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Updates in
* phase structure
* EOS

* finite

* 0ther developments
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phase structure




PROSPECTIVE PHASE STRUCTURE AT U = 0

GL effective models + lattice results (Z(3) Potts + exc.field )
('SU@)xSU2)xU(1) @ model ) (2@ Pouss )
Nr=2QCD SU(3\/ YM
ol
Lattice studies with staggered-type quarks (7)
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U(1)a plays a role here:

Explicitly broken by anomaly at all T.

Anomaly suppressed by Debye-

screening of large instantons at [ ~ 00,

=> How about around ¢!
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| st order chiral trans.
with Ising crit. end point

though 2nd order not excluded

Ne= 3:

smaller | st order region

<= anomaly was a source of the M3 term




Studies on the lattice

Computationally less expensive staggered-type quarks have been
leading the lattice studies.

____[SUN)XSUNN)

Staggered Remnant U(I) Broken

Wilson Broken Broken

Domain Wall Exact (forL —> «) Exact (for L => )
Overlap Exact Exact

Lombardo @ Latl?2

Staggered:
It turned out from studies of T>0 QCD around '10,

a good control of taste violation essential to extract physical
predictions from staggered-type quarks. => improvements




0(4) scaling tests

Wilson-type quarks (Nf=2)

Proper renormalization needed to recover the chiral symmetry in the continuum limit.

M ~ (W), = 2myaZ » (w(x)mw(0)) via axial Wil Bochicchio et al(85)

QCD data vs. O(4) scaling function and exponents O(4) scaling fit for Tc
25 71— . 15 . %Q T T . y 1_ |
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lwasaki et al. (QCDPAX) AliKhan et al. (CP-PACS) Bornyakov et al. (QCDSF)
PRL78("97) PRD63('01) PRD82('10)
» |wasaki gauge + Wilson » Iwasaki gauge + Clover » plaquette gauge + Clover
» Nt=4, mm ~ 600-900 MeV » Nt=4, mn ~ 600-1000 MeV » Nt =38,10,12, mn = 420-1300 MeV

No indication of |st order chiral transition.
QCD data well described by the O(4) scaling function with O(4) exponents.

= Consistent with the O(4) scaling, though quarks are heavy.




Unimproved staggered quarks (Nr=2)

% Investigations with unimproved actions:

puzzling

=> Transition looks continuous,

but neither O(2) nor O(4)
Bielefeld ('94): mqa=0.02-0.075 , Nt=4-8

MILC ('94-96) :mqa=0.008-0.075 , Nt=4-12 =>

JLQCD ('98): mqa=0.01-0.075, Nt=4

=> |st order!?

BiElaietal iRRDHZ2(05)
Cossau et al. LatO8: mqa=0.01335-, Nt=4

Staggered:
It turned out from studies of T>0 QCD around ' |0,
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a good control of taste violation essential to extract physical
predictions from staggered-type quarks. => improvements




T T T l

E°= 3.2975(6) |

Improved staggered quarks (NF=2+1) 16F

et . , el SN =00029(3)
Ejin et al. (BNL-Bi) PRD8O(0?) (ne=4); 1| o2 &, 27736
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Wilson-type quarks updates (N=2)

* Brandt (Mainz) Nr=2 clover + plaquette gauge
check of the chiral transition / 0(4) scaling on large lattices: Ny= 16, V = 323-643

update from Lattice 2010: keep LOP (fixed m )
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o ww  wwwoww Scaling not clear yet.

12



Wilson-type quarks updates (NF=2)

* Burger (tmfT) Nr=2 twisted mass + tree-level Symanzik gauge

=12, (10), V=323
Tc and EOS on LCP for four m; = 280-480 MeV

Note: isospin sym. broken by twisting. 0(4) only in the cont. lim.

T ()

= V/T (((¥¥)°) -

m, /2 400 MeV:
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0(4): T.(0) = 152(26) MeV ]

m, . =200 MeV

0 100 200 300 400 500
m_ (MeV)

Scaling not clear yet.
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Wilson-type quarks updates (NF=2+1)

* Nogradi (Budapest-Wuppertal)

Nr=2+1 stout-smeared clover + tree-level Symanzik gauge
N:= 6-28 . V =323-643 onLCP for mr = 9495 MeV

Comparison with staggered. Update from Lat 11: Za.

quark number susceptibility
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I | | |
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mrPrYR(T) = 2Nymp 025 (PP(T) — PP(0))
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0.005 | T

| | |
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[ .

0 Prvsommmes Wilson continuum &2
-0.005 [ =
-0.01
-0.015
-0.02 -
-0.025 |-
-0.03
-0.035 '

4
/ m,

MRYRYR

e Agreement between continuum staggered and continuum Wil-
son results

Scaling not tested.
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Wilson-type quarks updates (NF=2+1)
* Umeda (WHOT-QCP) Nr= 2+1 NP-clover + Iwasaki gauvge

Fixed-scale approach using CP-PACS+JLQCD T=0 configuration
mr=~636MeV, a=0.07fm, 283x56 (L=2fm)

N:=4-16 V=323

* Final results for EOS published in PRD (2012) => later

15—

consistent with p4 results

(Nt = 8, mua/ms= 0.05)
(rescaled with rp = 0.5 fm)

* Renormalized Polyakov loop

cm NV i
Lyren = exp ( 1r12 t) (L)

OO L

E-Hy,  x0.004
¢L. (Chengetal)

N 4 176 — M— 26
R S .T[M?V]. | <yy> : s ¥ <P(x)P(0)>
B N G A i 7(1)(: 755 | @ 1 §§
e Chiral condensate: 2 definitions % HETY
Additive & multiplicative (Gp)(T) = % (TrD1) it am mt A\
renormalizations required. (D) s m il mﬁ
- 7 B s | NEE ih
But, they are all constants 13T L)
in the fixed-scale approach! Zp(x)P(0)> =283 o] Y HEE
ZPP [ [MeV] [MeV] |
. A MR

100 200 300 400 500 100 200 300 400 500
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Fate of Ul1)s at T=Te

U(1)a explicitly broken at all T, but will restore at T=00.
Is U(l)a “effectively” restored at Tc !

<= e.g. by formation of instanton-antiinstanton molecules

If so, the |st order scenario becomes preferable,
though 2nd order transition not excluded.

T =
Ne=2: 7T=CI’Y5§C_I ) 0 — (J(q
¢ U(1)a SU(2)L xSU(2)r ¢
LY 7 -
5=q§q Gy ) = G V5 q

disconnected diagrams required

If U(1)a “restored” => TT1-0, O-N degeneracy
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Fate of Ul1)s at T>Te

If U(1)a “restored” => TT-0 degeneracy
=> X = X8 (note: =>’s are not <=>)
T
where X» = v (TrM ™' ys M~ ys5)

T
= CRr M

o0

] V —00
| =gy 2P dy
Banks-Casher: (qq) - A2 1+ e

SU(NF)a restoration <=> p(0)=0 in the massless limit.

> 4m?2 p(N) ==
V —o00 q p Mg 0
N r-Des-H / dA — 7
oS Hm2)
Bt (a0 b s A0 i g b
at T > Tc Bazavov et al., arXiv:1205.3535
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p(A)

Fate of Ul1)s at T>Te

* Ohno (HotQCP) Nr=2+1 HISQ Ni=8, V=323-483

0.018 T
e e T=173.0 MeV
| T=177.7MeV
— T=188.7 MeV +— )
| T=210.6 MeV
T =239.7 MeV
0.012 I T =275.9 MeV ]
— T =331.6 MeV +——
0.008 |- ‘f’l
0.006 |- :
0.004 | IL

0.002 |
0

log-scale

] V-indep. tails remain => rho(0)# 0

1  But they are Q+0 contributions.
|  => large statistics needed to
conclude at large V.
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Fate of Ul1)s at T>Te

* Ohno (HotQCP) Nr=2+1 HISQ Nit=8, V=323-483

0.008 - T v T Y T - T v T
i B J 156.0 MgV +—8—1 -
: - 3 161.6 MeV -0 -
- 32°x8 166.8 MeV & 1
0.006 | 170.5 MeV ;
oSt 2 AT
—.  0.004 | P -
< 0.003 | ' :
0.002 | v e -
0.001 | e _
0':' """ RS = Rl o e mimm i "7 c.f T, estimated from the
0.001 — chiral susceptibility:
0 002 004 006 008 0.1 157(3) MeV (m,/m,=1/40)
m/m, 162.9(1.8) MeV (m/m=1/20)

Assuming p(0) =0 in the chiral limit, p(0) in the small quark mass region seems
to linearly approach the origin up to T= 161.6 MeV.

This suggests that U,(1) symmetry remains broken in the chiral limit just above T
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Fate of Ul1)s at T>Te

_____________SU(N)XSU(N)

Staggered Remnant U(I) Broken

Wilson Broken Broken

Domain Wall Exact (for L —> «) Exact (for L => )
Overlap Exact Exact

* Cossu JLACP) Nr=2 overlap + fixed-topology Iwasaki gauge
* Lin (HotQCP) Ne=2+1 DW + Iwasaki

T [MeV]
120 140 160 180 200 220 240 260
o Bx12 —e—
Bi6 ™. |
staggered mmmmm

0.01

* Krieg (Budapest-Wuppertal) _om
Nr= 2+1 overlap + fixed-topology Symanzik ; oy
mn=350MeV, [23x6, |163x8 & Sy
=> good agreement with stag. i

-0.05

0.1 0.12 0.14 0.16 0.18 0.2 0.22 0.24
Twy
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Fate of Ul1)s at T>Te

* Gossu NLACP) N=2 overlap + fixed- topology lwasaki gauge
Nt= 8 V_|63 mnz29OMeV ''''' i 220(T~177)am 0.05

AV]" (MeV)

555555

[mp(im

ST = &
NN L
I DN
o R SN e 4
6x107 g T e
B =220 (T~177) am = 0.01
5%10° NN ~ 5x107 H PS Conn (n 1
0 2 4 6 8 =& PSAl(y
= Distance S Connns
<8 S All (o >
RN << -4
N
= \\“\ >

AV]” (MeV)

444444

[m p(Im

i

[

I

[

100

[

[

[

0f.
400

g

------

[ pllm AYV]"* (MeV)
g2

IS
!

e Full QCD spectrum shows a gap at high temperature even at pion masses ~250
MeV

* Correlators show degeneracy of all channels when mass is decreased

* Results support effective restoration of U(1) 4 symmetry

at these T’s. / How about at Tc ?? / V-dep. should be checked.
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Fate of Ul1)s at T>Te

* Lin (HotQCP) Nr=2+1 DW + Iwasaki gauge A\
also arXiv:1205.2935

S
(€>
o%

Q\'

\14

Nt=8, V=163-323, mr=200MeV DSDR (or Ls=96) to reduce mr.s

DSDR allows topological tunnelings

Lowest 100 eigenvalues:
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0.015 |
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0.015

FIGURE: 159MeV

0.025

0.02

0.015

0.01

0.005

0.025

0.02

0.015

0.01

0.005

FIGURE: 168MeV
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m
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o001 |
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ploaNipaes . . . . b3
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Intercept ~ 0
Linear slope visible.

X% T X0
Tz = 48.72+9.70

Consistent with their
correlation functions.
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Fate of Ul1)s at T>Te

* S. Aoki
Nr=2 Chiral WT of Gisparg-Wilson ferwuons

sasa IAI’“
o Y eI T 25 ( & ’\ﬁ) Z L D(A)gn = Midn

(5 )m =O(m*)  (pf)m = O(m?) <p2> = O(m?)

N;
lim v" " = lim lim
m—0 X m—0V —so0 m2 V2

<Q(A)2>m =0

at all T’s above Tc.

More generally, for O = Onnns,n, = (P*)™(8%)" (P)"(S%)™

1
lim Im — (SOO =1 00 : singlet rotation
m—0 V—oo Vk < >m i

Breaking of U(1)_A symmetry is absent for these “bulk quantities”.
V-dep. important to check in the lattice results.
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1 dlnZ JdlnZ

_ B | SENNNRREN 27 o g
€— , p=1T with /= Tre == ng@
V (7T_1 Vv b.c.

Trace anomaly

o =nt (o) - (), ) - e () - (),

lattice beta functions along LCP /n:easu{e'd by the simulation.
= (B, Kud, Ks, -+ ) = (b1,b2,--+) =0 subtraction for ren.

Integral method for p (fixed-Nt approach)

Differentiate and integrate a thermodyn relation p= (T/V)InZ

I f2. 1907 . i
P=v Jw" "z ab

\SUCh that p(bo) ~ \ numerlcal mtegraﬂon

in the coupling param. space

U
S
]
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1 dlnZ

Vvt YT

Trace anomaly

e —3p g dS dS Ny
SRR CIRICYNN b5 DO e

lattice beta functions along LCP measured by the simulation.
= (B, Kud, s, +-) = (b1,b2, ) =0 subtraction for ren.

T-mtegratlon method for p (fixed-scale approach)

T-= N vary T by varying Nt at fixed a (i.e. fixed coupling param’s)
ta
T
9, = €15
T— (ﬁ-) == : 3p => £ == dT p
oT \T* T4 T4 T T5

p(To) 0  Umeda et al, PRD79,051501 (‘09)
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EOS updates

* Petreczky (HotQCD) Nr= 2+1 HISQ

»

i - = (e-3p)/T*
» ms = physical, mi/ms = 1/27 - 1/20 . P ﬁ;};@' ?I. : (| scale
. ; 4
Piscrepancies between HISQ(HotQCP) .l é . ¥
and stout(Budapest-Wuppertal) vt e
3 M . $
HISQ/tree: N.=6 —a— " i
f N,C=8 —— v W |
& N .
Qﬁ stout, cont, —v—
1hy
..................... T [MeV]
150 200 250 300 350
 The differences between HISQ/tree and stout data are statistically not significant for
N, =8 6 —m
(e-3p)/T* %ﬁ'
i 5+t f scale
* The scale setting procedure could ol 4}% g ‘
make a difference, the use of fx scale 4t T %— ; HotQCD preliminary
improves the agreement between .| i * "
different actions, though the HISQ/ree: N<8 xé} .
effect 1s negligible for HISQ/tree 2+ g 19 e xt i‘—
NT :]0, ]2 | StOUtNtli?g g
N=12 —a—
N S TvMev




EOS updates

* Burger (tmfT) Nr=2 twisted mass + tree-level Symanzik gauge
N:= 12, (10), V=323
Tc and EOS on LCP for four mr = 280-480 MeV

Beta function by r_chi on each (approximate) LCP

Tree-level corrections to remove leading tm artifacts / to improve large Nt behavior

[-integration to obtain p

uncorrected
m, ~ 400 MeV:

12

X

% &

X

corrected
10 I 1 1
s N =12
TZ'B N, =10 —¢
8 N, =8 —x
N, =6 —8+
4 - %&
| i
X = oy

200 300 400 500 600 700
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Iﬂﬂ INT:ll2 1

| T4 Ny =10 -
10 % ﬁL-ZZS ;]
3 N, =6 —&

i ¥ =L |
6 %:g”%
4 + X % XE@

=

| feg®
0L

]

200 300 400 500 600 700
T [MeV]

800

5

4. |-

3|

9 L

—1m, ~ 400 MeV:

& ‘my &~ 400 MeV ——
T4
PsB =
it
i
| #-1-% preliminary |
200 300 400

T [MeV]

500
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Final result published in PRD (2012):

EOS updates

* Uwmeda (WHOT-QCD) Nrp= 2+1 NP-clover + lwasaki gauge

Fixed-scale approach using CP-PACS+JLQCD T=0 configuration
mn=~636MeV, a=0.07fm, 283x56 (L=2fm)
N:=4-16 V=323

Beta function by direct fit method
[-integration to obtain p

215 |
210 F

2.05

1.95
1.90
1.85
1.80

175 Lo

||||||||||||||||||||||||||||||||||

x2/dof=1.6

NN

_ o CP-PACS/JLQCD results
5 %\ & simulation point ]
; K'\ — Fit results

2.00 F

ma |

0.3

i L PRI R T T SR SR SN N S TR T N SO SO ST SR AT S R
0.4 0.5 0.6 0.7 0.8 0.9

1

20

15

10

thick error bar = system. error from the beta function
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EOS charm effects

* Krieg (Budapest-Wuppertal) Ng= 2+1+l s’rou’r * Symanzuk

gauge Jms
inereased statistics |

Nf=2+1 continuum —
e .
charm eff. at T > 300MeV N=10 —
—_
N=8
1r N=6 ——
5 ' , ' ' HRG model
Nf=2+1 contlnuum | TM
KT—B —— 100 150 200 250 300 350 400 450 500
4 B ‘:'-_, 6 O |
HRG model —_— 0 I
’\.'%_" m SIT3 e
3 B A, M 7 AT V
% W, @m [I] 15 I
¢ o
2 r ® Py
Al Nf=2+1 continuum —— |
1 N=10 —+—
Nt-8  —
N=6 ——
5t perturbative: Nf—3 -------------------- i
0 , ' ' perturbative: Nf=4
100 150 200 250 300 350 400 450 500 HRG model
X | T [MeV]

100 150 200 250 300 350 400 450 500




EOS charw effeets

* Heller (HotQCP) Nr= 2+1+1 HISQ + tadpole-impr. 1-loop Symanzik gauge

Naik term to improve the charm dispersion
LCP at mud/ms = 1/5, ms, mc. = phys., Nt=6-12

Preliminary: No continuum extrapolations yet.
Contribution from variation of the charm Naik term not included yet.

6 l : . . .
4 . without c, all Nt —— !
(e-3p)/T i; gt #&— charm sea included
5 [ A
4l ﬁ !
5l : Tt _
L P onset of charm eff.
2| ;¥ ‘ at T = 350MeV
g
1 b . |
| 1 | T [MeV] A S
0 Nt=10 —x—

100 200 300 400 500 600 Ni=12 —=—
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LI SESE R St IR SN

Use** ... positive t direction
Use "% ... nagative tdirection

LQCD at y+0 Uy — {

in the temporal hopping term of corresponding quark.

Complex phase problem (sign problem) [det M (u)]* = det M (—u*)
=> Importance sampling not naively justified

=> Exponential cancellation due to the phase fluctuation of detM

Techniques for small u/T

FT{awOf thPaﬂSiOﬂ & Combination of them
eweighting | + density of state method /

Canonical -

raginaby cumulant expansion / ... ]

Complex Langevin
Direct calculation of many body propagators, etc.

=> only p/T < O(1) accessible so far

See Nagata (XQCD-))@Lat |2 for a recent attempt towards large .
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% and 4 flavors

* $. Takeda, Y. Nakamura, Jin (with Kuramashi, Ukawa)
phase-quenched simulation + phase reweighting

<= Wlﬂdlﬂg number expansion (Danzer-Gattlinger's factorization method)
canonical ensembles with fixed quark numbers

1
NF=4Z Nt:4, \/:63-83, clover, mn=830 MeV, T=|50MeVs

Peak height of the quark # suscept. at y#0
688

45

40

35

30

% at au=0.205 (nearly peak)

25

63

668

83

|

quark number x1 ——+—
gauge action x10 :--*---

polyakov loop x50

|

|

|

|

Linear Volume scaling

| | 1

150 200 250 300 350 400 450 500 550 600

\'

<cos(N0)>

0.2

0

=> |st order

0.6
04

' reweighting factor ggé

\ e
g i\‘—%asg*ﬁ*f s
5 T
**"*xwx**
...................................................................................... xS
1
0 0.1 0.2 0.3
au
T 4
160 MeV

150 MeV
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% and 4 tlavors

* §. Takeda, Y. Nakamura, Jin (with Kuramashi, Ukawa)
phase-quenched simulation + phase rewelighting

Ne=3: N:=6, V=63-103, dover + lwasaki, mm=400-1200MeV. T=2|0MeV

08 Fwe
o
06 e
8
aﬂ - 0.1 all - 002 04
: : : : : : : : : L.=6,au=0.10 —@—
L=6,L=6 —@— L=6,L=6 —@— L=8 ,ap=0.10 @ —
12 L=8,L=6 —&— 12 L=8,L=6 —@— 1 02 L=10,ap=0.10 -4 7
Ls=10, Ll—6 il - - Ls=10’]"t=6 o Ls=6 ,au;0.20 T
Li=8 ,au=020 ¢
10 3 L.=10, au=0.20
0.137 0.1375 0.138 0.1385 0.139 0.1395 0.14
8 K
6l reweighting factor
4 -
2 -
0 1 L 1 1 1 O 1 1 1 L 1
0.137 0.1375 0.138 0.1385 0.139 0.1395 0.14 0.137 0.1375 0.138 0.1385 0.139 0.1395 0.14

in finite size study up to Ly = 10, no clear sign of 15! or 2™ order phase
transition for T ~ 200 MeV m,, ~ 900 MeV, more statistics/larger volume?




Histogram wmethod

* Nakagawa, Ejiri (WHOT-QCP)

Z(B, ) / z N
) _ QU™ |det M ()|t e88Naite P
Z(B,0) Z(ﬂ, | & P=— gl
- . i0(p) :
/deF"”(P’F’ﬁ’“)<e )P F B F(s) = Neln | G5ea(6)

Phase-quenched distribution function for P and F
w(P', F'; B, p) = / DUS(P — P')§(F — F') |det M ()| N7 e88NsiteP
N———

phase quenched measure

Z(ﬁ,

Phase-reweighting factor in terms of phase-quenched expectation values
(25 - PS(F - F')))
<<5(I—‘> _ P§(F — F')>>

(8,1)

(W) (P, F'; B, ) =
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* Phase-reweighting factor <e"'9(“)> (P, F'; B, 1)

Potential source of the sign problem.

=> Cumulant expansion method  Fjiri PRD77(08);WHOT PRD82('10)

<€w(u) ) (P,F,u) = €XD

DO 5 (07, — M+ 3 0+

Odd terms = 0 due to the time-reversal sym.: y < -p.

=> The phase factor is real & positive.
No sign problem if the cumulant expansion converges

-> Look for a definition of O that distributes =~Gaussian.

Our proposal:

O(p) = NiJm[lndet M(u)] = Nt /OM/T Ym {3(ln det M(ﬁ))] i (%)

B=1.50 A
W=Wy=2.4T ]

002} r*v |
2001} ’M ‘L“" :

(-)40 -30 20 -10 0 10 20 30 40

6 = N.Im [In det M(1)]

gram
R

rmalized histo

o(p/T)
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Z(B, 1)

* Effective potential Z(5.0) / dPdFe=" (PFiB.w)

V(P,F;8,1) = ~Inw(P,F; B, o) + 5 (67), (P, B, . o)

|

P P
(F) Curvature <0 (F)
w(F;B,u) = R(P,F;B,u,po)w(P, F; B, po)

det M (p)

et ML )‘ 5(P — P)s(F — F’)>>

<<5(P P)o(E — F)>>

:<<

(ﬁ,MO)

(Ba/J'O)
det M (p)

N 5
s 55— e )

<ei9<u>> (P, F'; i, o) <<<ez(“>

Shifted y — po to reduce the overlap problem.

(6).“’0)

det M (p)

Ne . A
e[ o - Prs(E - F) ) )

(B,10)
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* Test in the heavy quark region: unimproved Wilson + plaquette gauge
Useful to consider Qr instead of F. <= hopping param. expansion
u => € (imag. part Polyakov)

|J=0 case: |[storder at heavy (small K) = crossover at light (large K)

IO T I T I T ] T l T I T I T I T pn w NF= 2 QCD SU(3) YM
o Ver(1€2) 10 500 0 2nd (o) _
8§90'0=d33 = 0 0(4) Crossoxe Ist
i — X;=0.000000 =0z="N
: : 2nd
Phys.
92 - Q Z(2)
4+ tricrit. <P 09 A
: point /,n’ O
: . @)
. : g 1500, 5 g
0 LY _.,2 Z(Z) Zk.
S i
2t | ° R Ist Np=2+1 QCD
Q g
1 I 1 I 1 I 1 | 1 I 1 I 1 I 1 (3 // o ”
0 002 004 006 008 01 012 014 016 e A240S850.1)) 8|S .
<2 1 10 : =
myq

pu= Hd cosh(/T)
ch(/,t]) i 4 (0) _______ 0.6
— K
pu = Hd "< e
e
ﬂt:f_t = st

L' =] AL AUy

OLAY STWA]
—
T é;
5 qﬁn\f‘k "
- It
- L"T-';\‘\' N =
\.{\\ﬁ\\-\\_ .
3yl = FL‘*\" d‘_
Wh s =y vy

st




k=0.141139, WT=uy/T
Or———T——71 7T 1T 1

* In the light quark region | comfT=24
40F INg salyT=28 ]
I —oUy/T=32 ]
[ s—aUo/T=3.6
~ 30f :
V(P, F; B, p) = —Inw(P, F; B, po) + % (6%)_(P,F; B, s, po) A
Y 20} .
— + ﬁx 10; g9
> P > P — P 0431215 16 17 18 19 2
(F) (F) curvature <0 (F) B
0.01— | | | . L | Lhe
e Crrtical point around here

O minimum value of 82(-1nw)/8F2 i

SSOI/@ \\“@
/A

0.001 ,,7/// /
L 32 3.6 %

24 2.8

Quark-Gluon Plasma

Temperature T

ColoFSUpPCLConductors

Y .
. . --(;FL-K", Crystalline CSC ‘ ‘ »
LL/T ——“m“ﬂ—_—-——ﬂl—ﬁi—iﬂ-ﬁ-.

Gluonic phase, Mixed phase

The method looks feasible. Investigation under way.
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heavy quark potential

* Allton
HAL-QCD wmethod to compute Vir)
150, Nr=2, anisotropic £=6, V=12?

05

O
T | T

(r) [GeV]

q-qgbar
- S
ek W
| & ]

\Y%
oS

1
[\
I

.r[fm] |

preliminary




moving Y at >0

* SY Kim
heavy S-wave state moving in a thermal bath
MEM with NRQCDP on Nr=2 12%xN: anisotropic

NRQCD_20n sonia_20n_ spp_i_000 K=.00000,.00000 # 2 o d(,l), , ,
t = 1-19 Err=J Sym=N #cfgs=1000 #cfg/clus= 1 G(‘L’) = / x—. exp(—m ‘l:)p(u) )
300 T | T I T | T | T I —2M 231:
- unlike QCD case, the NRQCD kernel is independent of T
2T 120 poto0]
- B il T/M 1
il —— 12x20 p=110 | / << 1
— 12x20 p=111
= i 12x20 p=200 |7
5 150~ —— 12x20 p=210[
- 12x20 p=211
100 — 12x20 p=220 |-
50 —
0 |
202 0 0.2 0.4 0.6 0.8 1

e Temperature effect is more important than the heavy quark mass
effect in S-wave bottomonium at the temperature around a few T,
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theta-dependence

* Negro (arXiv:1209.0538) T B
simulation with imaginary theta-term . “up 0 L
=> analytic continuation to real | e
§° 1+ \‘o,é\\
2(T.0) = / D[U]e-SimlU1-0LQulU
3c from Polyakov-loop susceptibility e S e

T.( ; *
Tcgoi —1- R+ 0(6") RSO™ — 0.0175(7)

R Ne (N, = 3) = 0.0281(62)

1. Sasaki (PRD83) Entanglement?NJ model . © .

......................... 3 0.15
el _ &:, 0?0;
X 1
TC 0.15 | - Z':Gé)\'/z) 0.3 o5 °'5e/()1£75
Lattice  m— .
Pl SEE: 1 QCD transition at zero chemical potential
Mo o1 0z 03 o0a o may be 1st order when theta is large.

0/r
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minimal-doubling

* T. Kimura (arXiv:1206.1977)
Karsten-Wilezek fermion: 2 doublers
=> Nr=2 at u#0 keeping (part of) chiral symmetry

4
]_ o
SKW — Z 5 Z w ( T m+u¢w+u Uw,m—ﬂwm—ﬂ)
x p=1
I - -
+ 52 Paia(2s — Uy o590 — Up o j¥s;)
J=1 i
u - 2nd
Counter term ; ps ¥zivav, Temperature
1
0.8
= 4 —_— 0.6
strong-coupling analysis => oa 4({ Ist
0.2 -3
0

Baryon Chemical Potential
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Lattice 2012:
several updates/developments since Lattice 201 |

Improved staggered quarks: precision consistency checks
near the phys. point

Vore efforts are being payed to Wilson and chiral quarks:

arger and lighter lattices. => next Lattice conferences.

Jila recover at T>Tchneed to check the V-dependence

| st order vs. 2Znd order scenario!

,,,,,,, -‘-”‘x :

u=+0: | st order trans. observed for Nr.=4. on small lattice.
Crrtical point by the histogram method soon!?

SNy
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