and P. de Forcrand, Pos LAT2005 (2006) 167.)

L Com pleX La ngevin (G. Aarts and I. O. Stamatescu, arXiv:0809.5227 and its references for earlier work )
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Why Taylor series expansion?

e Ease of taking continuum and thermodynamic limit, necesary for determining
the true critical point.

e E.g., exp[AS] factor makes this exponentially tough for re-weighting.
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Why Taylor series expansion?

e Ease of taking continuum and thermodynamic limit, necesary for determining
the true critical point.

e E.g., exp[AS] factor makes this exponentially tough for re-weighting.
e Discretization errors propagate in an unknown manner in re-weighting.
e Better control of systematic errors.

e ‘Rooting’ problem not aggravated (Gotterman-Shamir-Svetitsky, PRD 2006 )

e Can perhaps be extended to higher orders as well (rvG-sharma, in prepration )
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Why Taylor series expansion?

e Ease of taking continuum and thermodynamic limit, necesary for determining
the true critical point.

e E.g., exp[AS] factor makes this exponentially tough for re-weighting.
e Discretization errors propagate in an unknown manner in re-weighting.
e Better control of systematic errors.

e ‘Rooting’ problem not aggravated (Golterman-Shamir-Svetitsky, PRD 2006 )

e Can perhaps be extended to higher orders as well (rvG-sharma, in prepration

Our Strategy : i) Study volume dependence at several T' to bracket the critical
region and then to ii) track its change as a function of volume.
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Taylor Expansion

Canonical definitions yield various number densities and susceptibilities :

n; = TOlnZ

_T& Iz
V' Oy and Xij = V opiop;

These are also useful by themselves both theoretically and for Heavy lon Physics
(Flavour correlations, As...)

Denoting higher order susceptibilities by Xy, n, the pressure P° has the expansion
In L

AP  P(p,T) P(0,7T) L /pg\™ 1 /pg\nd
T4 = 7+ T a T > Xnung ~ (T) ( ) (1)

nU7nd
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Taylor Expansion

Canonical definitions yield various number densities and susceptibilities :

n; = TOolnZ

_T&mz
\%4 (‘9,ul- and X"’] o V@pi(‘)uj

These are also useful by themselves both theoretically and for Heavy lon Physics
(Flavour correlations, As...)

Denoting higher order susceptibilities by Xy, n, the pressure P? has the expansion
In L

?f _ P(;ZLT) B P<101’4T) B Z X, ni! (:uu>n“ 1 (ﬁ)”d (1)

nu>nd
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Chiral-symmetry order parameter, the lattice, and nucleosynthesis

Larry Mclerran
Fermi Natona! Laboratery, P & Box 300 Barevia, 11linois 60570
{Received 11 Scptember 1947}

I discusy an order parameter for the chiral-symmetry restoration phase transition which may be
wseful in computafions of big-bang sucleosynthesis, a phenomeneon which requires a fimile
haryon-number density. This parametcr is. strictly speaking, an order parameter in the large-/V
limit, and distinguishes between a purity-doubled and a masslesy-fermion realization of chiral-
symmelry restoration. This order parameter may be evaluated at & 2ero net baryon-number den-
ziry at finite tcmperature, and is useful as long as the barvon chemical potential i 15 much less

than the temperature T

Recent work on the hudronization phase (ransition in
cosmology has shown that if there is a first-order chiral
transition thco it may be possible that this transition"can
affect nucleosynthesis. ') A proper treatment of this
problem shows that it may be possible ta guantitatively
explain the abundances of “H, He, and ‘He lor a variety
of values of 11, unlike the case for a conventional compu-
tation of element abundances, Here 0 is the fraction of
matter comnared o the ameonnt nesded for closnre. These

u/T—107% 1If we define the nct baryon-number density
ta be pfFS in the chiral-symmetric phase, pF? in the
symmetry-broken phase, then the quantity of interest is

rampiipE® ()

Although the numerator and denominator of this expres-
sion both depend upan g, the ratio # is finite in the limit p
approaches zero.

Wim v mrdarsainad thae shociae aF tha aneasmatas e eine

Physical Review D36, 3291 (1987).
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Quark number susceptibilities from HTL-resummed
thermodynamics

1.-P. Blaizot®, E. lancu®. A. Rebhan”

# Service de Physigue Théorigue, CE Saclay, F-O [0 Gif-sur-Yvere France
Y tnsvive fiir Theoretische Physik, Technische Universirir Wien, Wiedner Hanprsirafie 8- 104136, A- 1040 Vienna, Austria

Receved 30 October 2001; accepted 31 October 2001
Editor: PV, Lundshoff

Ahstract

We compute analytically the diagonal quark number susceptibilities for a quark—gluon plasma at finite temperature and zero
chemical potential, and compare with recent lattice results. The calculation uses the approximately self-consistent resummation
of hard thermal and dense loops that we have developed previously. For temperatures between 1.5 to 5T, our results follow the
same trend as the lattice data. but exceed them in magnitude by about 5-10%. We also compute the lowest order contribution,
of order &; log(1/ay ). to the off-diagonal susceptibility. This contribution, which is not a part of our self-consistent caleulation,

is numerically small, but not small enough to be compatible with a recent lattice simulation. © 2001 Elsevier Science B.V. All
rights reserved.
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Resummed Perturbation Theory

Hard Thermal Loop & Self-consistent resummation give :
(Blaizot, lancu & Rebhan, PLB '01 )

x/xo j—— e e x/xo pmor—om—or-ve-—————— ]
09t /77 /S L7 - 09} v ]

[ e ]

08; + y - 038} j

07} ] 07} ]

i : 3 4 5 i 5

T/T. T/T.
(Gavai-Gupta, PRD 2001 & Gavai-Gupta-Majumdar PRD 2002)

Our results (o) above were for N; = 4 ~~ Lattice artifacts ?
Continuum limit from Larger IN; and improved actions agrees better.
(Gavai & Gupta PRD 2002 & PRD 2003)
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Resummed Perturbation Theory

Hard Thermal Loop & Self-consistent resummation give :
(Blaizot, lancu & Rebhan, PLB '01 )

x/xo I XX A ]
VOLZL T L P - 09} e -

[ « ]

08; + y - 038} j

07} ] 07} ]

i 2 3 4 5 '1 5

T/T. T/T.
(Gavai-Gupta, PRD 2001 & Gavai-Gupta-Majumdar PRD 2002)

Our results (o) above were for N; = 4 ~~ Lattice artifacts ?
Continuum limit from Larger N; and improved actions agrees better.
(Gavai & Gupta PRD 2002 & PRD 2003)
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Our Ny =4 & 6 agree for x,q = Small lattice artifact effects.

Xud

Measure of the seriousness of sign problem.

’ . 10 .3
Blaizot-lancu-Rebhan result : xuq = —5 305 1In(1/as).
0
b b g
i % 5 = |
-0.02 ¢ s = .
v 04| % |
—
- i _
<
'0.06- Ea% -1
-0.08 i i
VY071 17 12 16 18 2 22

T/Tc

2.4
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Towards the Critical Point

From the expansion above, a series for baryonic susceptibility can be
constructed. lts radius of convergence gives the nearest critical point.

Successive estimates for the radius of convergence can be obtained from these

n—+1 2 1/”
: n(n—|—1)x( +1) X( ) C
using e or | nl—E . We use both the definitions and terms
X X

B B
up to 8th order in p.

All coefficients of the series must be POSITIVE for the critical point to be at
real ©, and thus physical.

In the window of positive coefficients, we locate the critical point by looking for
the independence of our estimates of the order n and the method.

We further check for the finite size effects : Estimates of radius of convergence
increase with order for small volumes, becoming flat on our largest volume.
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constructed. lts radius of convergence gives the nearest critical point.

Successive estimates for the radius of convergence can be obtained from these
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the independence of our estimates of the order n and the method.

We further check for the finite size effects : Estimates of radius of convergence
increase with order for small volumes, becoming flat on our largest volume.
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How Do We Do This Expansion?

CRAY X1 of ILGT I, TIFR, Mumbai
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Our Simulations & Results

e Staggered fermions with Ny = 2 of m /T, = 0.1; R-algorithm used.

e m,/T, =54+0.2 and m,/m, = 0.31 + 0.01 (MILC)

e Earlier Lattice : 4 ><N§’, Ns =8, 10, 12, 16, 24 (Gavai-Gupta, PRD 2005)

o Lattice used : 6 x N2, N, = 12, 18, 24 (Gavai-Gupta, arXiv:0806.2233, PRD in

press). Needed to determine .. Our result (5. = 5.425(5)) well bracketed by
MILC for m/T,. = 0.075 and 0.15.
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Our Simulations & Results

e Staggered fermions with Ny = 2 of m /T, = 0.1; R-algorithm used.

o m,/T, =5.440.2 and m,/m, = 0.31 £ 0.01 (MILC)

e Earlier Lattice : 4 ><N33, Ns =8, 10, 12, 16, 24 (Gavai-Gupta, PRD 2005)

o Lattice used : 6 x N2, N, = 12, 18, 24 (Gavai-Gupta, arXiv:0806.2233, PRD in
press). Needed to determine .. Our result (5. = 5.425(5)) well bracketed by
MILC for m/T,. = 0.075 and 0.15.

e New Simulations made at T'/T, = 0.89(1), 0.92(1), 0.94(1), 0.97(1), 0.99 (1)
1.00(1), 1.21(1), 1.33(1), 1.48(3) and 1.92(5)

e Typical stat. 50-200 in max autocorrelation units.
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N t — 4 (Gavai & Gupta PRD 2005)

5 : : : : : 7
L 24 O 24
6
4 O 8 [0 O 8
o) 5 b
3t 4l
= @ =
m m
= = 3
®
m 2
1 m m If
- 1 m ¢
04 2 3 % 5 5 7 02 3 % 5 5 7
n n
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5
0 24
4 O 8 [0
0)
3L
= o)
(a8}
=2
0 m
Al 0
0; vi 3 x 2 3 7

n

N t — 4 (Gavai & Gupta PRD 2005)

7 .
0 24
6 © 8
° ¢
4|
=
03
®
2 il
1| @ [[J
03 3 x 5 5 74
n

e We (RVG & s. Gupta, PRD 2005 ) used terms up to 8th order in L.

e Our estimate consistent with Fodor & Katz (2002) [ m,/m, = 0.31 and

Ngm, ~ 3-4].
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5
0 24
4 O 8 [0
0)
31
= o)
(a8}
=2
0 m
Al 0
0; vi 3 x 2 3 7

n

N t — 4 (Gavai & Gupta PRD 2005)

7 .
0 24
6 © 8
° ¢
41
=
D3]
®
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1| @ [13
03 3 x 5 5 74
n

e We (RVG & s. Gupta, PRD 2005 ) used terms up to 8th order in L.

e Our estimate consistent with Fodor & Katz (2002) [ m,/m, = 0.31 and

Ngm, ~ 3-4].

e Strong finite size effects for small N,. A strong change around Nym, ~ 6.
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N t — 6 (Gavai & Gupta PRD 2008)

1.4

T/Tc=0.99

0 I 2 3 4 &5 6 71
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N t — 6 (Gavai & Gupta PRD 2008)

1-4 T T T LU T T T
12}
1l
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~ 08}
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N t — 6 (Gavai & Gupta PRD 2008)

1-4 T T T T T T T 1'4
12} . 1.2 ,
1} . 1 .
)
o) 0 8 B - —~~ 08 -
- =
D 0 e 1S
3 06/ @ * ]l 3 06 i +
04} @ il | 0.4 |
0.2} . 0.2 ,
T/Tc=0.99 T/Tc=0.97 T/Tc=0.94
0 T2 3 4 &5 6 71 0 il 2 5 4 5 6 7
n n
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W(3T)

(Gavai & Gupta PRD 2008)

14 1.4
12} 121
1t 11l
081 ~ 0.8
& 5 i i
06/ @ ° = 06 o
. : o—e—(—9 | o
04] @ 04l
021 0.2
T/Tc=0.99 T/Tc=0.97 T/Tc=0.94
0 > 3 4 67 0 5 5 4 b5 6 7
n n
TE ,JJE . ) )
7~ = 0.94£0.01, and =% = 1.8 £ 0.1 for finer lattice: Our earlier result on the
C

coarser lattice for same volume was uf/T*" = 1.3 + 0.3. Infinite volume limit

brought it down to 1.1(1). Still to be done for N; = 6.
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W(3T)

14 1.4
12} 121
1t 11l
1]
081 ~ 0.8
& 5 i i
06/ @ ° = 06 o
04] @ il 04l
021 0.2
T/Tc=0.99 T/Tc=0.97 T/Tc=0.94
0 5 5 4 5 6 7 0 5 5 4 5
n n
TF ,JJE . ) .
7~ = 0.94£0.01, and =% = 1.8 £ 0.1 for finer lattice: Our earlier result on the
C

coarser lattice for same volume was uf/T*" = 1.3+ 0.3. Infinite volume limit

(Gavai & Gupta PRD 2008)

brought it down to 1.1(1). Still to be done for N; = 6.

Critical point at pup/T ~ 1 — 2.
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Cross Check on u*/T*

& Use Padé approximants for the series to estimate the radius of convergence.
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Cross Check on u*/T*

& Use Padé approximants for the series to estimate the radius of convergence.

5 T
0
"1
4l
1
P 0
1 *
3 L *

Xg /T2

25 3
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Cross Check on p*/T*

& Use Padé approximants for the series to estimate the radius of convergence.

5 T
0
"1
4l
1
P 0
1 *
3 L *

)(B/T2

0 05 T 15 - ]
WwT

QO Consistent Window with our other estimates.
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Comparison with Other Results

From M. Stephanov, Lattice 2007 Plenary.
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Estimating T.(u.) and u./T

Status of the RBC-BI project
® calculationsfor N, =4and 6; N, = 4N,

#® uses an O(a?) improved staggered action (p4fat3)

® estimator for p..: (,uc(T)> L T =
= p, =
T‘:(O) n TC(U) Cn42
1.2 . . . . .
e | T/TO o —— |
.1 1 r, —— | @ slight quark mass dependence
1.65- | ® weak cut-off dependence
L I E_D?o_rﬁtz ———u— | ® O(u®) requires more statistics
095 O o y
09 | Nt=6
Gavai,Gupta
0.85 |
0.8 % _
\ g/ T.(0
0.75 - YANCIALY
0 1 2 3 4 5 6

INT. Seattle 2008. F Karsch — . 202
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Imaginary Chemical Potential

deForcrand-Philpsen JHEP 0811

Real world ——

crossover crossover

Real world ———
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Imaginary Chemical Potential

deForcrand-Philpsen JHEP 0811

Real world —— Real world ———

crossover

2 4
For Ny = 3, they find KZ—((‘S)) =1-3.3(3) (W’r}c) — 47(20) (W‘F}C) . 1.e., m. shrinks

with p.
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Imaginary Chemical Potential

deForcrand-Philpsen JHEP 0811

Real world ———

Real world

2 4
For Ny = 3, they find 22—((’5)) =1-3.3(3) (W’F}C) — 47(20) (W‘:‘FC) . 1.e., m, shrinks
with p.

Problems : i) Ny =3 — Anomaly and Staggered quarks 7 ii) Known examples
where shapes are different in real /imaginary p,
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“The Critical line from imaginary to real baryonic chemical potentials in two-color
QCD", P. Cea, L. Cosmai, M. D’Elia, A. Papa, PR D77, 2008

1.6 T i T T T T T T T 1.6 T I\ T T T T T T
i i from the chiral condensate_ i i from the chiral condensate_
L5 i - A+B(au)2, w. =0 15+ i ---- global fit _
O W - Borar —
13- ~ 13- ~

P A R R N A R AR N D T R R o N

-0.2 -0.15 -0.1 005 O 005 0.1 0.15 0.2 -0.2 -0.15 -0.1 005 O 005 0.1 0.15 0.2
2 2
(ap) (ap)
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Summary

e Phase diagram in T'— p on Ny = 4 has
begun to emerge: Different methods,
~+ similar qualitative picture.

QFT in Extreme Environments, Institut d'Astrophysique de Paris, April 25, 2009

R. V. Gavai

Top

24



Summary

e Phase diagram in T'— p on Ny = 4 has
begun to emerge: Different methods,
~+ similar qualitative picture.

e Our results for N; = 6 first to begin
the crawling towards continuum limit.
Will g /T drop a bit in infinite volume
limit 7
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Summary

e Phase diagram in T'— p on Ny = 4 has
begun to emerge: Different methods,
~+ similar qualitative picture.

e Our results for N; = 6 first to begin
the crawling towards continuum limit.
Will up /T drop a bit in infinite volume
limit 7

e up/T ~ 1 — 2 is indicated for the
critical point.
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Summary

e Phase diagram in T'— p on Ny = 4 has
begun to emerge: Different methods,

~+ similar qualitative picture.

e Our results for N; = 6 first to begin

1.1

_ _ . © £ 09} 30GeV
the crawling towards continuum limit. " 20 Gev 10 GeV
. o 18 GeV (CE
Will pp /T drop a bit in infinite volume
limit ? l Freezeout curve
T 0.7 1 2 3

e up/T ~ 1 — 2 is indicated for the ug/T

critical point.
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Summary

e Phase diagram in T'— p on Ny = 4 has
begun to emerge: Different methods,
~+ similar qualitative picture.

1.1

e Our results for N; = 6 first to begin

_ _ e g 090GV
€ 10 GeV
th.e crawling toward_s .co.ntl.nl_Jum limit. 8 Gev O e
Will pp /T drop a bit in infinite volume
limit ? l Freezeout curve
o 0.7 i 2 3 F
e up/T ~ 1 — 2 is indicated for the ug/T

critical point.

So far no signs of a critical point in the experimental results.
Will RHIC-scan deliver it for us ? or wait for CBM/FAIR 7
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The continuum susceptibility vs. T (in quenched QCD) agrees better
(Gavai & Gupta PRD 2002 & PRD 2003) .

1.0

09} *M

)(3/T2

0.7

0.6

Naik action (Squares) and Staggered action (circles)
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The continuum susceptibility vs. T (in quenched QCD) agrees better
(Gavai & Gupta PRD 2002 & PRD 2003) .
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T/Tc=0.95: 6/8 4/6
5 10 15 20 25

14

124

W(3T)
o
o

o
o
e
e
S
® ol
S
e

0.2}

T/Tc=0.99  T/Tc=0.97  T/Tc=0.94
2 8§ 4 5 6 7
n

QFT in Extreme Environments, Institut d'Astrophysique de Paris, April 25, 2009 R. V. Gavai Top



o \We (RVG & S. Gupta, PRD 2005 and arXiv:0806.2233)
use terms up to 8th order in L.

mmNg
5% * ; ; N e Qur estimate consistent with Fodor
al , & Katz (2002) [ mr/m, = 0.31 and
+ Nsmﬂ- ~ 3_4]
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o \We (RVG & S. Gupta, PRD 2005 and arXiv:0806.2233)
use terms up to 8th order in L.

mmNg
5 2 4 6 8 10 . ] ]
e Qur estimate consistent with Fodor
al | & Katz (2002) [ mr/m, = 0.31 and
Nsmﬂ' ~J 3_4].
-
: ¢
21 ' e Strong finite size effects for small V.
A + ; ¢ A strong change around Nym, ~ 6.
+ ( Compatible with arguments of Smilga & Leutwyler and also
0 T{TC:O.95: 6/6 4/6 ‘ ‘ ‘
5 10 §5 20 25 seen for hadron masses by Gupta & Ray)
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We (RVG & S. Gupta, PRD 2005 and arXiv:0806.2233)
use terms up to 8th order in L.

Our estimate consistent with Fodor
& Katz (2002) [ mr/m, = 0.31 and
Ngm, ~ 3-4].

Strong finite size effects for small V.
A strong change around Nym, ~ 6.
( Compatible with arguments of Smilga & Leutwyler and also

seen for hadron masses by Gupta & Ray)

——094i001 and “B = 1.840.1
for finer lattice: Our earller coarser
lattice result was u5 /T = 1.340.3.
Infinite volume result: | to 1.1(1)
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We (RVG & S. Gupta, PRD 2005 and arXiv:0806.2233)
use terms up to 8th order in L.

Our estimate consistent with Fodor
& Katz (2002) [ mr/m, = 0.31 and
Ngm, ~ 3-4].

Strong finite size effects for small V.
A strong change around Nym, ~ 6.
( Compatible with arguments of Smilga & Leutwyler and also

seen for hadron masses by Gupta & Ray)

T—094i001 and “B =1.8£0.1
for finer lattice: Our earller coarser
lattice result was p% /TH = 1.3+0.3.

Infinite volume result: | to 1.1(1)

Critical point shifted to smaller
/LB/T ~1—2.
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Searching Experimentally

e Exploit the facts i) susceptibilities diverge near the critical point and ii)
decreasing /s increases (g (Rajagopal, Shuryak & Stephanov PRD 1999 )

e Look for nonmontonic dependence of the event-by-event fluctuations with
colliding energy.
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Searching Experimentally

e Exploit the facts i) susceptibilities diverge near the critical point and ii)
decreasing /s increases (g (Rajagopal, Shuryak & Stephanov PRD 1999 )

e Look for nonmontonic dependence of the event-by-event fluctuations with
colliding energy. NA49 results (c. Roland NA49, J Phys. G30 (2004) S1381-51384 )
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Searching Experimentally

e Exploit the facts i) susceptibilities diverge near the critical point and ii)
decreasing /s increases (g (Rajagopal, Shuryak & Stephanov PRD 1999 )

e Look for nonmontonic dependence of the event-by-event fluctuations with
colliding energy. NA49 results (c. Roland NA49
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e Fluctuations in mean pp of low pr pions.
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e Fluctuations in mean pr of low pr pions. (k. Grebieszkow, CPOD workshop 2007, GSI, Darmstadt )

Fluctuations due to the critical point should be dominated
by fluctuations of pions with p_< 500 MeVic

M. Stephanov, K. Rajagopal, E. V. Shuryak (Phys. Rev. D60, 114028, 1999):
suggestion o do analysis with several upper p_cuts

p, <750 MeV/c p, <500 MeV/c p, <250 MeV/c
T im k) ‘IIJ_ T 10
z - il g
£ Ll £ 4
a ¥ ‘ E ‘ ! n ! ' ' L !
4 § e oJ § Sam o §
0, < TE0 Wi + B, = 500 Meic Py ® 250 Wi
E: ! 1I'.'I- .1:2- -1|1 'Iﬁ- !-8 20 E ! ’ IIIIJ. 1z 1!¢I ’ 1.$I I1:!- : I?ﬂ ! = ! ’ Iilo. : '1-2' : -'L. 1 I! .I-Q E IN
\[F [GEV] [y [GEV] o [GEV]

No significant energy dependence of ®  measure

also when low transverse momenta are selected.

Remark: predicted fluctuations at the critical point should result in @ __= 20 MeV/c, the effect of
limited acceptance of NA49 reduces them to & _= 10 MeV/c
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e Proton number fluctuations (Hatta-Stephenov, PRL 2003)

e Neat idea : directly linked to the baryonic susceptibility which ought to diverge
at the critical point. Since diverging £ is linked to ¢ mode, which cannot mix

with any isospin modes, expect x; to be regular.

QFT in Extreme Environments, Institut d'Astrophysique de Paris, April 25, 2009 R. V. Gavai Top 29



e Proton number fluctuations (Hatta-Stephenov, PRL 2003 )
e Neat idea : directly linked to the baryonic susceptibility which ought to diverge

at the critical point. Since diverging £ is linked to ¢ mode, which cannot mix
with any isospin modes, expect x; to be regular.

e Leads to a ratio xo:xr:xp = 1:0:4

e Assuming protons, neutrons, pions to dominate, both xg and xp can be shown
to be proton number fluctuations only.
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Proton number fluctuations (Hatta-Stephenov, PRL 2003 )

Neat idea : directly linked to the baryonic susceptibility which ought to diverge
at the critical point. Since diverging £ is linked to ¢ mode, which cannot mix
with any isospin modes, expect x; to be regular.

Leads to a ratio xg:xr:xp = 1:0:4

Assuming protons, neutrons, pions to dominate, both x g and x g can be shown
to be proton number fluctuations only.

Isentropic trajectories focus at the critical point (Asakawa-Nonaka, PRC 2005).

This leads to the emission of high pp particles at earlier times.

(Asakawa—Bass—Nonaka—MUIIer, INT 2008 workshop) .

Note this is NOT a fluctuations signal but model (EoS) dependent 7
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Focusing Effect

E Isentropic trajectories on 7- ug plane

Bag Model +
Excluded Volume Approximation
(No Critical Point)

= Usual Hydro Calculation

With QCD critical point
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QCD Critical Point?

steeper p spectra at high P;
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