Exploring the QCD phase diagram with fluctuations

* Why fluctuations

» Making the connection between experiment and theory (Lattice QCD)
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The phase diagram

Quark-Gluon Plasma

Temperature (MeV)

Color
Nuclear Superconductor
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Baryon Chemical Potential - u;(MeV)

Increase chemical potential by lowering the beam energy

In reality, we add baryons (nucleons) from target and projectile to mid-rapidity



What we know about the Phase Diagram
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What we are looking for

T

Remnants of chiral criticality
155MeV | ==nu.

Critical Point / co-existence ?

Nuclear

Liquid-Gas ‘\

~920 MeV

We are dealing with small system of finite lifetime

NO real singularities!



e(T)/T4

Cumulants and Phase structure

S. Borsanyi et al, JHEP 1011 (2010) 077
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Derivatives

Oth order

(d/dT) E

0.8

1st order

0.12

0.2

L T [GeV]
0.24

th

200}

100}

~ T [GeV]
0.24

~100}

5th order

(d/dT)” E
3x10°}
2x10°}
1 x10°}

~1x10°¢
-2x10°¢




How to measure derivatives
7 = tre E/T+r/TNb

1 A F C 0
B\ = — 1D —FE/T+u/TNp _ In(7
B =g trke o1/7 ")

687 = 57— (1 = (50 ) win) = (50 )

65 = (~g0z) (B

Cumulants of Energy measure the temperature derivatives of the EOS

Cumulants of Baryon number measure the chem. pot. derivatives of the EOS
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Derivatives 101

KB

—— change sign at transition
K,

Negative “above” transition

Asakawa et al, arXiv:0904.2089
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Cumulants have been measured
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Close to u=0

Free energy. F' = F(r), r= \/T2 + ap? a ~ curvature of critical line

Needs higher order cumulants (derivatives) at y ~ 0
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Cumulants at small p

* Baryon number cumulants

can be

calculated in Lattice QCD
- possible test of chiral criticality  Friman etal, 11

* Lattice:
- Baryon number cumulants
- grand canonical ensemble
- fixed volume

* Experiment

- Total baryon number is conserved Bzdaket, 13, Rustamov et al, 17

- Proton cumulants
- Volume (Npart) fluctuates
- dynamical: memory effect,

Asakawa, Kitazawa, ’12

Gorenstein et al, 11, Skokov et al, ‘13

hadronic phase M"eieestal

Steinheimer et al, ‘18

Wuppertal-Budapest, arXiv:1805.04445
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Baryon number conservation and lattice
susceptibilities

* Charges (baryon number, strangeness, electric charge) are conserved globally in HI collisions

 Lattice (and most other calculations) work in the grand canonical ensemble: charges may
fluctuate

» Effect of charge conservation have been calculated in the ideal gas/HRG limit.

NON-neglibile corrections especially for higher order cumulants
(Bzdak et al 2013, Rustamov et al. 2017,...)

* Wouldn't it be nice to know what the effect of charge conservation on
real QCD (aka lattice) susceptibilities is?

1.0

0.8},

0.6

This can actually be done! 0.41
0.2}

0.0}

—0.2f

—0.4F
V. Vovchenko, O. Savchuk, R. Poberezhnyuk, M. Gorenstein, V.K., arXiv 2003.13905, 00 02 04 06 0.8 1.0
V. Vovchenko, R. Poberezhnyuk, V.K., arXiv:2007.03850 P

Bzdak et al, 2013




Subensemble acceptance method
(SAM)

Partition a thermal system with a globally conserved charge B (canonical ensemble) into two subsystems
which can exchange the charge

V= Vl + Vz
Assume thermodynamic limit: ’
Vi Vs - 5
V,V,,V, »> c0; — =a=const; — = (1 —a) = const; g g
|%4 %4 ,
Vi,V, > £’ & = correlation length :

The canonical partition function then reads:

ZT,V.B) = Y ZT,V,,B)ZT,V—V,,B — B))
1 1 1 1
B,

The probability to have charge B1 in V1 is:
P(B)) ~ 2°(T,aV,B)Z“(T,(1 —a)V,B—B,), a=V,/V

14



Subensemble acceptance method

In the thermodynamic limit, V' — oo, Z° expressed through free energy density

V—=00

Z<(T,V,B) ~

exp

3 A(Tpe)

vV

Cumulant generating function for Ba:

Cumulants of Bi:

0"Gp, (1)
ot™

Iﬁ)n[Bl] —

(SAM)

f(T,pB,)| exp

or

BV

f(T,pB,)

All K, can be calculated by determining the -dependent first cumulant k([ B;(?)]

15



Making the connection...

71[Bi(1)] = 26, B{ﬁ(Bl; 2 (Bi(t))  with  P(By:t) = exp {tBl _y 2T re) +5f(T'p32)}.

ZBI P(B:; t) T

Thermodynamic limit: P(Bl; t) highly peaked at <B1(z‘)>

(B,1))

<B1(t)> s a solution to equation d P/ dB, = 0:

t =gl T, ps,(t)] — il T, pB,(t)] with  jfig = ps/T, us(T,pe) = Of(T,ps)/0ps

pp, = pp, = BIV, B, = aB,
l.e. conserved charge uniformly distributed between the two subsystems

16



Second order cumulant

Differentiate condition for maximum of P(Bl; 1),

t = [l T, pe,(t)] — iis[ T, ps,(t)] (*)
8(*) &ug ) ( 8,031 ) 6’(81) < 8,&,3 ) ( 8,032 ) 8<Bz> 8<Bl>
dppr) + \9(B1)/ Ope2) 7 \9(B2) )\, O(B1) Ot
8 / \ (B1) (Bo) = 9(By)
(apifz - x5 (Toee,) T vey = _1 52 = 1 —2a)v' B2} = B={Bw) 8t1

Solve the equation for K

VT3
Xz (T, pe)1 7t + [(1 — ) x5 (T pe,)]

Fa[Bi(t)] =

t=0: fo[Bil = a(l—a)V T x5

Higher-order cumulants: iteratively differentiate K, w.r.t. t

= Ro[B1(t)]

17



Full result up to sixth order

k1[Bi] = a VT? x7 p=1-a

/432[31] = a VT’ 5X2B
k3[Bi] = a VT? B (1 —2a) x5
' (X5)* + x5 Xz

ka[Bil = VT? B |x; —3af

Xz
B. B
ks[B1] = a VT 3 (1 — 2a) {[1 —2Ba]xs - 1OO‘BX;§4 }
2

X3)? X4 3&5(X§
B
2

ke|B1] = a VT3 [1 —5a8(1 — af)] X68‘|'5 VT> a? 52 {9045( (xB)?
2

B

B\2 B . B
~2(1 - 2a)? X4) 3[1 — 38a] 224 }
X2 X2

XB _ 0"(p/ T4)
T O(us/T)"

Detalls: Vovchenko, et al. arXiv:2003.13905

— grand-canonical susceptibilities e.g from Lattice QCD!



Cumulant ratios

Some common cumulant ratios:

. B >
scaled variance 24 — (1 — «) X—é,
Kk1|B1. X1
B, B
skewness U (1—-2a) X—Z,
k2| B1. X2
. B B\ 2
kurtosis M:Bl: = (1 — 3ap) X‘; 3a3 (X—3B> .
ko[B! X2 X2

« Global conservation («) and equation of state ( )(f) effects factorize in cumulants up to the 3rd
order, starting from x, not anymore

e & — (0 : Grand canonical limit
e & — 1:canonical limit

c Yoy =<N>+<N>; y,.,=<N>—<N>: recover known results for ideal gas

19



Net baryon fluctuations at LHC and top RHIC
(=0

Ka Xf Ke Xg 2 Xf i
— = (1 —-3a8) =% — = [1—=5a8(1 — af)] =5 — 10a(1 — 2c)°B | =%
K2 J LHC X2 K2/ 1HC X2 X2
1 O N / T T T T 10 N /. ' | | | |
\\ O' \ O/
\\@6/ 08 ‘\\ QQ/ 7
08N O \’5'43@ - 06 "% )
.\, RN /é/ y 0.4 i . G/ - Lattice data for )(f/)(zB and )(63/)(23
0.6 02k N % -
Q\‘ ' ¥N ~\ v (o) o from Borsanyi et al., 1805.04445
=~~~ = )
<t ©
% 0.4 Y.
02} ——T =160 MeV = 0.6 ——T =160 MeV -
= =T =155 MeV : -0.8_- _—- =155MeV-_
0.0 . I . I . I . I . 1.0 . I \ | : I . 1 .
0.0 0.1 0.2 0.3 0.4 0.5 0.0 0.1 0.2 0.3 0.4 0.5
04 0}

. o > 0.2 difficult to distinguish effects of the EoS and baryon conservation in )(f/)(f

» ¢ < 0.1 is a sweet spot where measurements are mainly sensitive to the EoS

 Estimate: a« ~ 0.1 corresponds to AY,.. ~ 2(1) at LHC (RHIC)
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Multiple conserved charges

(Vovchenko, R.Poberezhnyuk, V.K, arXiv:2007.03850)

Key findings: R ]
. . 0.5 | QS; S |
» Ratios of second and third order cumulants oal KT -
are NOT sensitive to charge conservation e LY
. @ = 02} K??/KE _
* This is also true for so called “strongly 5 o[ = Monte Caro cumulantatos _.
intensive quantities” g 0.0-— SAM (grand canonical ratios) -
> - i
. . O . _ |
» Requires that acceptance fraction o o S -
Is the same for both particles (or Q and S) 03 L
o
» For order n>3 charge cumulants “mix”. 0% = MomeGato
Effect in HRG is tiny 250N D oamsngecharge) P -
i B\2.Q o.BQ_BQ_B BQ\2. B |
/434[31] — aVT3 8 (1— 3a8) Xf —3ap (X3)°X3 2262162 X11 >§Q+ (X21°)"X2
Xz Xz — (X11°)°

For explicit results up to order n=6, see arXiv:2007.03850



Multiple conserved charges

(Vovchenko, R.Poberezhnyuk, V.K, arXiv:2007.03850)

Also works for non-conserved quantities such as protons, K and A

* Mixed cumulants involving one conserved charge

such as af’lQ scale like second order charge cumulants

» Again, same acceptance fraction a for both p and Q, or k and Q

Does NOT work for two non-conserved charges, such as

p.K
011

0.25 | | | ' |
m  Monte Carlo cumulant ratios
. 0.20 L SAM (susceptibility ratios) 1
kQ. Q

'..% K11/K2 )

©0.15 [ -

P I pQ;, Q |

% K11/K2

S 0.10 AT
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8 i i
0.05 _
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a
| | | ! |
0.0

802

©

| -

+— -0.4
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g 0.6

> i

o
08 m Monte Carlo ¥/} .

[(1-a) () )g,ce+oc(><1x1Y )oJ/[(1-0) (xz)gce+a(xl)ce] T
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(0



Thermal smearing

' EV-HRG (Monte Carlo)

V. Vovchenko, VK in prep.

|
Pb-Pb, 2.76 TeV, centrality 0-5% -

net baryons, p. integrated

B no momentum smearing
v thermal smearing

| ® thermal smearing + resonance decays

ﬁGCE:

» Subensemble Acceptance Method (SAM) & "7
works in configuration space 2 08

M 0.7

* Experiment measures momentum space < o6l
* OK if perfect space momentum s
correlations a la Bjorken = |

* However there Is thermal smearing

: l Ll
- - = SAM

—— SAM + Gaussian smearing (oy =0.3)
S« — = = Dbinomial (ideal HRG)

KG[IB-B]/KZ[B-B]

o
o

Thermal smearing interpolates between ideal gas and true QCD (SAM)

—h
o
I T

0.0
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Protons vs Baryons
V. Vovchenko, VK In prep.

mr——rr—
- Pb-Pb, 2.76 TeV, 0-5% -

€t protong  p, integrated

1.0

* Proton are subset of all baryons g oof
- dilutes the signal i
: . : % 07 & netbaryons
-need to do binomial unfolding s ® netpro:yons(K_t - _
I net protons (Kitazawa-Asakawa .
‘K|tazawa,Asakawa PRC‘12 0.5 H—+—+—+—+—+—+—+—+—+—+—+ -+t
1.0 net baryons (SAM + smearing) _|
® . . - — — net baryons (SAM)
- Otherwise Apples vs. Oranges -
;v

- For example
‘“ H b 11 H t”
5 |GCE lattice QCD & (HIC 5 (HIC experimen
X4 X4 X4

== ~ 0.67 # - ~ 056 # =5 ~ (.83
X2 | T=160MeV X2 |AY,e=1 X2 |AY,ee=1

» Unfolding requires factorial moments not
directly accessible in Lattice QCD

* Only experiment can ans should do op

proper corrections RN




Applicability and limitations

 Argument is based on partition in coordinate space; experiments partition in momentum
space

- Best for high energies where we have Bjorken flow
* Thermal smearing interpolates between “binomial” and true corrections

- So far limited applicability for lower energies. Under invenstigation.
- Thermodynamic limiti.e. V;, V, > &°;

- Lattice calculations work with V, .~ (5fm)> = 125 fm°.
Chemical freeze out Volume at LHC ~ 4500 fm’

* Not addressed: local charge conservation

25



Summary

* Fluctuations are a powerful tool to explore QCD phase diagram
- critical point
- nuclear liquid gas transition
-remnants of chiral criticality at y ~ O

- HADES reports negative K;/K5. Do they see the nuclear liquid gas transition?

» Corrections for global (multiple) charge conservation in terms of grand canonical
susceptibilities for ANY equation of state not just ideal gas

- connection to lattice results
- Applicable at top RHIC and LHC

- Ratios of second and third order cumulants insensitive to conservation effects as long as
acceptance fraction is the same

* Proton cumulants cannot be directly compared to baryon cumulants
- unfolding needed which can only done by experiment.

26



Thank You
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Multiple conserved charges

(Vovchenko, R.Poberezhnyuk, V.K, arXiv:2007.03850)

* Allows for corrections due to electric charge (protons) or strangeness ( A\ )
in addition to baryon number conservation.

1.1 ' | ' | ' | ' | ' ' | ' | ' | ' |

10| ] 10 .
0.9 _

0.9 ~ _
0.8 > _ GU)

m  Monte Carlo

07k~~~ 1-og
- == 1 = (og + o)
0.6 |-.......... SAM (BQ)
- — SAM (BQS)
0.5 ' ! ' !
0.0 0.2 0.4

Truth lies in between the “"naive” corrections. Likely bigger effect for higher orders.

0.8 |-
—_—- —(Otg+0(18\) .\.\.
| eeccecenes SAM (BS)
—— SAM (BQS)
0.7 bt | |
0.0 0.2 0.4 0.6 0.8

A
1—ocB

s  Monte Carlo >
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Subensemble acceptance: van der Waals fluid

Calculate cumulants k,[ IV | in a subvolume directly from the partition function
P(N) o< Zigw (T, xVo, N) Zigw( T, (1 — x) Vo, No — N)

and compare with the subensemble acceptance results

Z ¥ GCE — Thermodynamic limit
3 25¢ — Finite system -

k6" [N]

9 1. 00 01 02 03 04 05 06 07 08 09 1.0
x=VIV, x=VIV,

Results agree with subsensemble acceptance in thermodynamic limit (N, — o0)

Finite size effects are strong near the critical point: a consequence of large
R. Poberezhnyuk, O. Savchuk, et al., 2004.14358 orrefationtenc
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12

Binomial acceptance vs actual acceptance

Binomial acceptance: accept each particle (charge) with
probability a independently from all other particles

The binomial acceptance will not provide the correct result (except for a gas of
uncorrelated particles)

What we really need is

30



No QCD phase transition

K/, for TV =18, nY=0.375: N

200 Ny |
180 :
175 So[B
160
150 140
,_,120
125 % 100
>
— 80
100 iy
60

QvdW-HRG, Q/B=04,S=0

50 0 1 : 1 2 1 g L
0 200 400 600 800
. |\ 00 u, [MeV]
0 200 400 =000 00 1000 o V. Vovchenko et al. 1906.01954

us [MeV]

Model by A. Sorensen
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Cumulants of (baryon) number distribution

(NYe"'"  Degrees of freedom

o 877,—1 10/
T —

2 3 - -~ M—Hc Ky
Ky =(N), Ko=(N—(N))", Kz=(N—(N)) 1 ’ 1 v}
K3
= —
Ba
Cumulants scale with volume (extensive): K, ~ V 20l K,
Volume not well controlled in heavy ion collisions [~ .
~1 1 ’
Ky K3 K, Yo
Cumulant Ratios: Ty Ty T
(NY K, K, A

Baryon number cumulants measure derivatives of the EOS w.r.t chemical potential
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Latest STAR result on net-proton cumulants

X. Luo, NPA 956 (2016) 75

:_ Au+Au : Net-proton ) 1.2} Au+Au : Net-protcl)nl STAR Preliminary -
4 i 0.4<p.<2 (GeV/c),lyl<0.5 l I 0.4<p_<2 (GeV/c),lyl<0.5
¢ e 0-5% “Baseline]
3l | 0 5-10% - N
) % 70-80% : I
K, | ] =8 UrQMD, 0-5%
Ky/Ky |
Skellam 0.8} '
__ 1 e 0-5%
Y : ! 0 5-10% -
- 4 $ N 0.6 x 70-80% -
() - g@’ | STAR Fl’rellmlnary - T g UrQMD, 0-5% -
6 10 20 100 200 6 10 20 100 200
'Sy (GeV) \'Sny (GEV)

K4/K2 above baseline Ks/K2 below baseline



Shape of probability distribution

K3 < (N) K3 = (N — (N))®
Ky > (N) Ky = (N —(N))* —3(N —(N))3
P(N) g
1072 Poisson
10~
107°
. e . ! XXXXXXX * N
0 20 40 60 80
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Simple two component model

[

| T binomial :
- - - - Poisson E
— binomial+Poisson :

~10

0 30 40 50 60 70 80
N

Weight of small component: ~0.3%

35



Simple two component model

SR \— — binomial :
10°L : - - - - Poisson .
= : binomial+Poisson 5
10'7 1 l Y N UR R N RU B N W -
0 10 20 30 40 50 60 70 &0
' N

Analyse data for Np <20
* |s flow etc different?
» “Inspect by eye (<1% of all events)

36



Two component model

P(N) = (1 — a)P)(N) + aPg)(N)
N = (N)) = (N@p)) >0

For P(a), Py Poisson, or (to good approximation) Binomial
C, = (_1)”K5N” n > 2 C, : Factoral cumulant

K : Cumulant of Bernoulli distribution

o< 1,K:=a = C, ~a(-1)"N"

=— |C’n‘ ~ <N>n as seen by STAR (i.e. “infinite” correlation length)

predict;

Clear and falsifiable prediction: (- ~ —2650 Cg =~ 41000

37



Hades see similar trend

(arXiv:2002.08701)

—200

—400

C
n+1 ~ — 10

o

Caveat: rather significant Npart fluctuations to be corrected for
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Multiplicity distribution @ 7.7 GeV

0.001

10—5 L

Data: STAR arXiv:2001.02852
NO efficiency corrections!

e« STAR 7.7 GeV
— Poisson

Now we need to figure out what this means....

First question: How does it look in the revised data”

39



N. Xu, Wroclaw meeting, July 2020

»  STAR: arXiv: 2001.02852
» A Bzdak, V. Koch, D. Oliinychenkov, and

"Phase Boundary”

VvS. Spolled Events

. . 105 1 | 1 | 1 | 1 | 1 I 1 | 1 I 1 | 1 I 1 ? | | | 1 1 | 1 | 1 l | 1 | I 1 | 1 I 1 3
J. Steinheimer, Phys. Rev. C98, 054901(2018). . Unforded 1 e omne 1E . Unfoldea 17 e, 0% E
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Given the fit, we can also predict the tactorial cumulants, Ca, Cs, Cg and we obtain:' ., ——m™ o pr—————
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» For the 7.7 GeV collisions, after cleaning up the spoiled S SR AR
events, the 2" bump is gone, C5 becomes close to (N F
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» We made scan of the DCAxy vs. run number for all Bl .

collisions. All systematic uncertainties are also re-
evaluated
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