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Introduction

Central Question:
Nature of the chiral symmetry restoring
transition at y=0 at the chiral [imit??

Does a 1st order chiral symmetry
restoring transition exist at =0 below
a certain critical quark mass (meri) ??

The 1st order region is
expected to be largest in the
RW plane(u/T=(2k+1)m/3).
Thus critical mass in the RW
plane puts a bound on the
critical mass at u=0.

P 2 Fsing

Possible scenario of extended 3d Columbia plot

O. Philipsen and C. Pinke. Phys. Rev. D93, 114507, 2016.
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Chiral transition for zero chemical

potential with HISQ

» HotQCD results on chiral phase transition, [¢ = 0]

Nr=2+1 : No hint of 1st order EJ; Eii;igitragjroz??;e
ph_ase trans.,ljclon_for My >_55 MeV. 330 MoV > m 80 MoV
chiral transition is most likely o 4 R
2nd order O(N) rather than Z(2). ound on critical pion

mass is given as,

A. Lahiri et. al. , QM 2018, arXiv:1807.05727
— M =50 MeV from the

chiral limit Nf =2

® Nf — 2 . .
Gauge  gcaling analysis.
K UQR) ® UR)r/URVT V1
0(4)? oy Bazavov et. al. PRD 95, 074505 (2017)

phys 77 Z(2)
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Studies in the RW plane

Possible scenario of RW end point
—plenary by S. Mukherjee

my > 1 GeV, for the ‘heavy quark mass RW transition’

Mostly with unimproved actions

'small quark mass RW transition” (v, = 2)

Standard staggered action: m; ~ 400 MeV (N=4)
Standard Wilson action: m; ~ 930 MeV(N:=4)

mz ~ 680 MeV (N=6)
=P 1st order end point (of the line of 1st order RW
transitions) exist already for u/T=m/3 and Mcri >Mphy.

»« The results are strongly fermion discretization scheme
and cut-off(N:) dependent.

P. de Forcrand et. al, PRL 105, 152001(2010), Owe Philipsen et. al, PRD 89, 094504(2014),
Christopher Czaban et al, PRD 93, 054507 (2016)
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Studies in the RW plane

Very recent studies with improved actions,
- Stout improved staggered fermions(Nr=2+1): At the physical quark
mass point(m, ~ 135 MeV) a 2nd order transition in the 3d-Ising

universality class happens instead of a 1st order at the RW
endpoint.

C. Bonati et. al,PRD 93, 074504 (2016)

No 1st order end point (of the line of 1st order RW transitions) for
my >50 MeV.

C. Bonati et. al,arXiv:1807.02106 [hep-lat]

- HISQ(Nr=2): Order of the phase transition at physical point is not
clear(large cut-off effects) .

L.K.Wu, et al. PRD 97,114514(2018)




Studies with HISQ in the RW plane

Action, Z(T.p) = [[@ Uldet[M,,(up)]"*det[M (1)1 exp[—S¢]

Simulation details, P

N=2+1,2=2
r 3
We vary [ in the range [5.850-6.038],

corresponds to, ~ T, £ 0.17,

8 4 1/27 135

Generally we generated
20k trajectory per [ value away

12 4 1/27 135 from Sc and 80k trajectory near f3c

1/27,1/40, 135, 110,
1/60 90 We work on the 2nd RW plane

135,
110

16 4

24 4 1/27,1/40




Ising endpoint of a first order line

Effective Ising Hamiltonian which

Heff(tv 5) — t% -+ hﬂ — = defines the universal critical

/' behaviour of the system
temperature like / o .
field magnetization under Z(2) transformation,
(

like operator L 5 &
order parameter)
magnetic field M — — M

like

energy like
operator

Corresponding critical behaviour of QCD in 2nd RW plane [Z(2) transformation],

ImL— —ImL m=l order parameter
Re L - Re L = energy like

i.e.at M = Hrw

0 £ 5 < 8.
lim lim (Im L) = lim ([Im L|) ={ 1 B<p
O Ve Voo non-zero, if § > f.



Corresponding critical behaviour of QCD at 2nd RW plane [Z(2) transformation],

ImL— —ImL m=l order parameter
Re L - Re L = energy like
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Corresponding critical behaviour of QCD at 2nd RW plane [Z(2) transformation],

ImL— —ImL m=l order parameter
Re L - Re L = energy like

i.e.at M = Hrw

0 £ 5 < B,
lim lim <Im L> — lim <‘[m LD _ ) 1 B<pB
=0V —es V—oo non-zero, if 8 > B,
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Corresponding critical behaviour of QCD at 2nd RW plane [Z(2) transformation],

ImL— —ImL m=l order parameter
Re L - Re L = energy like

i.e.at M = Hrw

0 f 3 < 8.
lim lim <Im L> — lim <um L|> _ ) 1 B<pB
=0V —es V—oo non-zero, if 8> S,



Finite size scaling and Z(2) universality class

Free energy, <0>= ("")a_ah f(..)],_ ~ order parameter
— —d yt yh —1 az
f fns +b fv(b Uys b Up, b Nﬂ)‘ I = (....)%fg(...)lh_m susceptibility of op
f universal functions — P2
Responsible for the 2= )= A0 D, specific heat
universal critical behaviour o
_I-T, g ¥, = 2N f(ztN )
T c
c _ y/v 1/v
near, T— 1, U ™~ Gyl ~ Cph X = alNg Ji(ZotNg ™)

Susceptibility of |7m L| Susceptibility of |Re L]
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Finite size scaling and Z(2) universality class

Free energy, <0>= ("")a_ah f(..)],_ ~ order parameter
— —d yt yh —1 az
f fns +b fv(b Uy b Up, b Nﬂ)‘ I = (....)%jg(...)lh_m susceptibility of op
f universal functions — P2
Responsible for the 2= )= A0 D, specific heat
universal critical behaviour o
_I-T, g ¥, = 2N f(ztN )
T c
c _ y/v 1/v
near, T— 1, U ™~ Gyl ~ Cph X = alNg Ji(ZotNg ™)

1.4 | line: Z(2) scaling curve .
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1.2 i
= 1| N, =24 =& |
0.8 12 @ i
, 3 |
0.6 v . ,
0.4 | m_~ 135 MeV
0.2 | e ] _ v S
- ,

O ‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘

T [MeV] 10



Finite size scaling and Z(2) universality class

Free energy, <0>= ("")a_ah f(..)],_ ~ order parameter
— —d yt yh —1 62
f fns + b .fv(b U, b Up b fo)‘ I = (....)%jg(...)lh_m susceptibility of op
f universal functions — P2
Responsible for the 2= )= A0 D, specific heat
universal critical behaviour o
_I-T, g ¥, = 2N f(ztN )
T c
c _ y/v 1/v
near, T— 1, U ™~ Gyl ~ Cph X = alNg Ji(ZotNg ™)

| Susceptibility of |/m L] Susceptibility of |Re L]

1.4 ! line: Z(2) scaling curve * 0100 + NS = 12 + ++

- | T, =202.6(4) MeV 1 0.005- 4 N, =16 + 41 * *
e 4| Ne2¢om | = 0090 R N,=24 é &

, 16 A | .

= 0.8 | 12 @ : = ; +

. 8 ] 0.085- : 2

| ‘ f L

04 | m_ ~ 135 ' 0.0807 ¢

02 | - —— ) ) v S 0075 } mn. i 135 Mev

0175 | ‘18(‘)‘ | ‘18‘5‘ | ‘19(‘)‘ | ‘19‘5‘ | 200 | 205 | 210 | 175 190 200 215

T [MeV] 10 T[MeV]



Finite size scaling and Z(2) universality class

Free energy,

f=f +b % (b’u,b’u,,b~'N,)

/

Responsible for the universal critical behaviour

T—-T.
[ = T N'B—ﬂc

, Y,V are 3d Ising Exponents

“Susceptibility” and “specific
heat” scale with
corresponding Z(2) finite size
universal scaling functions
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Finite size scaling and Z(2) universality class

Free energy,

f=f.+b % (b"u,b>u,,b~'N )

0.0045 |
0.004 |
0.0035 |
0.003 |
0.0025 |
0.002 |
0.0015 |
0.001 |
0.0005 |

Xh N;Y/V

/

Responsible for the universal critical behaviour

T—-T
[ =
T

-~ p—p

, Y,V are 3d Ising Exponents

“Susceptibility” and “specific
heat” scale with
corresponding Z(2) finite size
universal scaling functions

Xn = ZlNg/yﬁz(ZofN;/y)

line: Z(2) scaling curve %
T, =202.6(4) MeV

N,=24 &
16 A&
12 @
8 =

m_~ 135 MeV

-4 2 0 2
z=2o NIV (T-T )T,
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Finite size scaling and Z(2) universality class

Free energy, a, Y,V are 3d Ising Exponents

f=f.+b % (b"u,b>u,,b~'N )

/ “Susceptibility” and “specific
heat” scale with

Responsible for the universal critical behaviour corresponding Z(2) finite size

Tr—T . . .
t = C~pB-p universal scaling functions
T c
c
_ v 1/v _ / 1/
Xn = aNG fi(ZtN,") X = 2Ny " J(ZtNs™)
oo 0.0625{ ¢ N,=12 o ¢ ‘
0.004 | line: Z(2) scali :
S| Teezemuer _; 0.0600] W N,=16 )
0003 | |, oo A A A + +
: ooops | e * [ 500550 o A
Tp 0.0025 | 16 A o * 4 B +
< 0.002 | 12 @ 53 009251 o "4
0.0015 | 5 0.0500- A
z S
0.001 | -: 0.0475) 4 + A b 135 MeV
0.0005 | m_~ 135 MeV o) 0.04501 hids Sl |
0 [ . . . . . . , , , , ] —10 —5 0 D
-6 -4 -2 0 2 4 (T_Te) prL/v

T,
W TT T, 11

z=745 N




<lImLI>

0.05 | 0.25 |
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Quark mass dependence of RW transition

Susceptibility of [/m L]

0.61 -#- mu/ms=1/27 -
_.*_‘ ml/ms = 1/40 ) ;/f"*\\ i\‘
0.5 -4- my/ms=1/60 g N, \‘
- | ,:;,’/ \‘ \
504 7 i\‘
>?03 // --+
0.2- i N, =16
0.11 %
175 190 200 215

T(MeV)

Susceptibility of |/m L|

1.44 -¢- mym, =127
1.0¢ % /Y +
- 10 | ’jf:&‘*\\ +\
,\S( 08 1 /ﬂ’ III \\ \\\
0.6 y :
0.4- . No=24 T g
0.21 9=~
185 190 195 200 205 210

T(MeV)

No unusual change in the susceptibility of the
order parameter with respect to pion mass upto, m_ ~ 90 MeV

Order of the transition seems to be unchanged ??




Chiral limit and RW transition

Sub. Chiral condensate

L
301 e o
— _ 4 T —
. . N, =16 A = (mgfiH) (I — (my/my)(5s))
| L
2 201 I
<] [
151 " o
& my/my,=1/27 O o )
101 & mu/my=1/40 u Susceptibility of (/)
: m my/my=1/60 o ¢ . 5(0- ‘ p—
175 180 185 190 195 200 205 210 215 10- »  N,=16
T[MeV] . 0 o ¥
_ 1/2 & 30 . ¢ ¢
(W) ~ const + m 5. . .
disc —1/2 =< 20 ¢
)(1/_/1// ~ m For, I < TC ° & mujm,—1/27 "
10- B ou/ms=1/40
Goldstone effect (square root singularity) | 4 im0 me
In )(l%is" below Trw IS evident. 175 190 200 220
T[MeV]

===l Cchiral symmetry restoration at Trw ?
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my/m, = 1/27 T=201.85 MeV

| N 0.06 N =16
30 m_~ 135 MeV " w2 135 MeV
251 3 0.02
= 20- = 0.00
R = —0.02
—0.04
10- —0.06
mm V=24 '
o — | — - | . —0.06 —0.02 0.02  0.06  0.10
175 180 185 190 195 200 205 210 215 o((¥))
T(MeV)
Strong volume 207
dependence of 151
“subtracted chiral o)
condensate” at fixed %”ﬁ 1.0-
my/ms below Trw
0.5
mixed chiral susceptibility sensitive 0.0 m, ~ 135 MeV
to transition at the RW endpoint 175 180 185 190 195 200 205 210 215

T[MeV]




Conclusions

* Qur preliminary findings from calculations with the HISQ
action with physical pion mass suggest that the RW-end
point is 2nd order and belongs to the Z(2) universality
class. This is consistent with the earlier result found with
the stout-improved staggered action.

* preliminary trends of m;~110, 90 MeV results are also
consistent with a 2nd order phase transition.

- RW transition and chiral phase transition may coincide in
the chiral limit.

¢ Calculations on larger lattices and smaller quark masses
are ongoing.
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Conclusions

* Qur preliminary findings from calculations with the HISQ
action with physical pion mass suggest that the RW-end
point is 2nd order and belongs to the Z(2) universality
class. This is consistent with the earlier result found with
the stout-improved staggered action.

* preliminary trends of m;~110, 90 MeV results are also
consistent with a 2nd order phase transition.

- RW transition and chiral phase transition may coincide in
the chiral limit.

¢ Calculations on larger lattices and smaller quark masses
are ongoing.
Thank you for your time
and attention
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TRW trans.
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Phases in the RW plane

- RW transition happens between two Z(3) sectors of the

Polyakov loop. Hence, the order parameter can be the
phase or the imaginary part of the Polyakov loop.

 In the RW plane, the 1st order region (for small mass)
consists of three 1st order transitions, where high
temperature RW transition meets two chiral phase

transitions.

» The physical point which is crossover for =0 can be 1st
or 2nd order in the RW plane. So, our first goal is to
confirm this issue and then going to the chiral limit to
“search for a 1st order” transition.
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physical point
---9®

27
N

.- Crossover

u/T=0

1®

T d
chiral limit Np = 2
® Nf =2
1st
>
s 77 Z(2)
|l \{
m‘;ric
m (o -
S /V-_) |
15t v/ 2*
myd

Pure
Gauge

20

<.
Q.

S W§
3 .+ 2nd order
® 3d Ising

1st order
tr.
u/T=m/3
T d

Columbia plot in =0
and RW plane



