Emergent mass and its consequences in the SM ECT*, Trento, 19.09.2018

On the order of the chiral phase transition
at zero and small baryon density
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® Motivation
@ Lattice results at zero density: Ist or 2nd order transition?
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Chiral symmetry breaking and restoration

For m, = 0 QCD symmetric under rotations in flavor space

SU(Q)L X SU(Q)R X U(l)A

)

anomalous proton neutron

Confinement + spontaneous symmetry breaking: O = <¢¢> # 0

Responsible for visible mass in the Universe

T, np
Extreme conditions: o
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The QCD phase diagram
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No Monte Carlo of Lattice QCD: sign problem!



Theory: how to calculate p.t., critical temperature

deconfinement/chiral phase transition — quark gluon plasma

“‘order parameter’:

chiral condensate (¢¢>

generalized susceptibilities:

X =V((0%) —(0)?)

=~ Xmazx = ‘((*30) =1,

only pseudo-critical on finite V!
Order of transition:
finite volume scaling

) o
Xmazxz ™ V
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lattice coupling (3, viz.l’

o=1 1st order

0 = crit. exponent 2nd order

o=10 crossover



The nature of the QCD thermal transition

Pure gauge + static quarks:

Ny =2
1 deconfinement p.t.:
Ms = 15t breaking of global Z(3) symmetry
Aoki et al. 06
® Physical point \
o o deconfinement critical line
V/
s
[
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Crossover
st
1 Z
0 mu,d
chiral p.t. chiral critical line de Forcrand, O.P.07
restoration of global symmetry in flavour space N, =4.a ~ 0.3 fm

SU(Q)L X SU(Q)R X U(l)A

anomalous



The nature of the QCD thermal transition

...has horribly large cut-off effects!

Nf=3, Nt=4,6,8,10
Ny =2 0 4.5

® Physical point
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de Forcrand, talk @ LAT2017



The nature of the QCD thermal transition

...I1s still unknown in the continuum limit

Ny =2 Ny =2
_‘
My ms | O4)
U2 ®U(2)r/U(2)v
® Physical point a O’) ® Physical point
% < > %
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Crossover . : . Crossover
Pisarski, Wilczek 84:
Ua(1) anomaly?
0 mu’d ™Moy .d

1st order region seen on coarse lattices but shrinks with decreasing a
Only upper bounds with improved actions

Base for exploration of phase diagram at finite baryon density



The nature of the QCD thermal transition

...I1s still unknown in the continuum limit

Ny =2 00

Z2 1st
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® Physical point

® Physical point
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Pisarski, Wilczek 84:

7 U 4(1)anomaly? Z

1st order region seen on coarse lattices but shrinks with decreasing a
Only upper bounds with improved actions

Base for exploration of phase diagram at finite baryon density



Lattice results on the anomaly...

- fate of U(1)a lattice

HotQCD (DW, 2012) broken
JLQCD (topology fixed overlap, 2013) restores

- TWQCD (optimal DW, 2013) restores ?
 LNL/RBC (DW, 2014) broken
HotQCD (DWW, 2014) broken
Dick et al. (overlap on HISQ, 2015) broken
Brandt et al. (O(a) improved Wilson 2016) restores

JLQCD (reweighted overlap from DW, 2016) restores
JLQCD (current: see Suzuki et al Lattice 2017) restores
Ishikawa et al (Wilson, 2017) at least Z4 restores

Y. Aoki, talk @ xQCD2018
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Statistical system with “continuous Nf”
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Numerical results for varying Nf
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Linearity confirmed with larger Nf:
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Linear Nf-dependence:

Braun, Gies 09: chiral transition towards the conformal window.... RG treatment
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Inherited by all dimensionful quantities!



m /T

0.300

0.200

0.100

0.000

Allows for simulations on finer lattices

Cuteri, Sciarra, O.P,, in progress

Tricritical scaling fit
Nt € [2.0,2.2]
m oc (Nf . NE:r1C)5/2

Linear fit
Nt € [2.4, 5]

Linear fit
Nt € [3.6,4.4]

Eventual continuum limit
should be possible!

N =3, N. = 6 from de Forcrand, Kim, O.P., 07



Extension to finite baryon density
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Two strategies:
1 follow vertical line: m = mypys, turnon ¢ sign problem!

2 follow critical surface: m = megt(pt)

Some methods trying (1) give indications of critical point, but systematics not yet controlled



Extension to finite baryon density

Real and imaginary chemical potential, coarse Nt=4,6 lattices

Real chemical potential:
sign problem

Imaginary chemical potential
no sign problem

-(70/3)?

Non-trivial phase structure
Roberge-Weiss Z(3) symmetry!

staggered,Nf=3:
de Forcrand, O.P. |0

staggered,Nf=2:
D’Elia, Sanfillippo 11

Wilson,Nf=2:
Pinke, O.P. 14

shape, sign of curvatures determined by tricritical scaling!

transition weakens with real chemical potential!



The lattice-calculable region of the phase diagram

crossover weakens

u

@ Sign problem prohibits direct simulation, circumvented by approximate methods:
reweigthing, Taylor expansion, imaginary chem. pot., need ¢#/T' S1 (@ = pp/3)

@ No critical point in the controllable region, some signals beyond




Cluster expansion model (CEM) for baryon number

Vovchenko, Steinheimer, Stocker, O.P.

QCD thermodynamics with relativistic fugacity /cluster expansion:

Imaginary up:

Lattice QCD is problematic at real 1 but tractable at imaginary 1
ug — ifig = QCD observables obtain trigonometric Fourier series form

o op(TifiB) < kiig
Pressure: T — kz:opk(T) COS <?) :

T k i1
Net baryon density: ] TI'LLB) Z bi(T) sin ( ;L_ ) , be(T)=kpe(T)

2 [T e
be(T) = 7TT3/0 dji [Tm ps(T, ifis)] sin(k jis/ T)

Coefficients bx(T) can and are now being calculated in LQCD



Coefficients calculated on the lattice:

pe(T,ifig) _ Zb (T)sin(jis/T)

T3
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V.V., A. Pasztor, Z. Fodor, S.D. Katz, H. Stoecker, 1708.02852; S. Borsanyi, QM2017



Formulation of the CEM

e All observables are calculated from fugacity expansion for baryon density

,037(_37_) = \B(T) = Z bi(T) sinh(k ug/ T)

e bi(T) and by(T) are model input

[bz(T)]k_l [biB]k_2 sz

e All higher order coefficients bi(T) =, by ()] Qp = o
1 2

Motivated by HRG with excluded volume;
Assumption: 2-particle interactions only (sufficiently dilute)

Baryon number susceptibilities at ug = 0:

B _ 0*"(p/T?)
X2n(T) — 3(#8/7)2”

©.@) kmax

=) K (T) = ) Kby (T)




Baryon number fluctuations:

Baryon number susceptibilities at ug = 0:

kmax

T = G =2 KT BT = 3 K (T

CEM-LQCD: by(T) and by(T) taken from LQCD simulations at imaginary ug




Baryon number fluctuations:

Baryon number susceptibilities at ug = 0:

32”(p/ T4) o0 B Kmax B

B _ 2n—1 2n—1

Xon( T) = — k b(T) ~ k bk(T).
R A P SR

CEM-LQCD: by(T) and by(T) taken from LQCD simulations at imaginary ug

X2
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0.05F *
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Baryon number fluctuations:

Baryon number susceptibilities at ug = 0:

82”(p/ T4) o0 B Kmax B
B _ 2n—1 2n—1
Xon( T) = = k b (T)~ k b.(T).
2 ( ) a(luB/T)Qn o kz_:l k( ) kz_:l k( )

CEM-LQCD: by(T) and by(T) taken from LQCD simulations at imaginary ug

0.35

0.30 ! *
0.25 Koy = 9 *
0.20 - *
0.15 *
0.10 ; *

0.05F *

100 120 140 160 180 200 220 240
T [MeV]



Xon(T) =

CEM-LQCD:

Baryon number fluctuations:

Baryon number susceptibilities at ug = 0:

0*"(p/T*)
ug/ T)*" 11g=0

b1(T) and by(T) taken from LQCD simulations at imaginary ug
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o0 Kmax

=) Kb (T) = Y K b(T).
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Baryon number fluctuations:

Baryon number susceptibilities at ug = 0:

0°"(p/ T*) _ i k2L b (T) =~ ia:x k"1 b (T).

2n
Nus/T) pe=0  j—1 k=1

CEM-LQCD: by(T) and by(T) taken from LQCD simulations at imaginary ug
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Baryon number fluctuations:

Baryon number susceptibilities at ug = 0:

*"(p/T*)

o0 Kmax
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Y5 (T) = 5 =) Kb (T) = Y K b(T).
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CEM-LQCD: by(T) and by(T) taken from LQCD simulations at imaginary ug
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Baryon number fluctuations:

Baryon number susceptibilities at ug = 0:

82”(p/ T4) o0 ) Kmax B

B _ 2n—1 2n—1

Xon( T) = — k b(T) ~ k bk(T).
R A P SR

CEM-LQCD: by(T) and by(T) taken from LQCD simulations at imaginary ug
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Baryon number fluctuations:

Baryon number susceptibilities at ug = 0:

azn(p/ T4) 0 Kmax
B — 2n—1 2n—1
Y3 (T) = - =) Kb (T) = Y K" b(T).
-V P k=1
CEM-LQCD: by(T) and by(T) taken from LQCD simulations at imaginary ug
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Baryon number fluctuations:

Baryon number susceptibilities at ug = 0:

o*"(p/T*) S

B _ 2n—1 2n—1
Xon(T) = . — k bi(T) =~ k bi(T).
2 e/ T)*" g0 kz_:l kz_:l
CEM-LQCD: by(T) and by(T) taken from LQCD simulations at imaginary ug
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Baryon number fluctuations:

Baryon number susceptibilities at ug = 0:

kmax

T = G =2 KT BT = 3 K (T

CEM-LQCD: by(T) and by(T) taken from LQCD simulations at imaginary ug

e LQCD (Wuppertal-Budapest, estimate)
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0.0

Yet another test of CEM

* Wuppertal-Budapest

HotQCD (from x5 & x5/x5 using CEM)
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Note: this involves all coefficients!




Radius of convergence

Taylor expansion of QCD pressure:

P(T%fB) _ p(;-_;O) (T)( B/T)2 ( )(,LLB/T)4

Radius of convergence r, 1 of the expansion is the distance to the nearest
singularity of p/ T* in the complex ug/T plane at a given temperature T

If the nearest singularity is at a real ug/T value, this could point to the QCD
critical point

Lattice QCD strategy: Estimate r,,+ from few leading terms
M. D'Elia et al., 1611.08285: S. Datta et al., 1612.06673; A. Bazavov et al., 1701.04325

20+ 2)(2n + 1)\B. |1/?
@@

Ratio estimator: r, = =
X2n+2 n— 0o

CEM allows to analyze r, to very high order



Domb-Sykes plot: 1/r; vs 1/n, linear extrapolation to 1/n = 0 yields r,, /7
CEM-LQCD @ T = 160 MeV

0.25 | T T T T T T T T
: CEM-LQCD, T = 160 MeV, Ratio estimator
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1/2
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jim [275220 DG | poEs NOT EXIST!
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Reason: coefficients have neither same nor alternating signs
(required for ratio test)



Mercer-Roberts estimator

2 1/4 B
Cn+1Ch—1 — C, X2n
rn, = 5 : Cph = .
Cn+2Cn — Chq (2n)!
0.07 T T T T T ' * P 2

i 4
! o p/T e o °o {
' B
| "X
|
i ¢
|
i _
i CEM-LQCD, T =160 MeV, Mercer-Roberts estimator
005 l ] ) ] ) ] ) ] )
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1/n

Three different observables show same radius of convergence!



Radius of convergence of CEM

Applying the same procedure at other temperatures

| ' ™ | ' ' ' | ' ' ' | ' ' '
240 | i * r . (CEM-LQCD) -
90 | - = -1, (CEM-HRG,b=1fm%) |
- Roberge-Weiss CP estimates: 1
200 v Fodor, Katz (LQCD, reweighting) |
— s m  Lacey (HIC, finite-size scaling) 1
> 180 ¢ Fischer et al. (Dyson-Schwinger) |
() | ® Critelli et al. (holographic)
2 160 - - | *\ﬁq A Lietal. (holographic)
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= NN x
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120 | ! A -
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| S e
100 |- , ~ \? i
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Radius of convergence of Taylor expansion sees Roberge-\Weiss transition
R-W transition expected at T > Trw and Im[ug/ T| = 7 [Roberge, Weiss, NPB '86]

Lattice estimate: Tgry ~ 200 MeV [C. Bonati et al., 1602.01426 |



Conclusions

Order of chiral phase transition not yet settled in the continuum
For physical quark masses it is a crossover
For small baryon density the crossover weakens, no sign of criticality

Cluster expansion model for baryon number:
EoS for small densities to all orders in chemical potential
no critical point below g < 7T

If there is a phase transition at larger density: is it chiral?



