.‘ QUARK MATTER 2015

The XXVth International Conference on Ultrarelativistic Nucleus-Nucleus Collisions

Critical point search from an extended
parameter space of lattice QCD at finite
temperature and density

Shinji Ejiri (Niigata University)
Collaboration with
Ryo lwami (Niigata), Norikazu Yamada (KEK),
Hiroshi Yonayama (Saga)
Quark Matter 2015, Kobe, Japan, Sep. 27-Oct. 3, 2015 |



Quark Mass dependence of QCD phase trantion
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e On the line of physical mass, the crossover at low density = 15t order

transition at high density.

e |tis difficult to study the high density region due to the sign problem,
but we may find the critical point from the information at low density.
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Critical surface.jn the heavy quark region of (2+1)-flavor QCD
o[2"%order 7 ' WHOT-QCD Collab., Phys.Rev.D89, 034507(2014)
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Critical surface at finite density
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Hopping parameter (k) expansion
was a key point in this analysis. 3



(2+1)

-flavor QCD by Hopping parameter exp.

first order region? Scaling plot of the order parameter

N

NF = 2 QCD Quenched BNL-Bielefeld, PRD80,094505(2009)
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up-down mass
the massless 2-flavor QCD
HPE is applicable when the strange quark is very heavy.
1. Critical surface in the heavy quark region

2. Nature of chiral transition of massless 2-flavor QCD (m =)
15t order or 2" order?  (Long standing problem!) ,



(2+1)-flavor QCD == (2+Many)- flavor QCD

Nr =2 QCD Quenched Nr =2 QCD Quenched
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e However, the critical surface in the light quark region is difficult
to access at present.

e We study many-flavor QCD with
2 light quarks and N; heavy quarks.

e Itis known that 15t order region is wider as increasing N;
S. Ejiri, N. Yamada, Phys. Rev. Lett. 110, 172001 (2013)

== Easy to find the boundary of 15t order transition region. .



At large p of strange quark

Nr =2 QCD Quenched

tricrit.
point

* As we will show, k. decreases exponentially as p, increases.
 The sign problem of heavy quark determinant is not serious.
— The strange quark u is well controlled.

 Then, the hopping parameter expansion works well even
for (2+1)-flavor QCD.
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Phase structure of (2+many)-flavor
QCD using Wilson quark action

 Measuring plagette distribution function (Histogram)

e Light quark mass dependence

 Chemical potential dependence

Simulations

lwasaki gauge action +
2-flavor clover -Wilson fermion action,

k=0.145, 0.1475, 0.150, 0.1505,
m,/m = 0.6647, 0.5761, 0.4677, 0.4575,
163x4 lattice.

histogram of P

K, = 0.1505, B = 1.56--1.75
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Dynamical heavy quark effect is added by the reweighting method.

detM: Hopping parameter expansion



Reweighting method for plaquette distribution function

Sg - _6NsiteBP

(p=6/g?)

W(P,B,m,u)szus(ﬁ— P)ﬁdetl\/l (m, 0, )estns?
f=1

plaquette P (1x1 Wilson loop for the standard action) (~ FWF W)

R(P,B,Bom, Mg, 1) =W (P,B,m,u)/W(P,B,,m,0)  (Reweight factor)

A a6y detM (m v )
5(p_ p)e6Ns.te(B T 1My >
R(P) _ < f detM (mo,O) (Bo,1n=0) _ < eGNsite(B—Bo)f’H detM (mf o )>
P:fixed

(5P - P)>(Bo,lu=0) 1 detM (m,,0)

We perform simulations at some , and do not use reweighting
method for x, (light quark mass).

Taylor expansion of the light quark determinant in terms of ,

— O(w?) : 1st and 2nd terms are computed.
— Valid at small /T

Hopping Parameter(k,) Expansion (HPE) for heavy quark determinant.



Reweighting method -heavy quark part-

(Polyakov loop: Qg,+1Q))
* Hopping Parameter Expansion (HPE) for heavy quark mass x,

N; In det M {x, 1)) _ =N,| 288N kP +12-2" N k™ cosh(ﬁj QR+itanh(ﬁjQ, o
det M (0,0) T T

Complex phase

(,B* = B+48N ', h=hcosh(y, /T)=2N,(2«, )" cosh(s, /T), tanh(g, /T ))

— In the leading order of HPE, there are 3 terms: (P,(2,Q2))
— This factor is controlled by only 3 parameters (,B*, h, tanh(g, /T ))

— We adjust 3* at the transition temperature.
— Complex phase part is well controlled because tanh(y,/7") <1

First order phase transition (double-peaked distribution)
dVg 2Veff

Effective potential — /\/ dpz
V. (P)=—-InW(P) \/\/ """

S-shaped function Negative curvature




dVeff

h=2N, (2« )*| Quark mass dependence of
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e The derivative of V  becomes an S-shaped function at large h (k).

e Critical point: light quark mass dependence is small in this region.

h large (x, large)

h large
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e |f there is a region of P where d?V//dP? is negative,
phase transition is of 15t order

e d?V/dP? become smaller as increasing h

* We determine h_at which negative curvature appears
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Nature of 2-flavor QCD in the chiral limit (u=0)

2"d order or 15t order?

Light quark mass (m,) dependence of the critical line

e Trictitical scaling behavior?

A
/m,

Tricritical point
7

Second order transition

First order

or

Critical points

Crossover

mhn=o0, 2-flavor

>
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Is there a first order transition region in 2-flavor QCD?

First order transition

First order

No tricriticd| point Critical points
Crossover
>
2-flavor |57
(A 2/5
ml

1st order transition region

Similar study in QCD with an imaginary chemical potential:
Bonati, D’ Elia, de Forcrand, Philipsen, Sanfilippo, arXiv:1311.0473; 1408.5086
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Light quark mass dependence at u=0

h=2 N, (2Kh )Nt for Wilson quarks

m,/m, ratio dependence PCAC quark mass dependence
0.6 — . . . . 0.5
with R —&— &
0.5 | with R® —&— 1 =
- + 0.4
04 | —
03 r 1
0.3 B % T ,_qo _________%__ [, _g [, _____2________
2 YOO UG U PN O 1 R . N
b AN e IR NG T e 02 - B
02 F-rm ®---- Ao
0.1 ] 0.1
O 1 1 1 1 1 0 1 1 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5 0O 0.01 002 003 004 0.05 006 0.07
2
(my/ mp) A Myeac

Critical point: light quark mass dependence is small in the region we
investigated.

The blue lines are the critical point at m; = c (N=0+32).

The first order transition in the massless 2-flavor QCD is not
suggested. 13



Finite w: (u,u,) dependence of k N /Nt
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* The reweighting factor is controlled by (ﬁ, tanh (g, /T ))
e The dependence of tanh(yh /T) is only 30%, at most.
e K.exponentially decrease as increasing u, /T

KC—E n - L1 i 1/I\Itel\ﬁl‘hT for | T
" 2 2N, cosh(z, /T) 2 N, (for large /1)
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(ic, NNt = 0,25,0.20,  ,0.10,0.05,0.00)



Application range of HPE

1/Ny¢
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For (2+1)-flavor QCD, the vertical axis is k. (N=1).
e |f we assume HPE is applicable for k< 0.1,

The investigation of the critical surface by HPE is
available in highly dense region

(n,/T >5.0, light blue region) 15



Summary

e We investigated the phase structure of (2+Nf)-flavor QCD.

 Applying the reweighting method, we determine the critical mass of
heavy flavors terminating the first order region.

— The critical mass becomes larger with N..

— The light quark mass dependence the critical heavy quark mass
is small in the region we investigated.

— The first order transition in 2-flavor QCD is not suggested.
— The first order region becomes wider as increasing p, and p,,.
— K. exponentially decrease as increasing L, /T.

e At large /T, investigation of the critical surface by HPE is
possible even for the case (2+1)-flavor QCD.

 This may be a good approach for the determination of boundary of
the first order region in (2+1)-flavor QCD at finite density.
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Outlook

* Beyond the hopping parameter expansion for small N..
e Complex u: a double-well potential when Im p is large.
— Extrapolation from the complex u plane to real axis?

Position of double-well potential for each .
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1, dependence of h_ at pu,=0
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e h_decrease as increasing p/T

— K(~1/m_) decrease as increasing p,/T
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1/N;
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L, dependence of h_at pu,=0

D.EE F ! 0.07 | I | l I l |
= s J e :_-‘ = T ]
. 1%torder }T<H+H mps/mM, = 0.7 | -
0.2 @, 0.06 *}‘} n
>, i 15t orde
0.15 | | 0.05 - -
_E‘-’ 0.4 |
0.1 [ : b
Mps/My = 0.6647 | Crossover 003~ Crossover B
0.05 0.02
tanh =000 = i !
0 II.]'LHI'T:|I 1 0.01 |- +
0 0.4 0.8 1.2 1.6 I | | | |
].Ll."'T 0 0 0.5 1 1.5 2
w'r

~ Wilson vs. Staggered ~

 We compare our results with a previous results obtained

by the p4-improved staggered quarks.

e These values of h_ are different because the lattice spacing is coarse.
(NSxN,=16%x4)

K.(~1/m_) decrease as increasing /T in both results
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1, dependence of h_at p,= b,
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* Black: =0, Blue: = 1, Red: approximation.

« The reweighting factor is controlled by (h, tanh(, /T))

21



£a
|.E

w, dependence of h_at p, 20

h=h COSh(,Uh /T): 2N, (21<h )Nt COSh(/,th /T)
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— The reweighting factor is controlled by (ﬁ, tanh(z, /T ))

— h, decrease as increasing (u/T, p,/T)

— tanh(, /T) dependence is ONLY 30% at most.
( tanh(y,/T)=0.0,0.5,1.0 & p,/T=0.00, 0.55, =0)
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