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) Nr =2 QCD Quenched Nr =2 QCD Quenched : h
m dependenge de QC D tranSitOns H. Saitoh, et aIfWHOT—QCD), Phys. Rev. D89, 034507, (2014) ) ;3 g ) ‘ o 1St Order reglon IS
o[ ? e teat pomt — Hopping Param. Exp. (HPE) T N getting wider.
: o — Critical surface is controlled by Z78 o ufnfi iy - | So, We can search
- | only 1 parameter, erit o 4 for boundary of
tricrit. 1 ¢ o crossover Nr = large 1St Order e |On”
i crossover h = (ZH’f\Tt + K’it\rt) COSh(M / T) Ist g
1. In the valid region of HPE, on + 1 for strange "o i = "o m; =
. % K, . &, . satisfy the following eq. iy« & for up and down HPE is applicable when the heavy quark is very heavy.
« Itis important to determine the boundary of 1%t order region. (2 4 k) = he hoe— /T In (2+1) QCD : 2 light quarks and 1 heavy quark exist.
- Nature of chiral PT in the m;—0 is 15t or 2nd ? cosh(y/T) LN 1. Critical surface in heavy quark region
- On the line of physical mass, K. Kn ¢ decrease exponentially as increasing p/T 2. Order of chiral transition of massless N =2 QCD
the crossover at low density ™ 1storder at high density? : : - In (2+N,) QCD : 2 light quarks and N, heavy quark exist.
« If 1storder region become wider, (yvellow region) We want to apply this method to 'nVeS_“_gat? S. Ejiri, N. Yamada, Phys. Rev. Lett. 110, 172001 (2013)
there exists the critical point at physical mass. nature of phase transition in (2+1) QCD > we can investigate the boundary of 1%t order region

C hem ICaI pOtentl al depeﬂdence Of We discuss the QCD critical point at finite density through the study of many-flavor QCD,

In which two light flavors and Nf massive flavors exist. Performing simulations of QCD

the C r|t| Cal q uark m aSS with 2 flavors of improved Wilson fermions, we calculate probability distribution functions

: In many-flavor QCD at finite temperature and density, where the reweighting technique is
W|th Im any ﬂ aVvor ap p o aCh used to add the dynamical effect of massive flavors and the chemical potential. From the
shape of the distribution functions, we determine the critical surface separating the first
: — : order transition and crossover regions in the space spanned by the light and massive quark
Ryo lwami (N”gata UmV-) masses and the chemical potentials.

In collabolation with . . . .
We found that the critical massive quark mass becomes larger as the chemical potential

S. Ejirt (Niigata Univ.) N.Yamada (GUAS/KEK) Increases In (2+Nf)-flavor QCD.The indication to the (2+1)-flavor QCD Is then discussed.
2. SEARCH THE BOUNDARY ;lr‘]:lﬁ] i]?]?muul:lnDc;?r;:c :tZte ﬁglg: Q//vhc_esree oo Rewelghtmg factor ze.s s, r o0 — < N (5=50)P T éi;t Af\f e )>ﬁ d
- urvatu I U ”? ) xed: P
Histogram method s sir rromososcons o W) v o-p [ M) _ B
Histogram: W (X; k., pin) = /DL((S(X — %) [ det M (s, u)e 5 Reweight[ng technique det M(ri0,0) | det M5, 0) det M(0,0)
| | X : order param., plaquette, - - - etc. | = | | Taylor expansion of the light quark determinant wrt. At small /T
Effective potetial: Ver(X) = —In W(X: ki, i) This t_echr_nque Is useful for searching this boundary (det M (k1 ) 22 (,”) (an In det M(m,,uz)) evaluate
1 N Reweighting factor:  R(P, 8, 8, &, ko, 11,0) = W (P, 8, k, ) /W (P, Bo, ko, 0) det M (s, 0) O/ T)" light detM
Ve X)=-InW (X W(X): Gaussian function : . . int. O1n de 2 /92 Inde 3
w (X) (X) Crossover V(X): Quadratic function B, k: any params. g, Ko : simulation point =2 (T) ( o /1;;/[> +2 (%) ( A1 /;)ﬁq O <(%) ) to O(p,?2
N=2 Quenched W(X,T,p) Véff(XaTaH) dQVZfo R(P,BHBO, K, Ko, I, 0) — < 6N, (B—Po )P H detM KJ M > up O (MI )
- X det M (k0,0) / a.cq. P Hopping Param. Exp. (HPE) for heavy quark mass x;,
ricritica 2"dorder ' ' N
S N We can calculate Ver(P) at (YB,x) using R(P) Vea(P) at (By.i,) (SN, ( det M (“h”"h)) = exp [6N,8° P+ 6N (L + tanh (22 L))]
Te W(X): Two phases coexist . o 5 I . det M(0,0) T
ms N 115t order transition | ¥(X): Double well potential Ver(P, ) = —In [R(Pa B, Bo)W (P, /30)] = —In R(P, 3, Bo) + Verr(X, Bo) B — B 48NS h— 2N (2) M cosh(PD).  tanh (,uh) Especially
R A A wture = fRL, = 2IN¢(2Krp) " cos T ) an Il 1
N\ 2 complex phase of
o) W(X.T.u) VX.Ton) vy Vett at (B0, ko) Verr at (8, ) dd;?‘f In the leading order of HPE, there are 3 terms: (P,Lg,L,) heavp detFI)\/I
%" Ma o J\/\\/\/ - U _L \/\J \/ This factor is controlled by only 3 params. (87, h, tanh (us/T)) o Coztrolled by

We change (8%, h,tanh (up /T)) by reweighting technique. tanh(u /T) < 1

d*V/dP?: negative curvature

~ S.RESULT U=0 - . — . . N ( 4. CONCLUSION ~
. . . ' Slope of V.. at finite h . Dependence of h,on m,
Lattice Simulations ! efy ) o
| | N (P.B0O)—InR(P.N) =V, (P.p.0)|  PVer ho=2Np(260)"" | 4 Twitn R e ot order » \We Investigated the nature of phase
Iwasaki gauge action + N=2 clover- | dP? | 0{;3: [ with RE =6 P | Black line: transitions in (2+Nf) QCD
Wilson fermion action, 163x4 lattice. ! | | Critical in . "
_ g _ ! =) y h. 0.25} @ O - ~ » For large Nf, we can determine critical
Perform 4 different i, simulation : \/\/ \\/\ Negatlye!! C ool D g ra— ;c.he.tm,—o boint where the 1st order transition
(ref. below table) I Ver =—INW 15t order transition ¥ ! 0.15 | - m . . .
| . | | ¥ terminated relatively easily.
Dynamical heavy quark effect is added 120000 =11 T 77 ! 0.1 | . :
by the reweighting method. ! : Pfg% — // | ! 0.05 | Crossover . » We obtained the following results.
detM: Hopping parameter expansion | g 80000 - ) o ! ® 0 01 02 0.3 o2 o 1. The light quark mass dependence of hc
m : %.>3 ' | e : » We define hc at the boundary of 1% order region. 2. As increasing ( ,Uh/T’ M/T)’ 13t order
0.1450 1.650 1.778 0.6647 : 0 P 6647 ] : » The light guark mass dependence of hc is very small region become wider.
0.1475 1.677 1.737 0.5761 [ MegMy = 2. - o i - - st .
: 40000 b0 T+ 1 : » In the chiral I|m|t(m|—>0), the boundary will not vanish. 3. At large 1 /T, 1" order region become
0.1500 1.707 1.691 0.4677 | 1.52 1.6 1.68 1.76 . 3 . h
0.1505 1.712 1.681 04575 P | d wider rapidly.
_ ' » Asincreasing h, curvature of Vet become smaller ' | In massless N.=2 QCD, chiral transition should be of 2 1) | 4. Inhigh heavy quark density region
(/‘h/T > 5.0), there i1s 1st order PT In
/ 4‘ RESULT p io Dependence Of' hC On ” tanh(pp/T) =1.0 & pp/T =00 h = 2Nf(2/‘€h)Nt Cosh(ﬂh/j) (2+1) flavor QCD
Lattiee SimUIatiOns Mo/M,, 2= 0.6647 Mae/M =~ 0.5761 KS result | | meo/m,, = 0.7 ] ]
) | | 028 Ty 0.28 e KS result] | mpg/m, As increasing (u /T, p/T),
lwasaki gauge action + Ni=2 clover-Wilson 0724 6o e e 15t order 0.24 0.06 { ; ! I l I | ] st : :
fermion action 163x4 lattice. h 0o E*3® 2a22 ? . f ' 1%t order R , ” - 1~ order region become wider.
. . . C ; . 0.2 © O T o o : 1St Order ‘
Perform 2 different «, simulation 0162 ecene, ®oc,® 016 F<23a ® f 0.04 - ‘ } .
. | T =) | R R= A A F ® a8 ’ - . .. .
(Since m dependence of h_was small) 0.12 L 0.12 "oeeta, %, L roseover Il ] we can find the critical point
i a7 L |
Complex phase @ = ImIndet M 0.08 Fp,/T=0.00 .oCrossover 0.08 Fp/T=0.00 weeo 43 0.02 - 11,/T=0.00 ~—e—s [H at physical mass!!
[for heavy quark : HPE, 2 0.04 ﬁhg;lffﬁ | = | 0.04 ﬂﬂ%ﬂﬁﬁ | :Cgs:)\?er - Tﬁ?riﬁﬁ — - \- /
- . D L0 | Ll | i I | D Ll L 1 i 1 I | D - -
for light quark : Taylar up to O( ) R N T S VEr TEE TR - 5. WORK-IN\PROGRESS —

For avoiding “sign problem”, we use the

cumulant exp. method.
H. Saitoh, et al(WHOT-QCD), Phys. Rev. D89, 034507, (2014)

_ _ T _ _ HIT y | | T Complex phase of » Evaluate hc w/o HPE
» As Increasing (ﬂh/T, M/T)' he decreases. sapAs Increasing (ﬂh/T’ M/T)’ 1" order region become wider heavy detM has We’d like to discuss allowed region of HPE.

|e ) XDFC%Q{—— C 1 <e4> . \} » Compare Wilson-clover results with p4-improved staggered resu{t.s. !ittle effect on h, . Direct many flavour simulation w/ reweighting
0 3l C 4 C 15t order ) Nl/Nt S. Ejiri, N. Yamada, Phys. Rev. Lett. 110, 172001 (2013) In both cases  Evaluate the heaW quark determinant w/ HPE
(6), =(0), () =(6")-(0)", <e3> =(6°)-3(6°)(6)+2(0)" gg:hﬂ.a . 15t order 03 N 1 ( . )1/1\&
o1, No o e 02 028 gfﬁ P 2 \ 2cosh(pp/T) > Calculate hcon finer lattice
) NeXp[_§<e >C} = Nosign probrem 01 il o1, > Atlarge 4 /T, k., exponentially decreases. and/or large volume.
o %% ’ We’d like to discuss finite size effect and

For (2+1) flavor QCD, there is 1st order region

° In high heavy quark density region (/”h/T > 5.0) lattice discretization error.
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0.1475 1.677 1.737 0.5761

u'T  |lwasaki gauge action + Ni=2 clover-Wilson

1( he YN R N fermion action on12°x4, 24°x4, 16°x6 lattice.
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