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The endpoint is at Tz = 162+2 MeV, pg = 360=40 MeV. As expected. ug decreased
as we decreased the light quark masses down to their physical values (at anrrovimately
three-times larger m,, 4 the critical point was at pp=720 MeV: see 8]).
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Figure 2: The phase diagram in physical units. Dotted line illustrates the crossover. solid line the
first order phase transition. The small square shows the endpoint. The depicted errors originate
from the reweighting procedure. Note, that an overall additional error of 1.3% comes from the
error of the scale determination at T=0. Combining the two sources of uncertainties one obtains
Tg =162+ 2 MeV and pg = 360 £ 40 MeV.

The above result is a significant improvement on our previous analvsis [8] by two
means. We increased the physical volume by a factor of three and decreased the light
quark masses by a factor of three. Increasing the volumes did not influence the results.
which indicates the reliability of the finite volume analvsis. Clearly. more work is needed
to get the final values. Most importantly one has to extrapolate to the continuum limit.
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Mean field argument Ein

* Sigma model prediction near tri-critical point on the ms axis.
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RADIUS OF COMNVERGENCE METHOD
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The Critical End Point

Radius of convergence
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Estimating T.(u.) and p./T

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

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

® estimator for p.:
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How (AN EyPER IMEUTS LOCATE

THE CRITICAL poIwT?

@ Need evidence That at 'age J< ,ie

Steall M Collisions ea,ui’;bfd'e we l
above +he cresover, Va@ R#C,

@ Decrease €', movikg freegecut
ot o Brsu‘ .anl lorger /43

@ [ock for sisna"'ureS:
o) O +he critical point dgelf, Those

relyng on the (o%3 wae length gaussion
Cluchuations occurting ouly near @

Rse avd thon Sl as plg increases.

b) Onset oF Stqnatures of non-€guilibriu,
“lumpy {inal state evpected after

cooling twough a Qs+ order transifiom.
Mishashn, Deetou fra Pucch Stécleer 5 Raudrap,

Loeh Hajumaerm % s

=» NON &ausSian -?\ud-ue&\ons



SIGNATURES OF THE CRITUAL PoldT
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SIENATURES OF CRITICAL POINT
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MEAN Pr OF Low R PlOLS
Stephauoy KR Shuryak
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Fluctuations due to the critical point should be dominated
by ﬂuctuations of pions with p_ < 500 MeV/c

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

p, < 500 MeV/c

p, <750 MeV/c
o 10
; -
(] I
E'.. _
=] 5__
[ (w m® E '
o_..'..-.!_.._i..........._............ ..............................
@ all charged
B nepatively charged
51 positively charged
pT<75{JMeVIc
1 I ilaaal PR TR A A TR
6 8 i0 12 14 16 18 20
Vo [GOV]

®,, [MeV/c]

10

rEe

all
negatively charged
positively charged

pT<500MeWr.
N

i I 18 1 I 1.1
i4 16 18 20
\F [68V)

,, [MeVic]

P,
10
5_
- | |
- g 99
0_ mmmamnsseaan aemmmmm s mmmmrmameane
I @ all charged
r B negatively charged
S A positively charged
" DT<250‘M-E\”G
i | 1 loaalloq

|
14 16 18 20

o [66V]

Remark: predicted fluctuations at the critical point should result in (I)PTE 20 MeV/c, the effect of
limited acceptance of NA49 reduces them to @ = 10 MeV/c

NAYQ dats ; slide Seom K.Grebiesatow falt ot CPOD




. Fluctuations

* Anticipated effect of critical point in NA49 acceptance:

(large systematic error on prediction)

- A®pr = 1.5 MeV/c (for negative/positive particles separately)

— Adyt = 3 MeV/c (for all charged particles)

=

&

%, - @ allcharged

s 15+ B negatively charged

= B A positively charged
Q.

e p, <500 MeV/c

10

#
*
+

|
200 300 400 500
w, [MeV]

NA49 data:
arXiv:0805.2245 [nucl-ex]

ps from hadron gas fit:
F. Becattini et al,
Phys. Rev. C 73 (2006) 044905

Amplitude of effect:

Stephanov, Rajagopal, Shuryak,
Phys.Rev.D60:114028

and private communication

Position of critical point:
Z. Fodor and S. Katz,
JHEP 0404, 050, 2004

Width of critical point:
Y. Hatta and T. |keda,
Phys. Rev. D67, 014028, 2003

Critical point?

Onset of deconfinement? No predictions
No signal observed

Tim Schuster The Critical Point Workshop

INT Seattle Auaust 11-15. 2008
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MULTIPLICITY FLULTUATIOAS

Also coupled fo erder parameter
< luetuations, Tn -?a,d' +L.e\ ¢ G'Wu“'

on multiplicity fluctuatons 1S

3“""" then on Pr Fluckuations,
Stephauoy LR Shuryak

BuT: 'arsc “backaromd “ due To
wpact parameter $luctuations,
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:&14 B -Suchuations ) _o N0 enbanced (u-d)

' T
a/‘ B~ nonsingulaf % ~ ..o;i; r;-\;:;ﬂons

= ' 4 T
S«. | — w/T=1.0 )
Sﬁ' L Xy . =08 | L )(1/72 w/T=10 |
e . w/T=08
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1 M =(}.
Yoo 1 31 u/T=0.4 —
SRS | 1 R
o NIy
o= —— 1 /T=0.0 |
T'T,

1.2 1.6

1.4
(a)
Figure 3.3: The quark number susceptibility x,/7? (left) and isovector susceptibility
x1/T? (right) as functions of T'/T; for various p,/T ranging from p,/T = 0 (lowest curve)

rising in steps of 0.2 to u,/T = 1, calculated from a Taylor series in 6!* order. Also shown
as dashed lines are results from a 4" order expansion in /7.

(Recovse B Stctustes while iSespin does not) proton

vt X lw ;
e H:ti‘ Sfegh.‘:::h Ms) Ejiel et al



PARTICLE RATIOS
NA 49
* Originally motivated by paak in

E/¢n> at Vs =74 bV,
To better understand This,
ook at Sluctuations of ¥/rr
rato,

e Now wmotivated by obseryation
+hat Hhese £ luctuwa Fions  wll
betber survive the ldte Yime
hajron 4as.
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B 4 i 0?7
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N#3  The E-by-E Kaon/Pion Ratio |1];
2 10
@ | (K" + K)/(m + )
2 8- « Data
g I ¥
T 6
=
g 4 i
= i I
c 2
c 4
- 01 ~ NA49 Preliminary

51015 20

sqri(s)
Increased fluctuation signal at lower beam energies

Quark Matter 2004 Christof Roland / MIT January 2004




_ I o
Summary I ||
2 10 X 0
e | K'+K)ym+m) | @ (p + DT+ 1)
2 8- » Data 2 -2 « Data
S } ;= UrQMD v13 S | e UrQMD v1.3
‘:'3'1I 6__ 1 E '4_—
sl § T¢ TR
s 4 /‘L\i/; T -6
-2 o
o NA49 Preliminary = N NA49 Prehmmary
9015 20" B S | N TS
sqri(s) sqrt(s)

» K/m fluctuations increase towards lower beam energy
» Significant enhancement over hadronic cascade model

p/n fluctuations are negative
* Indicates a strong contribution from resonance decays

Quark Matter 2004

Christof Roland / MIT

January 2004
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¢ Lf*rae event - bu- event 'gludua'l'lans n k/m
ot g~ yob -ySO Mel

o Are the ¥/ Pluctuations dominated

&3 low Pr m? A’?P"Ou\ua not....

o Why no P/ Fluctuedions 727

¢ Koch Mdjumder Rand rup Sus:os* the
¥/ Sluctuations due o
hadronitakion of “Llobs"' leH by
o ‘9}2_‘!‘ order +ransiton,
- I§ so,expect non baussion
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- Md, erpect crifical powt of
lower Mg,

o At oresent, TMRO, Huese data

are o Very intriguing anowely

+hat 18 not well evplained.



LINGERING AMD FocuSS/AN €

Tsen'h'opic +ra3ecbries ?assmg near
the critical point on the phase diagram:

o L‘mser , due o enhanced Co.
= eneray density, @uiropy dens ity
change at uwsual rate;
"rr.ha.naes more slowlua
- likdy a small effect, since Cy

domingted by other modes,
not by low Pr modes.
= \n Principle , an elevated

Kinetc Seeeseout femperafure

T Step hauev
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o afe FOC“‘Sd “ou AQ“_‘”“ pﬁ“k&




Focusing Effect

B Isentropic trajectories on T- u; plane

Bag Model +
: = , Excluded Volume Approximation
With QCD critical point (No Critical Point)

= Usual Hydro Calculation
=y 200 = 2004 ——————
I 160 ~ 160 . | A

120 120 1
50 R0 L N .‘\_
100 300 500 700 e o !

~ 100 200 300 400 500 600
HaieN] ue[MeV] :
Focused Not Focused

Chiho NONAKA




Equation of State

B QCD critical point (us, T)=(550,159)
SniGeRy densily trajectories
s (fn) r
30 0.03 0.05
| 180 o
20 S ,_ ).06
| S 140
10 2 | a.
| el e \
607 e 12 100 300500 700
T(MeV) o 400 t (MeV)

ug (MeV)

Chiho NONAKA




Focuss'ms b‘? '\'m:)ed-aries +het
PasS neéar the critical poin'f:
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need wnot take very swmall sfeps
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- has observable congequences

+that do wet mvelve

evewt-by.event ¢ luctuations.
Aeakawa Bass Huller Nonalea
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- Wigker Pr P ¥ P freezeout
Qar \\ef
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Emission Time Distribution

Emission Time

Au+Au, E,,,=40 GeV/A
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Signature of QCP
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Effect on Spectra ?
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Result of One Temperature Fit

Antiproton

NA49, PRC73, 044910(2006)

dnjdy T (m;) —m
(MeV) (MeV/ch)

o
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U——
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Lo,
c

&
©
‘é:.
E
-

1.66 +0.17 291415 384419
0.87 £ 0.07 283430 385441
158 AGeV
00 AGaY 0.16 + 0.02 200+£45 395460
40 AGeV 0.06 & 0.01 279464 394460

30 AGeV 29.6 +0.9 30849 4134+ 13
il o ‘ 30.1+ 1.0 26011 364+ 16
0.6 ' _ — . 41.3 +1.1 257 £ 11 367+ 16

) 421420 265+ 10 362 + 14
m-m (GeVic®) 46.14+2.1 249 49 352 + 13

1 A L
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« Only one experimental result for p slope
« Still error bar is large

M. Asakawa (Osaka University)




o A new ly Pro?osd 533“"’4‘3 )
q,ual\"h'(-ivels Qigtinet $rom
+he $luctuation s}am{-ume

* Deserves careful seruting by
dreorists and experimentalists alike,

. 'Plo-H-'ma $/P ratio vs Py
ond look‘ma 'Qo\‘ novmouo'lwic
Js Adependence o +uis plot
could be 'mstructive

¢ Error bars ohll \i ke\s Too \o.rsg

to get ‘m-l'r‘tSudm But, lofs
push on tus and see...



'I-low [} ‘l'he e)qcrimn'l'u‘ +Qau Jo\ug
n the race 7

- 'm-,-ﬂau“’ mm(g w k/m ';luchtﬁ“l

- Newly propesed Slanature ' F/p
vs. Py as Juncton of Js.
- New experiments to come
* NAbl . Lighter tons = shacter
Aduration hadron gas Phase

o critRHKIC
= lagt Tew s lides

o CBRM@FAIR
Best case 19 NA 6L/ crit REIC
Ascover critical po'm'(' 3 ma\ciua
it possible for CBM to look
{foc nhon Goussion Tluctuations
Srom 15t order transifon,



CAN RHIC FIMND THE CRITICAL POIMT ?

what T learmed at o March 2006
workshop with +uis HiHe :

¢ Adva.whses of w.'ma a collider
vs. Sived +¢.r5¢;l' Mac hine ‘o SM‘A

event-by- event Sluctuakions at
Vara\ns J¢ ¢

= ~ Same acteptonce

- ¢aw @ detectors as V¢ chauss

- less chomse \n
teacle densiy

o With [0 wn bias events per enerqy
 STMR witw s TOF u.'pscaAQ
con reduce shatistical and
systematic errors on K/
Sluctuakions @ach by Sactor of ¢

o Vo show steppers on the
acceerator <ide




K/J'IZ measure W|th ToF

5 100 K events . | ST;\R;a;t Iérror estlm;;;m
198 without Tol Vs=8.77 GeV o S
gt
with ToF 5 6
9 <
T 10° i
& i 4= + ¢ @
10; | 3 +
- | 2
" JL; i | Slmulatlons ] i STAR
10005 0.1 015 02 025 03 035 04 045 05 Preliminary
(K ++K- ) / (J’lj + +J’E') 0W.,J__l‘.l_.J_‘I_]B_.___W___LU____mLA_WQ ....... fomerd ] J1:]2 I .
\Sun
With ToF can improve: Au+Au 100k central Vsin=8.77 GeV
¢ momentum range statistical errors:
e purity e without ToF = +11% (relative)

e with  ToF = 5% (relative)

Helen Caines - INT QCD Critical Point - August 2008 22




WRAT RANGE OF 5, ie ug
e RHIC ohowld, and can, expbre yu, ¢ 00 K
o Want Yo test NAYY observation of

KT £luckuations at p""{oo-‘v'{bl‘fev

o T§ g & 3Te ~ 520 MeV, plausibly +ue
i SR erent latrtice Colculabions will
Converye as each improves., I
}4;) Jo0 HeV, q,uo.nﬁ'hd-‘we
Comparison with %r% will be haed .

o IS )433 Soo MeV, alye tomah to Sind
exPQ("\nQ,w\\“ld ol Low T.grgewu‘l'.)
equilibraKon 2??7)

e A Stan witw steps £ led MeV apart
n Mg should allow o make

discoveries,
o T +re viciniky of e discavary , will

want Ug's spaced by ~ SO MeV,



A "STRAW MAN" CHOICE oF ENERKIES

¥ Lrom C,\cgmws et al 'S 2005 @Mpirigql
O4 4o compilation of deta

T Srom Rover's %“‘néauce" luwinesidy vs. i
cwrVe



Actual Luminosity Scaling With Energy
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Energy in one beam /Sy, /2 (GeV)

je courtesy of T. Roser

Current expectation is
that 1/y* scaling would
hold down to
somewhere below ~9
GeV but not all the way
to ~5 GeV.

"~ 1] event/sec



VAT WESD 88 heASuRED AT Bl pusksy

* EM“3H { par ficle rabos> ‘o firgt evalucte
Ma. You have to know where on

+he phase aiaﬁmm Uou are Qf’u!iuj oul.

¢ Even'l'-boa- evc.d' -q-luc'\'ua:ﬁous .
- <Py ,with equal or smaller error
bars as in NAYE date

- 4eD/cns and SW/epsy with
Smaller error bars ‘tan w NAYT dute
= Al fluctuation a.m\nses done -Qor

Ly t‘P1°“+ L several thoices of
2 doun o 0O MeV

0 ?/? NS, 'P.r



CAN WE DISCOVER THE Q) CRIT/CAL
PolT AT RHIC? )

Yes, IF:
* Aecelecator ¢ detector capabilities perw it
Measurement of the evert - by -eveuf

fluctuations ok the hadranic
thgervables I described, ot o
seqvence of enerqies like that L

described
o Neture is kind, ond MS /43(90/@11

Te Yes:

® ‘Q__; lavdmark discovered. Dur meap
of the QD phase diagram +h en

aw hored expert meut

e A-ssum'mj regsozble proqress in lattrce
XD, quantretive comparkon Setweey
+h¢°ry $ experimeu+ -Q,r)fg

e FAIR (ond ?J'HC) Con M\( the
S\ret ortder phase transifon.



