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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
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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.
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BLLIPTIC Flow
Tndicates extent of e.rla _e_%uilibmhbn:
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Hiroshi Masui (2008)
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Elliptic Flow of ¢old Jermionic

atoms, at unitery

Point
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Motion Is Hydrodynamlc

When does thermalization occur?

Strong evidence that final state bulk behavior
reflects the initial state geometry

Because the initial azimuthal asymmetr;_;-_'.
persists in the final state |
dn/dp~1 + 2 cos (2 ¢) + ...
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« Tdeal hsdfedg namics ASSUMES
local equilibrium; 2eco Mmean free
peth; 2ero dissipation

¢ Hydro never agreed with \Va data
" Sore RIC. (AY SPS, VERAL L VVE)

o A+ RWC, hydte does good job of
A“Cf.lb‘ﬂa Ve, SPGC"'('Q ";0( P‘l' <12 Ge\l/

Q“kadm worlcs" by 0.6-1 Fm
aSter collision Kolb Heint
o Challenge to theoty how
ocLur SO q,ulckly?
¢ hlso, = gmall shear VI
15- 4 002 Tea-v~¢~3

o Challenge . precise extraction ot /s,

i bounding ik from below, fequlires
hydto calculations & 720 ; ¥ precise
¢ onsttatnts on imidial  conditions, Murerds;
Wems Song; Romatsch ke Dusling Tamey; ...

con Oquili b ration
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SEARLHING FoR THE CRITICAL

PolvT

Temperature (MeV)

Hadronic Gas

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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o
PIC TRAJECTORIES

|S EPTRO
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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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T ® K ¥ O
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[
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0 _m___':_-:;—‘. ----------------------- —
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) sTAaR B.UR
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o\2 Sawme for mesons of Vaﬂa‘mj mass , Sawme 'cor b!rgﬂs OG
verying mass = \y deyeleped before hadmons ormed
o Meggurement Can be done Lor M/klIP/A with SH
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)

-3
x10
Py :liITT[!"Y¥'|'[3l'l‘l{]"llI]T'l!l!Tl!'l’l
“a 0.4 « STAR AuAu 200 GeV| _
(04 B v HIJING
9" - - HIJING + v,
N |
| - 0 2 - e URQMD _
?M ’ = MEVSIM
- _
% [ w* ........ feeee o » —
O B Y
S o2k
s STAR Preliminary
0.4f -
i — same charge
L — opp charge
0'6’* ol I A | iliT

7060 50 40 30 20 10
% 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




Charge asymmetry w.r.t. reaction plane
as a signature of strong P violation

excess of positive
— |charge

Reaction

excess of negative
charge

X (defines ¥y)

Electric dipole moment of QCD matter!
DK, Phys.Lett.B633(2006)260 [hep-ph/0406125] (Submitted on 10 June 2004)




Is there a way to observe topological charge
fluctuations in experiment?

o Initial spatial anisotropy
Relativistic 1ons create sy

Z

Reaction
plane

(‘Fr)

a strong magnetic field: - N‘i

Final momentum anisotropy

t Py
|

X (defines ¥g) @ > Py

20




The Chiral Magnetic Effect

H
* Let all fermions
be right-handed,
‘ Q=Nr-NL>0
‘ this means the spin

¢

* ‘ is parallel to momentum.

Magnetic field pins down
the directions of spins
and thus induces
an electric current

28




Charge asymmetry w.r.t. reaction plane:
how to detect 1t?

(cos(¢a + 0 — 2¥Rp)) =
= (cos Ad, cos Adg) — (sin A, sin Agg)
= [<'U1,a'l’1,_ﬁ> -+ Bin] — [<(l.a(l‘}3> + BOUt].

Reaction
plane

(‘Fr)

S.Voloshin, hep-ph/0406311

A sensitive
(but P-even) measure
of the asymmetry:

X (defines W)

kg™ — <Z sin(pf — Ug) sin(¢’" — WR))
1)

34

Expect a at =a"a” >0; ata” <0




0.4 ~+ STAR AuAu 200 GeV| __
: v HIJING
A HIJING + v,
® uRQMD

= MEVSIM

8 z? -

b - _
0.2f4- -
-0.4 -

= — same charge |

= = — opp charge i

--IILL[IIIIIIIIIIIIIIIIIIIIIIIIII

70 60 50 40 30 20 10
% Most central

S. Voloshin et al [STAR Coll.]; Quark Matter *09 ”




Mass number and energy dependences

%107 %107
= BEERE T T i L I B BN | T T i I I
& 1_ STAR, 200 GeV _ o __ STAR Preliminary, 62 GeV :
9_‘ » —&— same charge, AuAu - B“m 1 L —&— same charge, AuAu .
N B —i— opp charge, AuAu 7] N = —=m— opp charge, AuAu -
''n i —e— same charge, CuCu ] . i —&— same charge, CuCu ]
-.le_- 05 —&— opp charge, CuCu - -Ie-- 0.5 —H5— opp charge, CuCu _
€ [ e 1 [s :
m i = :‘}7—\. o i | m lllllllll . m | .
0o T ——— a R——— e S R n 2 O -
s U s = TH 8 o
- BT 41 -
B ) RN .‘OF o - B
LT i 1 S 4 n
0.5 ¢ 7] 0.5
ol 7 -1
I I L1 I 1 I I I L1 1 11 1 11 L1 1.1 L1 1.1 L1 1.1 I L1 11
70 60 50 40 30 20 10 0 70 60 50 40 30 20 10 0
% Most Central % Most Central

Expectations for the energy dependence:
Talk by E. Finch; slow growth towards low energies
RHIC/AGS: J. Thomas  reflecting longer-lived magnetic field,

then gradual disappearance (ng)9 QGP):

there has to be a maximum somewhere




Perfect liquid contains fluctuating topological charge

Chern-Simons number

. ) ( 2 ’\')2 D.Son,
diffusion rate I = IJym-Y T4 A Starinets
at strong coupling 25673 hep-th/

020505
TAnti.de Sitter — Radma NB: This
Spacetime . .
’ Black hole calculation 1s
Ay )L Boﬁgjary Completely

analogous to the
calculation of
shear viscosity
that led to the
“perfect liquid”

4-Dimensional

Flat Spacetime
(hologram) 14




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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POSSIBLE CONCLUS ONS
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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)
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PARTICLE RATIOS
NA 49
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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

[Tn lattice QD litecakure, K'w s called
Wy “(g of %q/x, T+ s caleulated
Lor N= baryon nuber ,¢ N= c‘\arse;l

Goussian: K=D



EFEFECT OF CRITICAL FLucTUATIONS
-+ . MMOV

o
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X (((SNB‘Q '23( 50 )(lo 15w

N ,'sn,i Obscure but universal constasts
+uat depend on 6. Known for Ising @,

q: TPP coupling, @~ Me /gy ~ 10

So, how big is The bac ksround? Theory
Suagests {A)N but betrer to determine
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Critical mode and equilibrium fluctuations

o _ =
o) oo — () =0
> [ N (%) ~ ()71 think e~ m
o
) (Q”)_l — 00 - 5
H=HE T/ large equilibrium  fluctuations " ‘2\.1\
p

n < Uug -—

® Magnitude of fluctuation and correlation length:

e lelle x (00) = [ d*z(o(x)o(0)) ~ €

for |x| <€ critical singularity is a collective
phenomenon

® o or np or T°°? Because they mix, only one linear combination is critical.

Non-Gaussian fluctuations and OCD critical point = p. 5/16



Relation betweeno fluctuations and observables

Consider example: fluctuations of multiplicity of pions (or protons).

® Free gas: ny — fluctuating occupation number of momentum mode p.
Ensemble (event) average (n,) = f, and

np = fptonp;  (Onponi) = fplpr;  [p = (7T T 1) L= fu(1E fy).

Think of m? = mj + 2Gsas “fluctuating mass”. Then

o, Of o Jfo G
ongp = on, + 8mp2 2Go = dn, + ﬁ id
® Using (6nygo) = 0and (o°) = (T/V)E2.
, 1 f/ f/
<5np5nk> — fp5pk —|— VT wz; CU’;; G2§2'

More formal derivation: PRD65:096008,2002

Non-Gaussian fluctuations and OCD critical point = p. 7/16



4-point function

® The 2-particle correlator measures 4-point function at ¢ = 0 (for p # k).
Singularity appears at ¢ = 0 due to vanishing o screening mass m, — 0.
(i.,e., £ =1/ms — 00).

p p S8 1 fp(U A4 fp) fe(L 4 fi) G?
(dnpdng)e = T 5 -
1 Wp Wk mg
m2
Mo Check: (dnpdng) = (npng) — (np)(ng) > 0 — as in attraction,
K Attraction lowers the energy of a pair (making it more likely)

by ( Hinteraction) ~ forward scattering amplitude.

® Consider baryon number susceptibility, which should diverge: x5 ~ £* "

xB ~ (6B6B)s = ((6N, — 6Ny + 6N, — N7V = (ONpONp)o + . ..

: 1
Eachtermonrh.s. is ~ —, =  (dBéB) ~ 1/m2 = &°.
me

» ® |tis enough to measure protons (¢ N,0N,) (Hatta, MS, PRL91:102003,2003)

Non-Gaussian fluctuations and OCD critical point = p. 8/16



Higher moments (cumulants) of fluctuations

® Consider probability distribution for the order-parameter field:
Plo] ~ exp{-Q|o]/T7},

() — effective potential:

2
= /dgaz [%(Va)z - %02 + %03 + A

Ay
4

o +...]. = &=my,

» Moments of zero-momentum mode og = fd%a x)/V.

® Tree graphs. Each zero-momentum propagator gives m, 2, i.e., &2.

TP

Non-Gaussian fluctuations and OCD critical point — p. 10/16



Moments of observables

® Use multiplicity for an example. Since multiplicity is just the sum of all
occupation numbers, and thus

SN =) bnyp,
p

the cubic moment (skewness) of the pion multiplicity distribution is given by

<(5N)3> = S:pl S:pz S:pg (0np, 0np,0np;) where >, = V [d®p/(2m)>.

® S 5 sy — 20 G\ vy v, v,
P17iTP2 P39y 2 m2 Wp, Wpy Wpsy
U12) b ﬁp(l :|: 'r_lp)
Similarly for ((§N)*)..

® Since ((§N)?) scales as V' it is convenient to normalize it by the mean
total multiplicity N which scales similarly. Thus we define

(GN)*)

w3(N) = ~

Non-Gaussian fluctuations and OCD critical point = p. 11/16



Moments of observables contd.

o2 ([2) ([)"

... and find

® Similarly, for

from

£ % af S (L) ([

Non-Gaussian fluctuations and OCD critical point — p. 12/16



Scaling, A,

® Scaling requires that both A3 and A4 vanish with a power of £ given by:

~

As = AT (T) Y2, and Ay=X-(T€) 7, (n< 1)

(because [(Vo)?’] =3 = [0]=1/2 and = [A\,] =3 —n/2)

Dimensionless couplings As and A4 are universal, and for the Ising univer-
sality class they have been measured on the lattice.

® )3 isS nonzero:

1st order

contours of
equal &

freeze-out points

VS /s

N HB
N

Non-Gaussian fluctuations and OCD critical point — p. 13/16



Estimates

Pions (top SPS):
CU3(N7r)0 N ~ (4_) (300 I\/leV> (3fm>

4 12 3 4 7
wa(Nrx)o = <(5]\Gr) )e ~ 12. (2)\3 )\4) ( G ) (i>
Nx 50. 300 MeV 3 fm

= 5 () () i)

Notes:
® Strong dependence on &, compared to ws ~ £2.

$ Significant uncertainty due to G, g.

® Crosscheck: same exponents as baryon number cumulants from
scaling/universality:

k
(ONE)*)e = VITF 1 ZT0RhE) ~ HEm/273, (< 1)
B

Non-Gaussian fluctuations and OCD critical point — p. 14/16
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ie at very low m, far Lrom @
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PROTON NUMBER KuURTOSIS

o Predicted e¥$e¢+ o¢ proxim}'(-y'l'c ® is:
- lecge
6‘ stronaly. -4 €pend ent, /s Jgg;éepgj_d_ﬂ
- larger at lower FBr
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SH events STAREU

o Ereof bets ~ S| w'o“'h 7 -
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ond acceptonce corrections /vald Yo \
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Mony Si
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& [when e found.




A BEAM ENEREY SCAN To SEARLH FoR e

2 h S 1
S/A (69| M (He) De rrb'd;yevenfs

/07 days

¥ :Scom Cleymans et al's 2006
ewpi cical £it to compilation o‘;- Ja'(n

t: Scom STAR B.U.R.



WHAT VEED BE MEASURED AT EAcH (&

¢ Enough <particle taticsy o evaluste u.
S Vou. knew whete on phase Ai“amm
You ate Jreeging out.

S na, SCa.l'mj o-? \l, Loc 11/\4/ p//\

pacity Violating £ luctuations

Se you knrow w hether collision 8a'|'
shove the crossover/fraasifion

o Cveyt-by- event S luctuations of k/m and

‘P)‘n’ ra\'\os u:'r\'KS'cjni‘?icM'l'ly gmaller
VAY]Q data

Np, Ne~M5 )
o All can be done with 5M min blas
e vents per 5. staR BUEK



C AN WE DISCONVER THE QD CRITICAL
PoIvT 1IN RUN 16 AT RHIC ?

YES, IF:
Nature 1¢ k'mJ, and ‘Pd“'S /‘.S Y20 Me\
IF YES: .

.-D-\E land marlc discovered . Our map ot
dne QD phase diagram dhen anchored
b\/ CXPQ!"\MQ!\‘|'.

o Assuwming Fea,sw\o.\b(e prosmss n |lactti ce

between

+ative comparisot

iment Fof Me will come.
e Slrst order

-Qu,r'("ﬂﬂf

&y, q,uo.w(-i
+heoty % €xper
s RUIC Cand FAIR) Can shudy
phase transition. R W\C Can

probe the (egion around ©.

TF NO:
o We learn Yhat Uy > {20 MeV/
e O ddta -driven

o We will b able +o mak
dec\sbn about whether to Tun at

V% = 6.2 and 5 \n a future year.



TH40; M30; M/r NOT LA%E

e 4 rea‘me eyplord b‘é t\la.vg, ien
¢o llisions
® o fegime explored by lattice

Caleulations <+hat rei% on
smallness of m/T to keep

Ser mion sigqn problem under
contrel . [y 30 -» complex Buc lideas
action » sign problem that makes
él‘n??i:u.l% of ohand and Moute Carlo
~exp\N .]

e Either method m™eay be used to
locake the CRITICAL PolAT
o Z“& order pont where o liné
of (5t order +4ransitions ends,

if * o locatedd a¥ o u/T
+uet 1S5 not ‘oo large...,




SEVERAL LATTILE ME THoDs
Rewei ak"'i Fodor + Kote
Want phy sics at @E (/4,7;)

Simulate u.s‘\ha an ensemble of
Con?ia«ra&lons at @5 (o, Tb),

and “reweiah-} 1 luwmp dc'«f-'f-'erence
between physics a*@aml

inte observables.

Difficulty ~ exp[lf_'j::_r,::“_‘-—\!—]

F+l' ewnoese T., ‘o mintwmige 3
BUT: still cannot use method
ot Ia.rse Voluwm es ...




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]).

‘ ist order transition%
||llllllllllTTI|I|IIlll

165 __! | L ] I | L L T 1 1 1 l T 1 1T 1 l l_l_
2. :

- 164 — =]
= - -
< - :
< 163 - - —
B C 2z, _endpoint |
E Ty y

o

100 200 300 400
g (MeV)

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.

Fodor , Katg
2004

=360t %0 MeV
Ae =5 statigtical

/:‘:TE s 2.1 .46 ETT0M ““3
[



CONCERNS , ats “SYSTENATIC SSUES”
ﬁ

® Ng¢ = L/ (no continuum h‘mif)
e Vs 12°, and wethod must
breale down {or V=

®
}:-E' = '.‘1.'.’ . This was alse

3 2
4we (oSl " older F+k ¢al e lation

TS 4ls s hot &

@ larger M Splithord

Concidencey it 15 & problem.
T, = Mu/e 15 where phase q,ueuehd

Mo,
QLY had ons & ot plon tcndensa"l'ou_,_’
o _M; held Fived Aurina “”“5“*"*3,
not m,
ALL +uese, @xcept Sor V200, are
IMPROVABLE.



Continue from ‘masimr% .

deForerand +Philips en
D'Elia + Lombardo etal

Swaulde at p= ¢ My ; calelate
T: (/lr)j Tﬁa’br GXQM\J :

3 &
= C0+ Ct/‘I + C‘I/ll' W ss
e valid for Mz ¢ I
- 3
* Good lwek .., ‘q, C‘,... terms  all
small over +uig Fenge .

e SO, 50‘&‘3 Can-‘-i““e:
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Cusvature 0% cressover line on
Phuse diagram




~ CRITICAL PoINT 27

olalculate

3__ Mq' at which +eansition 3».5]
| Scom \ onder fo crossover

o deForcrand + Philipsen $ind:
Mg .. L

o 2p Vo (CRITICAL PoINT
w th Mf Z 50) .



CoNCERANS, aka “SysTEHAT/C /sS VES”

Lets defer their discugsion To
efter Philippe's falk , but here
are +wo:
& N't = Y
® $+¢.33¢.Ne\ ‘?-ermloms with
N§=3 or 2t!| ...
- D.{-s,“ or Det® Det '
- tirst order phase +cansition
&t swmull Mg origt nates
Srom ¢ Poot+ wdeCdS
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@ To.% loe EXdeS’nbh OQ +he g’?SSum,
Bieleted -Sw ansea;, Govai Gupta
Caleulare +we coefficients in:
-:-F'H : b,(‘ﬂ"‘ b,C'f)/Mt"' bqh)/wq* b‘ﬁ%‘-b
ond hteuce n:
Xg2 g;fi 2 (oD + G (M +Cy )"
+ (6(1-)/06*.-..
which slnoulﬁ J‘avcrge, at critical po‘ud,
%eveml u)ans to look '?0\' entical fa'm(':.
o Look Sor pu at which Yg peaks

* Do Tanlor expansion at varying Mg

and evaluate
I "Mq, ol whith crossever at

3/41‘ /420 becom €S ,ﬂ order
['Deget Argcussion of Lthese +o thJ

A



RADIUS OF COMNVERGENCE METHOD
Uge Tact theat Taylor expansion mus ¥

break down at critical poind.
Biel efeld Swansaa , avar bupte

New fesults Srom Gavar + Fupth,
J«M@ 200% < earlier ﬁis worﬁ-skop:

-Ng=b 5 Ve2y®

- Ng=2 , My = 230 MeV
_ 5+°'63“‘A fermions, So
tmay be et a bad 'l'h'm&
+a et N_g.':Z.
- Tambor coefGicients Co (),
Ca ('T), Cy (), C‘CT)_
[ie upto ME term in P]



[, Taylor oeffs altemate in sign.
22 Suwagests radiws of convergence of
e Expansion set bgg s‘mﬂ“ arita
—3) at complex u. > Crofsever

s }Tag\or c0e§ls all same Sigh.
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Gavai and @uP%& ;'mA:
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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)




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




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
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