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QCD: conjectured phase structure

May,a 7 0; mg = 00

25C

Non-pert. problem =>Lattice =~ 1975-2001: i+ # O impossible =-sign problem

Where does this picture come from?
e Simulations on T -axis (light quarks only now)
e modelsforT =0, # 0
Since recently: phase diagram, ,uq/T <, 1: Reweighting, Taylor expansion, imaginary

Take more general view =>parameter space {mu,d, Mg, 1, ,u}



Ny = 3 phase diagram 3d:  {m, T, u}

/

0

econfined/deconfined =-pseudo-crit. surface TO(,u, m) (from susceptibilities)

e1.0./crossover =>line of crit.points T (1) = To(p, me(p))  (from finite size scaling)

Projection onto (pseudo-) critical surface:

=p(m) orme(p)




Thecase Ny =2+ 1,4 = 0:

Np=2 pure =m.(p = 0) (unimproved KS)
o - Gauge
2nd order Bielefeld; Columbia; de Forcrand, O.P.
¥ 0(4)?
d Nfs universality: 3d Ising model Bielefeld
? phys. crosébver Ne=1
o point ) ’
p i?g)mdﬂ N.B: m. has strong cut-off effects!
1 orr (factor 1/47) Bielefeld, MILC
0 my, My o
Finite density, 1 £ 0:
Real world —— Real world ——
M M

crossover 1rst> o crossover 1s> o



QCD at complex (: general properties

Z(V,p, T) =Tr (e_(ﬁ_“@/T) ow=pe i p=p/T
exact symmetries: p-reflection and ;-periodicity Roberge, Weiss

Z(p) = Z(—p), Z(fry i) = Z(fory i + 27/ Ne)

Imaginary [ phase diagram:

Z(3)-transitions:  fi; = 2?77 ('n 4 %)

1rst order for high T, crossover for low T

analytic continuation within: e /\ |

ul/T < 7/3 =up < 550MeV o



Analyticity of the (pseudo-) critical line on finite V de Forcrand, O.P.

location of phase transition from 0 sl
susceptibilites: 0.al

2 0.3F
X(8,ap, V) = VN ((O = (0))?),
e finite volume: 0.1
suscept. always finite and analytic N ’

.2 5.3 4 5.4

Critical line (.(a ) defined by peak Xmaz = X(ate, OBc)
e implicit function theorem: X(3, ap) analytic =3, (au) analytic!

symmetries: =| Bc(ap) = > cn(ap)®™

What to expect in physical units?

Natural expansion parameter is WLT: e thermal perturbation theory

To(p) 1 O(1 I ° O(1 2 4
= Tti=oy — 1 — O )<7TT0(o,m)) + O( )<7TT0(o,m)> T




Ny = 3 results, quark mass dependence , unimproved KS, 83 —16° x 4

Be(ap, am) = Z cr (ap)*® (am — am.(0))"
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= data well described by ? fit !
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similar for pressure, screening masses
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Comparison different approaches, N, = 4:

Reweighting, imaginary u, canonical ensemble ...
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The critical endpoint and its quark mass dependence in

0
2
U

Expect: m&f“%) —1—|—01( T)2—|—...

Inverted: curvature of critical surface pi.(m)

Ny =3

N¢=2 Pure
- Gauge
2nd order
¥ 0(4)?
crossover Ne=1
2nd order
¥ 7(2)

order

crossover

Real world —




Criticality: cumulant ratios, Binder cumulant

S _ _ _
Bam. ) = 5 800 = = ()
3d Ising universality
V' — o0, step function finite V' + FSS

- V=00

Bs(m,u) — 3 crossover rvzwl
V1

Ising - /
B4(mcalu0) — 1.604 critical %

Bs(m,p) — 1 firstorder




Redoing Ny = 3 with an exact algorithm
controlling algorithmic step size errors prohibitively expensive for small m

—-use exact algorithm here: Rational Hybrid MC Clark, Kennedy
critical mass m.(0) with RHMC:
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=25% change in m..(0)
=~10% change in m.

cf. Kogut, Sinclair



Finite size scaling:
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Computing m.(u) for Ny =
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About 300k trajectories per data point

Fitting to Taylor series  By(am, ap) = 1.604 + B (am — am.(0) + A(ap)?) +. ..

am® () / 2
CLmC(/J — O) + C1 (CL,LL) +




Continuum conversion:

1 dm, 2 dlam.) 1  dIj

7 me(0) d(u/nT)? NP (ame)(0) d(ap)?  To d(u/nT)?

....leads to negative curvature of critical mass:

SN ECORS Y (7%)2 +o.



A non-standard scenario
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A non-standard scenario
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A non-standard scenario: no critical point? sign of d%(g“)m:o
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A non-standard scenario
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A non-standard scenario: no critical point? sign of d%(g“)m:o
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A non-standard scenario: no critical point? sign of d%gm =0
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A non-standard scenario: no critical point? sign of d%gm =0
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A non-standard scenario: no critical point? sign of d%gm =0
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A non-standard scenario: no critical point? sign of d%gm =0
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A non-standard scenario: no critical point? sign of d%gm =0
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In either case:

smallness of d”;;f) ]M:o:wery high quark mass sensitivity of i,

Can one expect the critical point to be at “small” u?

If uz ~ 360 MeV (FK), then

fine tuning of quark masses !



Ny =2+1:(ms, myq) phase-diagramat p =0
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If there is a tricritical point

Setting the scale(arrows):
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Ny =2+1:(ms,myq) phase-diagram at pp = 12.47T
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Unusual?...the same happens for heavy quark masses!

Real world ———

Real u: first order region shrinking!

de Forcrand, Kim, Takaishi



Contradiction with other lattice studies?

e Fodor & Katz:(Tg, pg) = (162(2),120(13)) Mev  ?

different systematics, cutoff effects

Real world
Heavy quarks
N=3
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F&K keep (amy,) fixed, while a(T'(1)) increases with 1

—>Lighter quarks at larger {1+ may cause the phase transition

e Gavai & Gupta: up/Tp <1 ? different theory, Ny = 2



Are there other possibilities still....?



Conclusions

Mapping of QCD phase diagram possible for p, /T < 1

Critical endpoint is extremely quark mass sensitive

— e <, 400 MeV requires nature to fine tune my’s close to ;1 = 0 critical line
zero step size, finer lattices widen the gap between phys. point and crit. line
our present best effort features no QCD phase transition at all

so far a ~ 0.3 fm, staggered only

Need finer lattices to understand even qualitative features



