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Qualitative discussion CRC-TR2n

Strong-interaction matter
under extreme conditions

@ For massless quarks chiral symmetry is exact and symmetry breaking can only happen
through a phase transition.

@ T = ( transition is of first order.

@ Phase transition at up = 0 is expected to be of second order
belonging to SU(2) x SU(2) ~ O(4) universality class.
[Pisarski and Wilczek. Phys. Rev. D29, 338, 1983.]

@ Tricritical point in the T'— up plane: three phase (two
broken with opposite sign of magnetization and on restored)
coexistence ends and second order line also terminates from
the other side. [phys. Rev. D58, 096007 (1998) ]

Karsch, arXiv-1905.03936 @ CEP shifts to larger up and smaller 1" with increasing mass.
[Hatta and Ikeda. Phys. Rev. D67, 014028, 2003.]
@ In case effective restoration of anomalous U4 (1), the chiral transition —
can be of first order. [Pisarski and Wilczek. Phys. Rev. D29, 338, 1983.] — e
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Effective restoration of Uy(1) @ T,

_, Su@ xsu@g “Order parameter” for effective
Xscon T Y529 °:4d9  Xcon* X disc restoration of Ua(1).
TOR ‘ u(),
Xcon 5 El% q n: ‘_175‘-1 Xs5,con~ X 5,disc

SU(2) Lx SU(2) g
[HotQCD, Phys. Rev. D86, 094503 (2012).]

XH = /d4z {Ou(@)OH(0)) — (On (x))(OH(0))]
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Effective restoration of Uy(1) @ T,

_ s xSU(2)R _ “Order parameter” for effective
Xscon T 9%z 4 “99  Xcon T X disc restoration of Uyx(1).
?
Uy, u(), @ My = My, orvmore
_ generally Xz = Xqo-
Xcon 9;94 ~——n:4q%d Xscon  Xs5disc

SU(2) Lx SU(2) g
[HotQCD, Phys. Rev. D86, 094503 (2012).]

XH = /d4z {Ou(@)OH(0)) — (On (x))(OH(0))]

UNIVERSITAT
BIELEFELD

— Faculty of Physics

Anirban Lahiri ( eld University) QCD towards the chiral limit 5



Effective restoration of Uy(1) @ T,

_, Su@xsu@g “Order parameter” for effective
Xscon TP dY¥3d ©:94d " Xcon*Xdisc restoration of U4(1).

?
@ My = My, OF More

U, ?
generally x» = Xq,-

X o< | DE—| X ~ X s5,di . .
con 924 SU() Lx SU(z)Rn %9 “s,con % 5.disc @ In the chirally symmetric
[HotQCD, Phys. Rev. D86, 094503 (2012).] phase, X?/_]i;}c ; 0.

XH = /d4z {Ou(@)OH(0)) — (On (x))(OH(0))]
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Effective restoration of Uy(1) @ T,

_, Su@xsu@g “Order parameter” for effective
Xscon TP dY¥3d ©:94d " Xcon*Xdisc restoration of U4(1).

R
@ My = My, OF More

generally - L Xao-

(),

Xcon : El% q n: ‘_3|Y5q Xs5,con~ X 5,disc

SU2) Lx SU(2) g @ In the chirally symmetric
e ?
[HotQCD, Phys. Rev. D86, 094503 (2012).] phase, X?[_)I’ZJC 0.

XH = /d4z (Ou (z)OH(0)) — (O (2))(OH(0))]
@ Even using same observable, contradictory findings between different fermion formulation,

for hlgh T Ding et. al., Phys. Rev Lett. 126, 082001, 2021. JLQCD, arXiv:2103.05954 [hep-lat].
o Effective restoration of U4(1) needs more attention near the chiral transition temperature!

@ For temperatures higher but close to the transition temperature,

the chiral extrapolation is more subtle and yet inconclusive.

Kaczmarek et. al., arXiv:2003.07920 [hep-lat]. Dentinger et. al., arXiv:2102.09916 [hep-lat]. gEL\ﬁIESLISKT
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Effective restoration of Uy(1) @ T,

@ For temperatures significantly higher than the transition
temperature, U4(1) breaking is small, which is
consistent with dilute instanton gas picture.

Ua(1) broken ‘ Ua(1) restored

DWF N, — 8, 16 Overlap N, =8

Cossu et. al., Phys. Rev. D87, 114514, (2013)
HotQCD, Phys. Rev. D86, 094503, (2012)
Erratum: Phys. Rev. D88, 019901(2013).

DWF N, =8 O(a)-improved Wilson N, = 16
LLNL/RBC, Phys. Rev. D89, 054514, (2014). Brandt et. al., JHEP 12 (2016) 158.
HISQ N, =6, 8 DW/Overlap on DWF N, =38, 12
Dick et. al., Phys. Rev. D91, 094504, (2015). JLQCD, Phys. Rev. D96, 034509, (2017)
HISQ continuum DW/Overlap on DWF fixed a

JLQCD, arXiv:2103.05954 [hep-lat].

Overlap on HISQ N, =8

Mazur et. al., arXiv:2102.06136 [hep-lat]
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Effective restoration of Uy (1) @ T,
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Effective restoration of Uy (1) @ T,

@ For temperatures significantly higher than the transition
temperature, U4(1) breaking is small, which is

consistent with dilute instanton gas picture. o Effective restoration of

U4 (1) needs more attention

U4(1) broken U4(1) restored . .
4(1) ‘ a(1) near the chiral transition
DWF N, =8, 16 Overlap N; =8 temperature!
Cossu et. al., Phys. Rev. D87, 114514, (2013)
HotQCD, Phys. Rev. D86, 094503, (2012) .
Erratum: Phys. Rev. D88, 019901(2013). o For temperatures higher but
DWF N, =8 O(a)-improved Wilson N, = 16 close to the transition
LLNL/RBC, Phys. Rev. D89, 054514, (2014). Brandt et. al., JHEP 12 (2016) 158. temperature the Chiral
~ HISQN; =6, 8 DW/Overlap on DWF N, =8, 12 extrapolation is more subtle
Dick et. al., Phys. Rev. D91, 094504, (2015). JLQCD, Phys. Rev. D96, 034509, (2017) d l | i
- - and yet inconclusive.
HISQ continuum DW/Overlap on DWF fixed a . yk X0 2005.079%0 [hep ot
. aczmarek et. al., arXiv. ep- at
JLQCD, arXiv:2103.05054 [hep-lat]. Dentinger et. al., arXiv:2102.09916 [hep-lat].
Overlap on HISQ N, =8
Mazur et. al., arXiv:2102.06136 [hep-lat]
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Effective restoration of Uy(1) @ T,
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o T < T,: divergence in the chiral limit, monotonically.

CRC-TR2m

Strong-interaction matter
under extreme conditions

e T = T.: highly non-monotonic approach to chiral limit.

@ Towards the chiral limit the aspect ratio has to be increased
to keep the finite volume effect under control.

e Continuum extrapolation for T' 2 T, is tricky.

@ Similar finding through studies of xr — Xq,-
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Dentinger et. al., arXiv:2102.09916 [hep-lat].

QCD towards the chiral limit

0.04

UNIVERSITAT
BIELEFELD

— Faculty of Physics

7



Overview

© Energy-like direction

Anirban Lahiri (

QCD towards the chiral limit

CRC-TR2m

Strong-interaction matter
under extreme conditions

UNIVERSITAT
BIELEFELD

— Faculty of Physics

8



Gluonic observables towards chiral limit

@ Wilson's RG approach: thermodynamics in the vicinity of a critical point can be described
by an effective Hamiltonian.

@ Two types of operators: ones which respect the symmetry and others don’t; termed as
energy-like and magnetization-like.

@ Being gluonic, Polyakov loop (PL) and heavy quark free energy (HQFE) are both
expected to be energy-like operators w.r.t. chiral phase transition.

Fy(T,H)/T = AHU /P f1(2) + freg(T, H)

@ HQFE doesn't diverge at chiral critical point, so importance of the regular terms could be
higher. Let’s calculate the mixed susceptibility

an(Tv H)/T _ (B—1)/B6 ¢t afreg(Ta H)
which has a divergent behavior. o
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Gluonic observables towards chiral limit

7 0.9
AFYTYOH  H=1/27 = HOBBY(F T)/oH - —
6 : 1140 -6~ 2'3 /T Fy(T, H) ar (T) + Ap; ((;T—)QI-)I/Bs , T f Te
s 1/80 ot . H=:§; i I ~qagot+ Aa1 H , T =T
) 11160 0.6 V6o o a+(T) +p+(T) H? , T > T,
hatched : Hyg,=1/40 05 '.,' 1160 »<- ) ) )
s <ol Hop 127 04 0 a0 e Fit with singular terms only.
0.3 =

2 AR 02 it : Hpgy=1/27 ‘ﬁ\.{ - -
; N 0 .. @ Determined singular part

SN E A , .
0 TiveV : 0 M compares well with other
130 140 150 160 170 180 -2 -1 0 1 2 3 4 5 6 7

. . determinations.
@ For T' < T,, linear H dependence of HQFE is 50

general, due to Goldstone effect. 48 & 2 NH-
40 28 8.°..

Bazavov et. al., Phys. Rev. D87, 094505 (2013). ‘3\@\ 26 T ey ~-. %
o

Brambilla et. al., Phys. Rev. D97, 034503 (2018). 351 Ne8 g 24
Megias et. al., Phys. Rev. Lett. 109, 151601 (2012). 301 hoto ro 140142 144146 148150
. . . 25 VAT 27 g%%g 0@
@ Regular part is then determined from HQFE keeping ol %hz
the singular part fixed at the value determined from LT Ten R
. 110 120 130 140 150 160 170 180
8(Fq/T)/8H fit. Clarke et. al, Phys. Rev. D103, LO11501 (2021) )
BIELEFELD |
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Gluonic observables towards chiral limit
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Strong-interaction matter
under extreme conditions

Polyakov loop behaves as an energy-like
observable towards chiral limit.

No inflection point can be identified in the chiral
crossover region.
In the chiral limit: ciarke et. al, Phys. Rev. D103, L011501 (2021).

O(Fq(T,0)/T) +,—a
TCTfaI)O(I-s-R t] )

10
. W Peak develgps c.)nl.y in a very tiny interval around T,
. towards chiral limit.
7 a5 Peak height is non-universal.
(;Vi 35

°r o@) Identifying a peak in Cy is hard because of the rising
5 param: N.=8, H,,, =127 — S .

o regular background in QCD.
4
-0.01 -0.005 0 0.005 0.01 Gupta and Sharma, PoS CPOD2014 (2015) 011. UNIVERSITAT
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What about the chemical potentials? CRG-TRzn

QCD Lagrangian, written in flavor basis, contains flavor chemical potentials 1y with
f=u,d,s.

In the isospin symmetric limit it is fair to talk about p; = py = pg and ps.

None of y; and s break the chiral symmetry = p; and pgs should appear in the T—like
scaling field or so called reduced temperature.

1 (T -1T, 1 (M 2 s 2 s Hilts
t = % < Tc + Ko <?> + H; (T) + 2&151 T2

Same for the chemical potentials in the conserved charge basis?

Let's start with up which does not break chiral symmetry explicitly.
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Conserved charge fluctuations towards chiral limit

@ For finite up, to the leading order: ¢t = % <

. T
@ Close to chiral limit: ar ~

CRC-TR2m

Strong-interaction matter
under extreme conditions

TT(I;C + KB (“7?)2> and h =

ho ms

% = XQB is expected to be energy-like observable.
B

— /
B(r,H) = —AxPH( O‘)/B‘Sff(z) + regular terms.
0.20 0.090 —5
0.18 2 . a 005 %2 (To)
016 Ag»@‘ 0080 o Linear fit in H(1-2)/BS
0.14 N.=8 7 .
012 Y 0.075 ¢ Ne-s works quite well.
X’A = my/27 5 ni)

0.10 EZ/,@@ 40 o 0.070 . .
008 P o & - @ Singular part vanishes at
0.06 ggm mMg160 r : m h h | | .
0.04 & 0.060 the chiral limit.

| T[MeV] (mymg(1-oVB5 - .
0.02 0.055 Sarkar et. al., arXiv:2011.00240.

130 135 140 145 150 155 160 165 170 175 180 0.00 0.02 0.04 0.06 0.08 0.10 0.12

o xB(T.,0) — xB(T., H) gives the singular part for any finite mass.

e Ratio of singular parts of of conserved charge X and Y is same as x5 /K3 .
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Stong-interacic
inder extreme condiions

Curvature of the (pseudo-)critical line CRm

o Joint scaling fit to any mixed susceptibility for various small masses = «=0 is a fit

parameter; e.g. fit 55t 8 El to the form proportional to H(~ B)/ﬁ‘sf’ (z) and the

proportionality constant is related to k=0,

0.022 T T T T T
.9 9 . | (T2325/ay13) / 2TcdZ/oT)
e Exploit 7 ~ B and calculate ratio e.g. 0.020 |
02%; /ou? 0.018 [
%% to get the estimators of nH 0 at
l/ T:TC 0.016 [~
finite masses. 0014 -
@ Follow some physical condition over the T'— up oot [
plane; e.g. following the inflection point of ¥; gives 0010 TV
52 BQEl 135 140 145 150 155 160 165 170
H _ ToT% ou%
kp = 37535,
F) 73 Lahiri, arXiv:2112.08164.
™ Ar=rs .
Sarkar et. al., arXiv:2112.15398. BIELEFELD |

— Faculty of Physics
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Isospin and electric charge directions? Work in progress .. CRC-TRzn

Non-vanishing isospin chemical potential or electric charge
chemical potential breaks the the isospin sector of the chiral
symmetry explicitly.

How to incorporate and interpret these directions?

For Ny =2,Q = %B + I3 = any criticality in x% is going to

reflect on the XzQ given there is no criticality in the isospin

channel. Hatta and Stephanov, PRL 91, 102003 (2003).

Is it going to be the same for chiral criticality?

X4Q develops the characteristic peak towards the chiral limit.
1y seems to produce similar effect in mixed suceptibility as up.

Behavior of Xi towards the chiral limit will be interesting.

Details of operator topology in non-perturbative QCD is also
under investigation.

Strong-interaction matter
under extreme conditions

Q H=1727 —B—
9 -
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Sarkar et. al., arXiv:2011.00240.
00
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o 4 1140 &~
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Role of strange quark mass for 2+1-flavor chiral limit (RG-TRan

@ mg does not break the chiral symmetry in the light sector = mg appears in the

temperature like scaling field.
mPhy
T ) L maMsmms
T. (mghy) m‘ghy

= (Yn))s is expected to be energy-like observable.

1 [ T 1] 1
to Tc(ms) to

o9 0
oT Ooms

o (h)s ~ HI=)/BOf1(2) = Singular contribution vanishes in the chiral limit, like any
other energy-like observables.

@ Close to the chiral limit:

@ Relevance in MEoS analysis because the Subtracted condensate

M = 7}”35 ((J}@Z))l - —(1/)1[1) > can't be associated to a purely order parameter scaling
K
function fG(Z) UNIVERSITAT

BIELEFELD

— Facuty of Physics
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Curvature in the T'— my plane

_n_ 1 T ms) ms—mE"Y _ phy ms ms—mbY
t—o—%[<m—l)—ﬂ( S)STnT; iTC(ms)—Tc(mS ) ].+K/ SST;
0.45 T T T
-(mgdZ/amg) / (TIZ/aT)
E 0.40 H=1/27
@ Joint scaling fit to the mixed susceptlblllty L for Nyes e
0.35 -
various small masses = /{g{:()) is a fit parameter.
0.30 [
e Exploit 7 ~ s and calculate ratio e.g. vl
3221/3777,5 ( ) L _
W T:T to get the estimators of H’H 0 at 020 1 S
finite masses. os R .

135 140 145 150 155 160 165 170

Np=2+1

o Crude estimate of HSLT:S()) = 0.2 for N; = 8 along with a input of T¢

gives an estimate of TcNf:?’ =115 MeV!

= 144 MeV
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‘Mixed’ susceptibilities and Specific-heat like observables

Mixed susceptibilities

9%2InZ
Ohot -

@ Expected to diverge in the chiral limit
following H(1=A)/B3 £, (2).

oy, 9%y, 9%, OFq
® 9T o2 om. OH all shows the

characteristic peaks related to (negative

of) f:(2).

@ Quantities defined through

Anirban Lahiri (Bi

C',-like observables

@ Quantities defined through ‘9281;;?

@ Expected to produce a finite cusp in the
chiral limit following H /% f}(z).

B/S 4
@ Apart from actual C,, X4/ ‘3}17“2,
HB/s

o5 oz o Pz g
oT 3%23/53T' Xms amg v oT
OF, S e
52 PL susceptibility are expected to
6“3/5

behave as specific heat w.r.t. scaling
perspective.

@ Some of these shows the characteristic
cusps and others don't = Strong regular
background?
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Overview

© Summary and Outlook
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Summary and Outlook

@ The chiral critical temperature for (2+1)-flavor is found

Tt . to be ~ 130 MeV.
Tpc-:"{x’ e CEP is unlikely to be found for T' > 130 MeV and
T $— correspondingly for upg < 400 MeV.
Tri \\ ‘ @ Ongoing calculations about the curvatures of the
T ‘N,? (pseudo-)critical lines is going to be important.

@ Calculations of energy-like observables seems to provide

\/\ important information.

@ Results in the isospin direction is expected to provide
interesting facts.

@ Ujy(1) restoration at T, is one of the deciding
calculation.
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