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T40; m#0; M/r NOT LARE

¢ o regime explored by heavy ion

¢co llisions
* o regime explored bey lattice

calculakions +hat rela on
smaullness of /A/T +o keep

Sermion sign ‘pmb\e.m under
control . [ 30 -» complex Euclidean

achon = Sian problem twat makes
X§Siculty of shandand Honte Carlo
~epN ]

e Either method w™me9 be used *o

locobe the CRITICAL Pol MT

O- Z“A ocder pp'm{- wherte o l\ne
of 13t order +ransitions ewds,
i§ o s located a¥ o /T
+het 1S noet oo ‘a.rse”“
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LOCATING THE (RITKAL Powr..

R
o either via lattice Caleulation 3
e or via @xperimental detection
of Hs sighatures

would add a Ppont and
o. line +o +he known
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%hc'\'uﬂs and
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S@archeS



SEVERAL LATTILE HETHoDs

@ Rewc‘«ak*im% Fodor + Kate
Want physics at @'-Z-. (/0,1;)

Simulatre using  an ensemble of
Con'p'\aura‘\'lons at @5 (0, T,,))
and “fewciaH "+ luwmp difference
between physics a“'@aml @

ke observaples.
Diffieulty ~ exp[‘f_l_:_::»]

F+L:. eWhnoose T;, 4o minim 1€ 3
BUT: still cannot use Mmetiod
at large Volum es ....



The endpoint is at Tg = 1622 MeV, ug = 36040 MeV. As expected. ug deereased
as we decreased the light quark masses down to their physical values (at approximately
three-times larger m, 4 the critical point was at ug=720 MeV; see (8).
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Fignre 2= The phase diagram in physical units. Dotted line illustrates the cressover. solid line the
fiurstt eiter phase transition. The small square siows the endpoint. The depicted errors originate
fixom tihe meweighting procedure. Note, that am overall additional error of 1.3% comes from the
emyar off tihe seale determination at T=0. Comibiming the tmo sources of uncertainties one obtains
g = I24+2 MeV and g = 360 40 MeV.

e sihove result is a significant improvement on our Previcus analysis (8] by twe
menns. Wi imeressed the physical velmme by 2 factor of tinee and decreased the light
quuetk messes by a factor of three. Inereasing the volumes did ey inflvence the results.
witiizth iindiicates e relizbility of the fimite cslome amalysis. Clleadly, mere work is needed
mmmmm.mmmymmwmwwmwmm,

Fodor , Kats
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CONCERNS , aka *SYSTENATIC /SSUES”

* Ng = ¥ (no continuwum limi\‘)
o \|= \2’ , 6nd method mus+
break down For V2 ®
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Me o~ mr  This wes alse
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4vwe Cas@ " older F+K Cal culafion

TS 4ls s hot &
Splittord

at (araer Mq.
Concidencey it 15 & problem,
Ca, Mu/e 19 where phase q,“eue‘\d

Mo,
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not m,
ALL tuese, @xcept Sor Voo, are
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@ (ontinue -?rom magmarca M.
deForcrand +Philips gn

D'Elia + Lowmbardo etal
Simuldre at M= i}“I ; caleulate

Teluy); To.alor exq:ml

=(, ¢+ L,/At + C,,/l,
o va\id for Mg
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T 3

* Good luck .. €4,Cg,.. terms all
| small over +hg r‘,y\se .

* So, 5&&\3 continuke :
Tc ([4) = C, - ‘;}l‘.& L,ﬂq....
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CRITICAL PoINT 27

° C g,\ CA \d‘
S [ Mg, at Which +ransition 3,.5]

3;;' Seom \¥ order to crossover
* Expectotion: A Ms

o deTorcrand « Philipsen Find:
Mg .

o =p Vo (CRITICAL PoINT
w'rth )% V4 9’(!) ,




CoNCBRAS, aka “SysTEMAT/C 18S oES”

Lets defer ther discugsion To

e ter P‘\Nippe's tullk , but here

are +wo:

° N‘ = Y

o 5‘('4.35«%4 ‘gu'mlons with

M§=3 or &t!| ...

- b,{-w“ or Det* Det 'Y

- Eirst otder phase +ransition
@ swaull Mg originates
Seom 6 Mookt wdsid$

intecaction n low enerqy

efLective +keor<d. Pisacdes Wilceek

- do stagaered Sermions describe

+uis adequately 27
* Q’Fukunstd wa, Stephanoy




@ ng loc Expansion of Hue %ss«.re,
Bieleted -Sw avs ea), Govai Gupta
Colewlare +we coefficients in:

%,, 2 by(T)+ bg(Dm"+ b.,tr)/l"f D) s ...
ond. ?b;epace N
23 z 5;3 : C,(T)* ¢, C‘r)/,(t ...C‘,h)"‘f
+ 66(1')/,6*....
olich ol d diverge ab critical point
Geveral weys to look for critical point:
o L ook Sor M at which Xz peaks

* Dp Tamlor expansion at varying Mo

and evaluate
3 | Mg at whith crossovar at

dptl m=0 becomss 1% order

[w‘m Qi gcusSION of +hese hml‘J
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RADIUS OF CONVERGENCE METHOD
Use Fact tuat Taylor expansion Mmust

break dowon at critical poind,
Biel efeld Swansa 4 Lavat Supte

New fesults Srom Gavai + Guph,
3««9 200% o eacrlier fhis worl'-sloopz

- Ng=6 s Ne2y®

-

- Ng=2 , My = 230 MeV

- stogaeced fermions , so
Maﬂ&e et a bad 'Hﬂ'\a,
‘To-sbr coelGicients Co (T),
C(T), Cyem), ¢ CT).
(e up ‘o /4‘ term in P]




T Toylor oefls alternate ir £ian.
——2 ] Suagests radius of corvergerce of
— 2 [ €xpaytior cet bya Swqulerity

~ 3 st cowsler L = fpfseves

Togylor coeShs all same sign.
s [ Might be o singularity
ﬁI‘T N ﬂ\' é. m\ VAM.Q °$ ﬂ'
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o s T b Gl e Yo 7
os wowld be the casé Sor- o pole
at rea p. A, as y\elds o
Consistent ecti mate ot tadius of conv.

Nso, at the same T, coetfs have
o ec-\-cJ. Linte st € SCa('ms (upon
cowparwy LTz 2 and ).

T a1y This B T as Te , aud s
cadius 0% convergene ay M.
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LATTICR  CAL CULATIONS AT F(XE) [
m
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o Will be vcr% ‘m*‘resﬁua b
See what they fid with N;=Z+I .

‘De‘hrﬁmina +he location of +the
Critical point This way will
have VCrg di'?‘}"ren"' 'sy.d'emaﬂc error
Telative to caleulations relying
on M <. (ie rewaiquting Fz’g
or Tonlor expausion Ejm' e‘H,é'awi 6upb)
oln pr'mc'uple Cav be pusl«d +o
latau' M/T, Dut remaing to be
seen how lacge a \ can be
reached at a given M oF My



LocATing Twe Cuimicpr PONVT

Location shill wuncertain :
critical point

Hs ~ 2, 980 ~17
Te( M =0) Fodor  Philipsen Geveu

Kats dePorcrawd Guptn
- sa'u\'ms mugiJ.euce will Feq'uire
“CW"”\a dowards Twe ontinucin
liwit", awd several methods
aaree‘m%.
(IS St 3T, 4w T will happen
-15 /I;f" >3T, al methods Should

come to a.arce on +his . E"+a
‘barrm 6N MNQOCQSQQV\ O‘ﬂbﬁ""“mu
brea rouala, uuli\:e\s'ﬂ\d‘ kettice

calculations will locafe it with
- (ou ;4“ Cce.
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Tn the race bet ween lattice
Ca.‘cudahoo\s and e!pcrimen"u/
Searches o bcite tue
critical pomt, the latdice

+e‘\\4 [} runn‘cus 5“1‘.'\8(5
but not Yet +kre¢+eu‘m3 4o

end The Cface.
So, lets turn o e@&ﬁh@u‘l’u'

searches ....



How CAN EyPER IMBUTS LocATE
+HE CRITICAL poInT?
() Need evidence that at lomge < , i€
Swell M Collisions ea,ui (s brate wel

above +he cressover, Va@ Rt

(@) Decceme (<, Movilg freezecut
powt to braac ad lorger Ms.

@ Look fer sisna"'uresz

o) Of +he critical point eolf, Those
Te‘ﬁius on ‘the (oﬁg mue(eua% ﬁw‘;on
$luct uations oceurt¥y ouly neaf ®.
Rse avd Than Sl as plg mcreases.

b) Onset of siqnatures of ton-€guilibri
. " Sinal shate erpected alter

cooling twough a Qust order transifid
Mishashn) Dutos fra Boocl Stocler  Rawdrap;

Lok Majumer Rovdlriap -
- NON GoussSian $luctuations

N\
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SIGNATURES OF THE CRITUAL PotdT

T. Huose Collisions that Poss near fue
critical point as twey cool, Sud long
wavelengte oscillations of o mode ot

\s & (lnear couhiudion o G ( moans
Fujii Clelo:

)

Sluctuations couPGe-‘-o 11'1\'3 awd Wn Son Sl
"umber, The more €45 ectively

Camilib Aruw is maintaivned | +he

louger tue correlation lngth § gets,

+Hue blgger the signatures:

¢ baussian evert ‘bﬁ -event Lluctruations

a? spceiﬂc. observab les ) Calculgble
n msauiwc m berms of §. qkz‘sz::.k

* Vary 1 by Varying [, search Lor
enhancemert of tnese Lhechations
n & window in J's" ie A

* Evamp bs_"" Bt Nest :




How LARLE CAN § €eT ?

How CloSE TO ® Nesd WE BE?

+ Obviously § lwited by Tuite sice of
Sushem. But, turng ot Tlat Sinte

Hwe 13 a wmore sewre \i e freeti ON,
Bardvikov KR Aala wer Mo ka.

o Finite time w w  ctifteal region
Meaus tuat even i equilibriwn verhet

of ¥ is much \a,rsgr, actual € won ¢
Qrov bigger than 2-3 $m.

o Means no heod to Wit @ precisely.

& TRt LS e
.. =P

Stqnatures will be just as blq i¥
Yo pass auy wwer i . No bigger,
even 1§ you Ut o,
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o Hathe +Thkeda calce leted
"Os" h e model, but
did so with cortows o ¥g
twcttrer tun T, = Figs.

The robust poiwt is that flee
extot of tvase 5 i g

1S uet Small. Width W pig is
~100 MV, au eghimafe tuat
\s befh crude aud wmcertuin,
Con s be cbiwined ou lutfice 77
o UR also: stuce '€ cauust be > 2-3 i
\eawa ten collision expeﬂu«»ds can ‘
Aever be used fo meagure the
critical .gmegd-; o tue Z“d order
critical poirt. Thatls OK: we know
LT Ising . whaet we dou't lcwow, aud
need @xperimats Sor, 1 whes \+
o locred.




MODEL ANALYKIS OF
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SIENATURES OF CRITICAL POINT
Decreasing Vs = Increasing Me

Js 200 eV 126N GV
pirenesst . 2o Uy scomel spfel

Vary J5, ad hene ptg , and ook

Sor  nonmonotoric enhancement
(cise and then ‘Pu(b of £aussian
C\len*-by-cvm{' $luchuations of':
) Mean Py of low B plons
i) Pproton numb er

i) Particle catios ‘mvdvin%
Plons aud /of protens,
And ) also ) 3\3“4\' wres due o 'SOCu“iua

of +rajectories :
V) elevation o} T.g..“‘w

V) steepening of B spectrum




MEAN Pr OF Low R PIOLS
Stephanoy KR Shuryak

Advo.v\'\'a-se: directly contrelled by
\°“3 wave length £ luctua Hons
of 4he chiral Order Pacam eter.

'D\sadvau‘lae: will "H\ty survive
4twe late +t\wme hadron gas ??

Resu lt: NAHG has done &
Vér& nice d.na.‘yS'cs OQ Pb P
collisions ak Jg= 63,716,883, 13,1723

and sees no Vs dependence —>Fy

So.....
- +ry lighter lons , S0 Terceraodt

maher , shorter Hwe tn hadron
gas puese . —® NAS|
- try other thservables tust afe
narder Yo wash out ...



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, <750 MeV/c p, <500 MeV/c p, < 250 MeV/c
gV g g o
& i | 3
¢ s ¢ s ¢ 4
: s 5 : d 3
R S P” . . '
F et I
o i s o B b s ) B ey
P, < 750 MeVic P, < 500 MeVic p, < 250 MeVic
R P DUIPE IPITE NoPul b et G S R S (PUPURE, PPN DOUPRIN IVl o v Brve e o S Y Y NI TS AW
6 8 10 12 14 16 18 20 6 8 10 12 14 16 18 20 6 8 10 12 14 16 18 20
o [GOV] \Fe [GOV] \om [GOV]

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

NAYQ dat; shde Seom K.Grebiesabow fult. af CPD 2207



