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Motivation: The QCD Phase diagram
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New precise determination of the QCD transition
temperature T,. = 156.5 &+ 1.5 MeV

HotQCD: PLB 795 (2019) 15

The chiral crossover line with respect to 1B
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The chiral phase transition temperature and
pseudo-critical line T. = 13275 MeV

HotQCD: PRL 123 (2019) 062002

Expected bounds on the QCD critical end-point
T.ep < T, = 13272 MeV
pny” > (300 — 400) MeV
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Motivation: Freeze-out data vs. lattice QCD

175 i T i T i T i T i T i T i T i
! f A 4 .

170 | Lo MeV] CHOSSOVEL lg(l)zsg r(lé‘BZ Established Method to extract freeze-
165 | s = |  out parameter from HIC experiments
* freeze-out: STAR e | yses hadronic yields and fits to a

160 + ALICE = -

statistical (HRG) model.

1 5 5 :fb’ QR R R KA A X5 : : : o0 . .
f = Find good agreement with the
150 +

f " | chiral crossover line from QCD
1451 ng=0, "2 =04 + = Model dependent analysis
140 +

135 7 L | L | L | L | L | L |
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11g [MeV] = No phase transition in the HRG

Higher oder cumulants of conserved charge fluctuations are the ideal probes to study the
freeze-out and chiral crossover line.

= Can be calculated in (lattice) QCD

= Show well defined divergencies close to the critical end-point and extrema at the
chiral crossover

Goal: Provide QCD predictions for cumulant ratios (M /o2, So, ko2, ...) of conserved
charge fluctuations as net baryon-number (B), net electric charge (Q), net strangeness (S).
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Plan

Methodology
» Definition of cumulant ratios
» Formulation of observables on the lattice
» Recent improvements

Results: A comparison to HRG

» Using HRG to estimate difference of net-baryon and net-proton number
fluctuations (only M /o?)

Results: A comparison to STAR

» Thermodynamic consistency of the new /sy~ = 54.4 GeV proton-number
fluctuations

Summary and Outlook
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Methodology: The Taylor expansion method

Compute expansion coefficients of the pressure

p_Iz &L XBQS<M_B>'£ e\’ (ps)"
T4 T3V A gl TR0 T T T

Gavai, Gupta (2001)
Bielefeld-Swansea (2002)

Cumulants of conserved charge fluctuations, can also be measured
as event-by-event fluctuations in heavy ion collisions

BQS 6Z 6'7 Bk ln Z
IR0 8(pB/T) 8(uq/T) d(ns/T) T3V
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Methodology: The Taylor expansion method

Compute expansion coefficients of the pressure

P _InZ 1 mes (ke (KoY’ (ks)"
T4 T3V A gl TR0 T T T

Gavai, Gupta (2001)
Bielefeld-Swansea (2002)

Notation: relevant operators are derivatives of the determinant

8’& 1/4 81, 1 i,
D] = —~det [My(us)]"/* = —ped™MWo), € {u,d, s}
Mg aﬂf
up to 4th-order in u: from 6th-order in u onwards:
exponential dependence: linear dependence:
f _ —1p r(1) f _ —1p r(1)
Dl_Tr[Mf Mf] Dl_Tr[Mf Mf‘
f _ —1par(1) A r—17 (1) f _ —1par(1) A r—1p 7(1)
DI = —Tr [Mf MMM } DI = —Tr [Mf MO MM }
—1p r(2)
+1r {Mf M.f } all Mj(gk) = 0, for k>1

= much less operators to measure!
Gavai, Sharma 2015
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Methodology: The Taylor expansion method

Compute expansion coefficients of the pressure

P _Inz i 1 XBQS(“_Bi e\’ (ns\"
T4 T3V A gl TR0 T T T

Gavai, Gupta (2001)
Bielefeld-Swansea (2002)

Interpretation:

0? In Z o
X%lg — Ot /T)? (T3V> — <D;"> ™ < (D%) >

= (Tr [M*MP| ) — (Tr |M7 MO MMM | )

—|—<Tr {M,;lM,le)} Tr { 1M<1>
)1

_ —1 5 (1) —1 2
f £ local f-quark density f £ un-physical contact term
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Methodology: The Taylor expansion method

Random noise method:

* Choose a number of random vectors n® with lim Z n(k) (’<=) = &,
» The trace of a matrix A is approximated as N—oo N
TrAx _>» n® Anpk std [TrA] ~ ——
N v N

= A:=M-1:. matrix inversion can be reduced to a linear problem Mx=n.

Unbiased estimators:

* Need unbiased estimators for powers of traces: (TrA)m

(TrA)™ =~ — S (,,(kn)" A n(kl)) . (n(kz)T A ,,,(kz)) .. (n(km)f A n(km))
N k17#k2, - Fkm

= need at least m random vectors, more might be necessary to improve precision

(signal to noise ratio can be large)

= have developed efficient recursive method to calculate unbiased estimators
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Methodology: Cumulant ratios of conserved charge fluctuations

Combine quark number fluctuations (X%C;lf) to obtain hadronic fluctuations (ijfs)

Determine strangeness (1s/T) and electric charge chemical (ug/T) potentials by
Imposing strangeness neutrality ng = 0 and ng/np = 0.4 (order by order in the
expansion).

From the pressure expansion we readily obtain the expansions for the nth-order
cumulants:

kmax

Xy (T, pB) = Z X2k (T)p%, with g = pp/T
k=0

Define ratios to eliminate the leading order volume dependence

kmax = >
Xn(Typus) 2o XD R (T
xB (T, mup) ima S BT iy

B __
R'n,m_

In terms of the shape parameters of the distribution we find
R12 = M/O'2, R31 = SO’S/M, R32 = SO’, R42 = KJO'Z, oo

Eventually we want calculate observables along the crossover (and freeze-out) line, we
thus need spline interpolations of our data at discrete temperature values.
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Methodology: Lattice setup and statistics

Use (2+1)-flavor of HISQ-fermions, with physical strange and light quark masses.
Lattices sizes are 322 x 8, 48°% x 12, 64° x 16, at 9 different temperature values.

Statistics: Compared to our previous analysis of skewness and kurtosis [HotQCD, PRD
96 (2017) 074510] we increased the statistics on (V. = 8)-lattices by a factor 3-4 and on
(N = 12)-lattices by a factor 6-8. |.e. we have now

N, ‘ 8 | 12 ‘ 16
#conf. ‘ 1.2 . 106 ‘ (2—-3)- 105‘104

Order of the expansion: We can now go to N3LO, compared to NLO in our previous
study. l.e., we include 8-th order expansion coefficients of the pressure.

This years calculations were performed
on Summit, using Nvidia’s V100 GPU's.
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Results: The net baryon-number density R,
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the statistical error at N, = 12 for
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Results: The net baryon-number density R7,

Cut-off effects are negligible for

0.9 - RB _ 2 -
oy Ri2(TeWs).kB) = Mg / O ue/T <1 and of the same order as
' the statistical error at N- = 12 for
0-7 7 1 up/T<1.2.

0.6 |- -

Continuum extrapolation along the

0.5 . . .
freeze-out line: good agreement with
0.4 1 1  HRG (PDG+QM) up to ps < 120 MeV
0.3 _
QCD
02T Hrg(PDG+QM) ]
0.1 1 ppMeV] ]
0 | | |
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Results: The net baryon-number density R7,

Cut-off effects are negligible for

Z'z " Ry (Tolws)we) = Mg / 0 | we/T <1 and of the same order as
' the statistical error at N~ = 12 for
0-77 1 wup/T <12,
0.6 | _
0 | | @ Continuum extrapolation along the
' freeze-out line: good agreement with
0.4 1 7 HRG (PDG+QM) up to ps < 120 MeV
0.3 | _
T=152 MeV Temperature dependence is very mild.
0.2 155 MeV == . .
158 MeV The curvature of the freeze-out line
017 pg[MeV] | varies the temperature by less than 3
0 ' ' ' MeV.
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Results: The net baryon-number density Rﬁ

s\2[GeV] : 200 54.4 19.6

1 | | ' Cut-off effects are negligible for
0.9  RE (T.(ug).ug) = Mg/ 0> i ps/T <1 and of the same order as
0.8 |- i the statistical error at N, = 12 for
0.7 | ,LI,B/TS]_.z
0.6 1 | @ Continuum extrapolation along the
0.5 - = 1 freeze-out line: good agreement with
0.4 - 1 HRG (PDG+QM) up to up < 120 MeV
0.3 1 aCD | @ Temperature dependence is very mild.
0.2 - - STARRE, preim. & | The curvature of the freeze-out line
0.1 ug[MeV] 1 varies the temperature by less than 3

0 | | l I\/IeV

0 50 100 150

RE, may be used to eliminate p5 in
studies of higher order cumulants
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Results: The net baryon-number density Rﬁ

s\2[GeV] : 200 54.4 19.6
1 i | ' Cut-off effects are negligible for
0.9  RE (T.(ug).ug) = Mg/ 0> i ps/T <1 and of the same order as
0.8 i the statistical error at N, = 12 for
0.7 | ,LI,B/TS]_.z
0.6 - | @ Continuum extrapolation along the
0.5 - = 1 freeze-out line: good agreement with
0.4 - 1 HRG (PDG+QM) up to up < 120 MeV
03T 1 - © Temperature dependence is very mild.
0.2 - | | | | The curvature of the freeze-out line
Rl B | ies the t ture by less than 3
. 006 I 200 ™ end 544 36 * varies the temperature by less than
0 —— <F o094} : MeV.
0 < 092 I :
= 09 F [ +— i B . .
@ ges | — T=145Mev — | © R, may be used to eliminate pz in
2 | 150 MeV studies of higher order cumulants
= 086 ¢ 155 MeV — |
0.84 + 160 MeV — 1 . B P
0.82 | 165 MeV — | The dn‘ferepce of Ry, and Ry, isless
0.8 » \ \ \ than 10% in the HRG, one may or may
0 0.2 0.4 0.6 0.8 ‘ not account for this difference in the

M 2 . .
p/op determination of us .
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Results: Skewness and kurtosis
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Skewness and kurtosis ratios R2, and R%, on (N, = 8)-lattices
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Convergence gets worth with increasing order of the cumulant and with decreasing

temperature.

NLO and NNLO corrections are negative.
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Results: Skewness and kurtosis

© Continuum estimates of RZ and RZ, as function of RZ, for various temperatures.

1 [ [ [ [ [ [ [ 1 [ [ [ [ [ [ [
T=152 MeV == T=152 MeV ==
RB 155 MeV m= 0.9 R 155 MeV

0.9 31 158 MeV == 42 158 MeV ==
0.8

0.8
0.7

0.7 0.6
0.5

0.6
04

0.5 -
0.3

R%,
04 | | | | | | | 0-2
0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8

Ratios drop with increasing R?, and with increasing temperature.
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Results: Skewness and kurtosis

Continuum estimates of RS,
and R}, as function of RE, on
i the crossover line.

Star data at /sy~ = 54.4 GeV
favors a freeze-out temperature
slightly below the crossover.

The estimate of the freeze-out
| temperature T: = 165 MeV for

vVSNN = 200 GeV (from a

s12[GeV] : 200 544 39
1.2 I I I
QCD:nm=42
1L QCD:nm=31 ==
STAR RB, prelim. &
s STAR RE, prelim. &
Z 08¢ |
nc E
><
Il
£ 0.6 * ‘
a& -44\\(\
0.4
02 I I I I I I
0 0.1 62 03 04 05 06 07

R® = Mg/ 0g°

Christian Schmidt

| statistical model analysis) is not

0.8  consistent with a determination
of It from the skewness and
kurtosis data by STAR.
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Results: Fifth and sixth order cumulant ratios RZ and RZ,

© Rg and R, on (N, = 8)-lattices

1 | | | | | | | 1

RB2(T3c.Hp)

05 | LO: [1,1] wes ! T9.=156.76 MeV

NLO: [3,3] me 0

1.5
LO: [0,0] mww
-2 NLO: [2,2] we
2.5 F
-3 | | |
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

© Large statistical uncertainties

© NLO corrections are negative
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Results: Fifth and sixth order cumulant ratios RZ and R},

suZlGev]: 200 62.4 54.4 39 B B _
| | T | R;, and Rg, on (N, = 8)-lattices
QCD:nm = 62 1
1 r QCD:nm =51 m= - _ _
STAR R, prelim. & B Not consistent with STAR data:

o ) = A. Pandav@SQM19

Mmc

= VSNN = 200 GeV: RE, < 0

nm

oM
i - VNN = 54.4 GeV: RE, > 0
[
ST 1 = |attice QCD predictions
4 | | | | | B B
0 0.1 0.2 0.3 0.4 0.5 0.6 SNN| Ry Re,

R = Mg / 0g° 200 | —0.5(3) | —0.7(3)

54.4 | —0.7(4) | —2(1)
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Summary and outlook

Lattice QCD calculators show significant increase in precision for cumulant ratios
along the crossover (or any other) line in the QCD phase diagram for ug/T < 1.2
due to increase in the statistics and thus also the order of the expansion.

Presented first calculations of B2, and Rg, along the crossover line

Freeze-out temperature at +/sn~ = 200 GeV seems not consistent with higher
order cumulants

At \/ SNN — 54.4 Gev We flnd 180 T T T T

thermodynamic consistency of TIMeV] Rl —
the STAR data except for the RE, 170 | 12 54.4 GeV Ry, — -
data. RY
Outlook: 160 1 R 1
» Need to increase statistics for
(N> = 12)- and (N~ = 16)- 150 -
lattices further. QGD predicted (To,4io)
» Need to perform similar 140 for R51B and R62B -
analysis for net-electric g [MeV]

charge fluctuations, thus need 130 | |
0 20 40 60 80 100 120
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larger volumes.



