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o Models ; lattice QD cal culations at u =9 with
verging g uart mossefs Suaaes{‘:

3/' . laview N

! e Universality clags of

te QCD critical point w known. (LW é)

e Experiments, aud lattice calculations with
T#0, M 3D, needed to locate it.
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LOCATING THE CRITILA PolwrT..

. @ither via lat¥ice Ca/cu/a'ﬁ'ong \

or via detection of its S/qnétures

in heavy ion collision experiments,

would add o point and a line
to +he known OLD phase diagram.
e A gualitative leap n our
Mndevshnding of QCD n the
nterior of 1ts phese diagram,
Culrerty terfa ‘m(oan'c'h..
¢ An opporf‘uhil-y for RHC o write

another new chapter in any
Juture book on & (D.



LATTICE QD WITH T#0, M0, j /T WoT LARGE

® Ja30 > compler Euc lidean action

-> Sign problem
2 difbiculdy of standard monte carlo ~ expV

o Several lattice methode now n uUSE
reba on smllnoss o? /“Q/T :/43/37.

‘o contol Hee Sign problem
- reweighting (Fodor + Kat#)
— continug Stom imaginary M
(de Torcoard & Pilipsey , D'E/ia ¥ Lowherde)
- Taulor expansion of P radiud of conv ergence
(R8¢ Beleleld ; Govai ¥ Gupte)
Uncertainties stil dominated by sysfematics;
(different ‘ys&ma(-ks Lor difCerent methods,
but in dll coses ne ludes coarseness of
lattice spazcmg)
Steady progress;*crawling fow ands fhe
continuwm lime? "
o Several @ o4ps Lxp lotin Cal cu lationg at
Lixed N, inshed ot Jl. (deFoccrand
Keatochvilay Li 'Alcuudm $lin; .- )



LATTICE RESULTS

o Vie feweighting (Fodor ¢Kate)

Mo = 360 2 H0(stet) MeV
o VIO co.lcula.'ﬁna de /4}4 (Jefommd-fm"'}’"")

A
- >3 & U, >500 MeV
o Vig Fadius of Convergence of T‘y'ﬂ' éxpansion

Mo = 17 #.1 (stet) (bavai ¥ G-up'kb
1¢(/A=O)
—» 250 <, <Yoo HeV |

( wrth avery naive' eshimate ‘)

/“’/Tg (,u:o) D L5 (RB¢- B:elrfdl)

o STILL SYSTEMATICS DoMINATED
Nevertheless,

ONE CLEAR LES soN

L attice calculations provide strong
\ndicat lons, Via all a\aorrrms employed

+o dde,-&kd: |I




Tn ke race between lattice
cal culations and evperimentel
searches 1o beate the
ceitidal point, the latdice
"'eaw 1S runn'ms s+ron8(5
bt  not 5e'l' "‘krea"'eu'cua +
erd tne race.

Co, lebs Hurn To emperimentd
searches ...




HOW ExPERIMENTS CAN LOCATE e

® A+ larqe V5, ie small u, Collisions
equilibrate well above +we crossover..

@ Decrease Js in steps, moving feeereout
‘o larger and largec u.

@ Look for Signatures:

o) OF +the “Lg._g_!.p_y_" Qgg_-_e_q,uilibr}um Linal
state @xpected afher cooling threugh a
Sirst order Hrangition . (Mishusting Duwitri
Daech Stocker; Randirup, Kock Hojunacr'?oudrup ,)

- Prbhn -pra!-pn avﬁu.\ar coﬂ'ck“‘“ ( Ad’)l!).

[Slow Huens lumps \nto clustering Ia 4&5&]
Mocsy % Serersen

— enhanced evea’«-By- event Vs Lluctuations 7
b) Of +he critical point Hself Te.

signatures of the long wavelensth
Sluctuations oceurring only neéar eo.

Rise_and then fall as u b, V2.
T shall describe sevaral such analogues

o8 critical opalescence.



SEARLHING FoR THE CRITICAL

PolvT

Temperature (MeV)
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0 250 500 750 1000
Baryon Chemical Potential i3 (MeV)

Decrensing 6 : decresses T awd incresses M
at Which collision equilibrates, " landing
on e phase diagram .
= 1nCreases M a+ which +he
-l-raJ ectoty -Qo\\owd by +ne ceol! nq plaswa

(roSses the 4rangiHon ot Clossovel,

ToR: locaton of o \n -9\3. \'s Mmly.
‘Nuetrative — we dow't Lnow where @ 19 I_,
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PIC TRAJECTORIES

|S EPTRO

oy TMev] 4 J
180+ ® = = ; = 300 - 1
i ' a ng/T=0.24 e u/T=163m
| B = = B ‘ Lp/T=2.47
1.60 A @ =
B N | s = 250
A =
1.40 )
C = & = N .
1og ) ® ™ " = 200 - & 0 SNg=30 =& |
55 T > LRHIC o 2" 300
|| L A 1 -
1oo | & & - = 150 4 freeze-out
[ T - | 4 2GS
0.80 E = ® " ' C O (FAIR) T Hp[Mev]
0.00 0.20 0.40 0.60 0.80 /TTOO 0 100 200 300 400 500 600 700 800 900
o
oq

FIG. 3: Lines of constant entropy per quark number versus g, /77 (left) and in physical units using 74 — 175 MeV to set the
scales (right). In the left hand fignre we show results obtained nsing a A" (full symbols) and 67 (open svmbols) order Taylor
expansion of the pressure. respectively. Data points correspond to S/Np = 300. 150, 90, 60, 15, 30 (from left to right). The
vertical lines indicate the corresponding ideal gas results, o, /T = 0.08, 0.16. 0.27. 0.41, 0.54 and 0.82 in decreasing order of
values for S/Ny;. For a detailed description of the right hand figure see the discussion given in the text.

B)ir Carsdh Laermann Schwidt

o Spe of wertoplc Hajectories m Q6P phase aud
\n crossover region s known Coom lat+i® calwlabions

o isentopic trajectories 2lqRag as they C(fOSS Lirst
order line
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Wow LOow TO 60 7

Down Fo et [ should we look 7

o Up to what M can we loole ?

This quesHon should be answered
experimentally .

Need an effed “that 1S
o well-measured at {g=200 GeV
’ CXPec‘\'«l only \n ollisions that
do begin above the cressever

+eansHon
o expectd at lower JS, 4s lona as

collisions do bea‘m above crossover,

M.e. ek gMenching won'? do
since that can Hurn S due o

abeence of je'S |
Here ate +wo sussesh’onc....



QQ"SCALMJ& OF Ve
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min. bias events @VJgs 1.5 bV with erors shewn



PARITY VIOLATING  Frug TUATIONS
Need SM min bles events per Vs

Yo measure. ($TAR R.U.R)
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% Most central
* Data =p cherge separation |
= an electric Sield (L +o reacHon,
plane , parallel or autiparallel 4o L4 B)
e No hadtownic explanation ©
o Uhar teev's ekp\ahah’on tequires

deconfine m ent




So....
® Decreﬂse \ré— N $+¢P$

() Measure the V5 at which
= nq, SCa,l'ms o‘? \a
- parity violating $luctuations
( tharye Separaﬁon)

+urn o‘“‘,
@ Vou can only look Lot

S\sm-l-ufes o'? e doww +o, or
'Perhaps $|5H-ly below, “hat \\?



SIEVATURES OF THE (CRITIGAL PoIAT

Tn dhose collisions thet pass naar +ee

critiaal point as they tool, find long
wa.ve,\eu\sl-k occillations of a wmode ot S a
linear combination of @ (e Sluctuations

Couple o TT and PP) and barpn number.
Fuyii Outeniy Son Srephanoy

The lovsa.e\- Hae orrelation \evg‘\“ 3 3&5:
+he bigqer tne sigratures. |
Qisna‘m\‘es afe event -by- e.vew" Q'““‘""‘{“’"
o% gpcc‘\@‘c. obgervables , caleulable \1
Me sv«'l-\'u‘e n Herms o § . S ‘P\““"g‘:&'w“
oNory s by varying Js
o Search for e,nka.v\cewteu"' of these

S luetuations n & window in ﬂ',c‘e/A
® A“a_\asue Q'Q C\'.l +\ Cal OPQ‘QSCCMG

% Loaa wa\ Q_\cna'\'k -Q\uc:\-ud’ﬂous =» @QG‘&"’S
acekest o low Py .

Evawples ... .. Rut, Liest :



How LARGE cAN § 667 7
How CLoSE TO ® Need WE BE7?

OObWOuS\u s ‘ilm“'d k'f SMH Sige O‘?
“35"‘!* Bk, +urng out Hat Sinte

"NWQ 15 aa wmofe sewwré \.w-luhon |
Bardvikov KB Aakawe orata

o Fintte Hive Spet m crifical region
Meaks Hhgt even l-? ea,m‘lbfl“m wkd.

of ¥ is much larger, aclual § wen®
drov bigger than 2-3 $m.

¢ Means no need to Wit @ precisely.
f%h‘"b% fu} g‘ A..."z'“"

"“W"

Stqnatures will be just ag b
Yo, pass auywwe wnm O. z b’ﬂﬂ"l
even }s W hl+ ®



¢ Hatte +Tkddo calte lafed
“€O %" ik o wodel, but

did so with contows o Xg
tctrer Han . = Figs.
The fobust pondt is That fhe
extout of trase 5 i pg
1S uek Small. Width w pig s
~ 100 MoV, aun eghimate tuat
\s beth crude aud wucerten,
Cou Hus be cbtaived ou lutfice 77

o VR alse: stuce € cauunst be >2’3‘fm)
heavy ton collition evpefimeris can

Aever be used o meagure the
crifcal exponevts o Hue 2vd oreler
eritical poirt. Thetls ol: we know
¢ i Ig,u.s, whet we dou 't lenow, aud
need @uperiwents VY where. i+
& locared.
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SIENATURES OF CRITICAL PoINT
o Decrea.s‘ms J-s' = Incf'easms /o(
. V”'& Js X ovd keuce/u) ard look

Jor L‘W\’M"m QN\f\mcemed’

(rise and then Lall) oF &

;') Even‘}-by- o.veld' ‘Sluc-l-ud'lons o‘?
mean Pr o) low Pr pions

1) Event- by - evert Jlustuations ot

wnd/of PproTons
V) Kurtosis oF the N ©F (%-“53

event-by- event

Jigtei buton




MEAN B OF Low % PlONS
Stepharov KR Skaraa.k(l‘MQ)

First exawple of & quarditative connection
between long wa.vdens'\'k Lluctuections of

Hee chiral order param eher with
cortrel action leud-ﬂn € and Maﬁn?-hde of

event- by - event L luctuations of an
exper mental observable.

D1eADVANTAGES:

o ESfect predictd 1
o Will ‘Sluc-l-ua.“’loﬂs wm Pr
labe Hwme hadronic 3%S °
qet washed out betwe
and |¢'m¢-(tc -Qfeeeeow"?

RESULT:
NAYQ has dore &
and cees no VS dependence ...
CERES hes done @ begutife! axalysis
and cees no VS dependence ...

not large Sor §=3Fw
curvive the

beautiful andysis
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EVENT- BY - BUELT ELULTUATIONS ©F MEAV Pr
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MEAN R FLULTUATIONS, vs. M
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POSSIBLE CONCLUS ONS

° u,> {70 e\ 7
o Pr Sluctuations washel out.

Predicted efhect was not lerg e, and
was suscepr’-ib/e o 'bgzy.j eradedl
alter chemical Sreepeout.

Look Yo event-by- evert

8 lue Hu ations oS other obServables
W ‘e predicted ofect
H-icd.l



 BAR)ON, AMD PRETON, NUHBER

ELUWCTUATIONS
Ravte Thad !, Huta Shephauoy

= Seen on the lattice — Fig

- should be loked for M
Cxperi mentdl data
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(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.

ResucT:
® Larse K/ $luetuations at

/‘B‘“ Yoo - 450 MV
B 4 i 0?7
e Why o /1t ¥ luchuations 5 -




EVENT- BY-CUEBMNT FLULTUATIONS OF
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IPFIG. 8 Energv dependence ol the event-by-event non-
statistical fluctuations of the A'/7 ratio (top panel) and the
(p -+ p)/7 ratio (bottom panel). Filled symbols show data,
open svinbols show caleulations with the UrQMD transport
code, using NA49 acceptance tables, Systematic uncertainties

are shown as brackets. ”A W' zw g



® Larae even*-By-even{' Lluctuations
i K/ rakio at m o~ 350-450 MeV
o Tntriquing , but pudeling
- error bars still substanHal
- °\'\+¢rpr¢'\-a+i°ﬂ 'S cpnpli¢o.+cd ﬁy

change 'n # of acceprad Kaens
Ko ch Schusher

(< piows) as s changes. weslal

- \»)ky No en\m.numen-l- in
p/T -?!uc-!-ua:"lons?
- K/n ‘Nuc'\'ua‘\'ions a.pparcn"'ly

not driven by flow Pr PlONns

$TAR ha$ \ASQA +Wis a&SCPVD.ue &S

case study 4o see how they Can
Hus measurement with
C.

G

improve on
o beam eneray Scan ot RH

A collider has adva.n-(-ase.s...



<

ooy Hadron Mass
% ° 15; é% g 35

200 GeV

p_ (GeVic)
p. (Gevic)
T

| | ISR BT [

0.5 Bl 05 e
Rapidity 5 t 0.5 ] i)
ar Rapidity
E AutAu 624 GeV T 4 4
: . Au+Au 62.4 GeV K AutAu 62.4 GeV P
. S 5

EREr==a==)

1 15

e et
Rapidity

RSt M L g L

2
T

p. (GeV/ic)

T

o
T[T

Beam _Ener’gy

] 2
& ok 15
g £ 15F
| 1= E !
: £
i o5F 05
§ £ e 1 | 1 I
£ 45 5 e 8% i 05 [ 05 T 5
% is B 05 g 05 1 5 Rapidity
| | N Rapidily
| Eor AurAu 9.2 GeV !
% i 355 STAR Preliminary 4 — Ep Aurhy 9.2 GeV
Z 4 s ) ) F K AutAu 9.2 GeV STAR Preliminary
B N asf STAR Preliminary
gﬁ"”"‘ Sy | 3 R : 9 2
| NCEE S E . ( i cV
| ST T oosf
1 ) C L 25F
| NG >
% F — F 8 20
| Y o ahisE =
| | ¥ E ahisE
1 I | = B
¥ F £
4 F
% E
% f 05E
% # F
| ' | E P PP S
| 4 - ) «) K 08 0 (X3
% i L] E E 1 75 rapidity

\ Uniform acceptance for different particle species and for different beam

energies in the same experimental setup (advantage over fixed traget exptj6

Mohasty, G4 0F




I
i

e

NA49 : arXiv : 080K8.1237
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' Non-Uniform acceptance for different particle species
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imental sctup |\
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Fig. 3-7: Estimate of the error in o4y, for charge-
integrated K/rn fluctuations, based on 100K central

events analyzed in the STAR detector (with the newly
completed ToF). Shown for comparison are the
current measurements from NA49 and STAR.
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KWRTOS (S OF CUENT-BY-EVENT
DIStR)gutloN ofF (NET) PRorow MUMBER

Stephanov ; o dir ect ConseéqMmence of
discussions at Aua 260% INT workshep

Ceihical Sluctuations couple,-k nw , PP
-» eVeﬂ-by- e.wn-(- ‘?lw.“'ua.ﬁons 1A thelt
M “F‘\ P“CQI'H ¢$) MM("'\P“‘H” M’s) pf) |
y
doak are < §

Higher voments of the
Jistr butlons  receive o focts that

are mole sensitive to 48

evert-by-eveut

S kewness X ‘Sq"g

Kurtesis % ’51 !!‘I
The ngad'ovs work out pa.r{'lcu‘ar(y
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DEF IN [ TIONS
N = 4 of protons (or T;or p-3) in 1 event

Nz <N) = mean
N = N-N in one event

C (BN = varianc€
(= K ) 2 sy <3SN
'pf" "V < (sW))

Kurtosis ~ ‘;'-;‘ Variauie ~ N
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Wy “(g of %q/x, T+ s caleulated
Lor N= baryon nuber ,¢ N= c‘\arse;l

Goussian: K=D
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PROTON NUMBER KuURTOSIS
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WHAT VEED BE MEASURED AT EAcH (&
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C AN WE DISCONVER THE QD CRITICAL
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Collision Energies (GeV) 5 7.7 11,5 17.3 27 39
Section Observables Millions of Events Needed 5‘
Al vz (up to ~1.5 GeV/c) 0.3 0.2 0.1 0.1 0.1 0.1
Al vy 0.5 0.5 0.5 0.5 0.5 0.5
A2 Azimuthally sensitive HBT 4 4 3.5 3.5 3 3
A3 PID fluctuations (K/mx) 1 1 1 al i 1
A3 net-proton kurtosis 5 5 5 5 5 5
A3 differential corr & fluct vs. centrality 4 5 5 5 5 5
A3 integrated py fluct (T fluct)
B1 ng scaling w/K/p/A (mm—mg)/n<2GeV 6 5 5 4.5 4.5
B1 $/Q up to pr/ng,=2 GeV/c 56 25 18 13 12
B2 Rep up to py ~4.5 GeV/c (at 17.3)

5.5 (at 27) & 6 GeV/c (at 39) 15 = 33 24
B3 untriggered ridge correlations 27 13
B4 parity violation 5 5
See[1]: charge-photon fluctuations {(DCC) 1 1 1 1 1 i

kink/step/horn 0.1 0.1 0.1 0.1 0.1 0.1

v> fluctuations 0.5 0.5 0.5 0.5 0.5 0.5

HBT (R, Ro/Rs) 0.8 0.8 0.5 0.5 0.5 0.5

Jet/ridge 2<trig<4, l<assoc<trig 30 8.8 4.5

Jet/ridge 3<trig<6, 1.5<assoc<trig 53 24

Baryon-Strangeness cor (hypernuc) 50

Forward = yield (rapidity scaling)

Forw. y(x°) yield (rapidity scaling)

Long-range forward-backward corr.

Other PID fluctuations (esp. K/p)

Particle ratios (many examples)

prspectra

Prod. of light nuclei & antinuclei

Yields of species & stat model fits

Table 3-2: Observables and statistics needed for the first BES run. The observables in the yellow-shaded area
relate to the search for a phase transition or critical point (see section A), while observables in the blue-shaded area
search for turn-off of new phenomena already established at higher RHIC energies (see section B). The numbers
listed in boldface above are all within reach (nominally require no more than 1.5 times the praposed statistics) in the
first BES run plan as set out in Table 3-1. The remaining numbers (not boldface) will need to wait for higher



MULTIPLICITY FLULTUATIOAS
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Order of Phase Transition for ug ~ 0

Physical quark masses
Continuum limit X(Ng, Nt )= 82/(0771ud)(T/‘ )-log Z

Simulations along Lines of Constant Physics
mK/mn = 3.6809; fK/mn =1.185 Y. Aoki et al., Nature443:675-678,2006

Staggered fermionic action

_1111111111111111- _IIIIIITIII]I]T]‘I.‘ lstorder:
100 - A 4%x123 7] 200 '__ & & 6x183 __' .
E § o 4x16’ - I B e Peak height ~V
- - - (=) X -] .
80 | ’g g O 4%24 5 56 I § ¥ o] Peak width ~ 1/V
N§< oo F . = i E . E “g Cross over :
i % 8 100 | L . b Peak hglght ~ const.
a0 | 8 ‘e - L 3* s ] Peak width ~ const.
* B E “... 1 2ndorder:
20 _l L1 1 1 l L1 1 I | I l_ 50 C I - I L1 1 1 I Ll 1 1 I.E P k h . ht Va
32 33 34 35 34 35 36 3.7 cak height ~
6/9? 6/9?
T grows with 6/g2, g : gauge coupling
No significant volume dependence (8 times difference in volumes)
Phase transition at high T and u; = 0 1s a cross over
& Mg Relevant to LHC and
Lattice results on electroweak transition in standard model current RHIC regimes
is an analytic cross-over for large Higgs mass 7

K. Kajantie et al., PRL 77, 2887-2890,2006




Radius of Convergence

Method to determine the CEP: . .
* find largest temperature were all expansion | T/ Te(0)
coefficients are positive = TCEP

e determine the radius of convergence at that  Gavai, Gupta Fodor, Katz
temperature - ,,CEP U9 INt=4 Nt=6 Nt=4

all expansion
coefficients
positive:
singularity
on the real /{
/.
axis!

|
= .
10

CEP
T8

The Resonance gas limit:
—> first non-trivial estimate of T<"F from cg D LB

— = G(T) + F(T) cosh <?

second non-trivial estimate of T<** from ¢ T4

— Pn =V (n+2)(n+1)
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