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OUTLINE

o Introduction: QCD phase diagram

o Phase transition and signatures

o Universality argument and search for critical point
o Cumulants vs. correlation functions

o Pion rapidity correlations function: expectations and measurements

e Chiral model & finite volume/volume fluctuations: location of
apparent critical point and higher order cumulants

o Conclusions
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QCD PHASE DIAGRAM

The Phases of QCD
\cartoon of
Quark-Gluon Plasma
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@ World without quarks: well defined deconfinement transition
@ World with massless quarks: well-defined chiral transition

@ Physical world: both center Z(3) and chiral symmetry are explicitly broken; however light
quark masses are tiny

@ Major experimental and theoretical effort to investigate phases of strong interaction

Effective theories & Dyson-Schwinger calculations suggest there should be a critical point at
higher up: is there? Identification of this landmark ~» significant discovery potential
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SIGN PROBLEM

@ QCD is the theory of strong interaction; it can be formulated on the lattice. What stops us
from investigating phase diagram at non-zero y from first principles?

@ QCD partition function:
Zoep = f DADYDY exp (~SymlA] = Squars [V, 1, Al)
(anti) periodic

@ Monte-Carlo integration with respect to fermionic Grassmann fields is impossible;
integrate fermionic degrees of freedom

Zocp = f DA det (iD,y"u — iyapr — m) exp (~Sym[Al)
periodic

However, determinant does not have definite sign ~» “sign problem” = Monte-Carlo
importance sampling cannot be applied.
@ There are ways to circumvent the problem: reweighting, Taylor series at zero y, complex
Langevin, integration over Lefschetz thimble.
Recently many results are from Taylor series expansion method
N X (/l ) 2 TETY (N (GN)) — KNP
i nl o /Ty VT3

X2 = V> X4
Taylor coefficients y, = baryon number susceptibilities = net baryon number cumulants

T

p/
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EXPECTED SIGNATURES OF CHIRAL TRANSITION

o In first approximation light quarks are massless T restored phase
(1 = 0): o0

1
Q:...+g(rz+z(r4; ZocfZ)aexp(—V,BQ[O'])

o - order parameter broken phase
o<>0

o~

fo

a:i(%—1)+c (u/T)*

charge. conj. symm.

n

Saddle point approximation ~» minimization of Q: 9Q/do=0 leads to
or o =—4%fora<0 and o2, =0fora>0.

min

2
Pressure: p = —Q(0 = 0in) = 33

Second-order cumulant u = 0: y, ~ (T —T)(T — T,)
Higher order cumulants n > 4 y, =0
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YOND MEAN-FIELD

Fluctuations of order parameter ~»> non-trivial critical exponents

Pressure: mean-field p ~ a* ~p~at?
a=5|(f -1)+cwn?]

@ is non-integer number (specific-heat critical exponent).
Three dimensional O(4) universality class: @ = —0.219(11)*
Higher cumulants are non-trivial: y, ~ (T — T,) 2¢—4+22)

xo ~ 1/(T—=TH)"™™ xg~1/(T—T.)*>** divergent

* Based on very recent six-loop calculations by M. Kompaniets and E. Panzer, PRD 96, 2017; also in agreement with conformal bootstrap
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YOND CHIRAL LIMIT

Scaling function in O(4) model provides input for singular part of

pIT* o ~f(a. )T, hecm,

e 2
OB 0.02
8.,
§ 027 Y
! . -
S p— |
z °05 — -0.02
Z wo) g —

' 0.0 — -0.04}

-0.8

5-4-3-2-101223475
2o(T-To)/T,

Negative sixth order cumulant at/near transition at physical pion mass!
Does singular part dominate in QCD?

B. Friman, F. Karsch, K. Redlich and V. S., arXiv:1103.3511
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LLATTICE RESULTS AT ZERO CHEMICAL POTENTIAL
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BNL-Bi-CCNU Collaboration, arXiv:1701.04325

Negative y; at transition: LQCD supports finding based on universality argument
Recent experimental attempt by STAR collaboration (T. Nonaka’s talk at WPCF2017):
“Xo6 shows negative values ... systematically” (healthy skepticism is warranted)
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LLATTICE RESULTS: TAKING IT FURTHER

6 T T T
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5 D'Elia et al., 2016, r§ 1
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location of a critical point

135 140 145 150 155
T [MeV]

BNL-Bi-CCNU Collaboration, arXiv:1701.04325

Taylor expansion breaks down at u/T = r..ny.. Radius of convergence is defined by closest
singularity (e.g. critical point); thus can potentially provide information about location of
critical point, R oy, ! According to Darboux theorem (1878), “late” Taylor coefficients provide
information about location and type of singularity.

Currently only first few coefficients are available; r,, = \/l(n +2)(n + D)xu/Xns2l
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Numbers represent 5 in GeV
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WORDS OF CAUTION

o Real radius of convergence r = lim,_,« 7;-
Tllustration: free pion gas and singularity associated
with Bose-Einstein condensation. The radius of
convergence and type of singularity is known.

Method based on Darboux theorem is more successful.

S. Mukherjee and V.S. to appear soon
V.S., B. Friman, K. Morita, arXiv:1008.4549

o Radius of convergence is defined by distance from
expansion point to closest singularity in complex
plane! There are “unphysical” singularities. It is not
guaranteed that critical point would be the closest
unless detailed analysis is performed.

S. Mukherjee and V.S. to appear soon
V.S., B. Friman, K. Morita, arXiv:1008.4549
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e My conclusion: despite great LQCD advances, there is no reliable theoretical input on

location of critical point yet
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In current absence of first-principle LQCD input, we rely
on experimental data and theoretical input on universal
properties of transition.
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Strategy:

e Assume that critical point exists in QCD phase diagram.

e Define consequences.

e Try to find them in data.
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3D ISING UNIVERSALITY CLASS

o Based on symmetries (or lack of thereof) we expect critical point to belong to
3-d Ising universality class.

o Divergent y, o« &%; & is correlation length or inverse mass of critical mode 1/m.
M. A. Stephanov, K. Rajagopal and E. V. Shuryak, hep-ph/9806219

Exponent is slightly different (irrational number)

@ As we learned from previous exercise, higher orders are more sensitive;
indeed, y,, oc &7/%73

M. A. Stephanov, arXiv:0809.3450
nB+y)

..o be pedantic y,, oc &) with @ = 0.112(2), 8 ~ 0.3260(5) and
y = 1.2356(14)°

* Based on very recent six-loop calculations by M. Kompaniets and E. Panzer, PRD 96; also in agreement with conformal bootstrap
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3D ISING UNIVERSALITY CLASS: KURTOSIS SIGN

o Chiral model calculation within same universality class demonstrated sign change
of 4-th order cumulant

1.1
T T T 10
XX, — 1.0

2F =05
i 0.9
_|.J/T_15 0.8

| & &
= = 07 05
o 0.6 _o
0 0.5
Vwegatwe 4th order 0.4 =5
oumul.awt ] 0 ) . \ - 1 0
04 06 08 1 12 14 ‘8.0 05 1.0 1.5 2.0
T/T
e /Ty
V. Skokov, B. Friman and K. Redlich, arXiv:1008.4570 V.S, QM 2012

e Sign structure of y4 is universal

M. A. Stephanov, arXiv:1104.1627
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It is easy to get lost in numerical calculations. Thus lets
consider processes that contribute to various cumulants.
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BACK TO CHIRAL MODEL

e Thermodynamic potential (p = —€2)

0
Q= QT,u,00); %Q(T,/J, o) =0

o=0(
o First cumulant (density):

d d 0Qdor 9
—Q=—0+ =—Q
du ou B0 du o @

e Second cumulant:

Lo T g, 0000 7, 72150 12
d*u 2 dodu dp o2 oo m2 dodu
owing to equation of motion:
wing to equation of motio wivial g2
0Q Q0 Qoo
—[=1]=0 or — +——=
du \ oo dodu 8o du

o Cumulantsmix different powers of & and different correlation functions
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HIGHER ORDERS: )3
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CORRELATION FUNCTIONS

«<N> genuine correlation

e Cumulants mix different correlation functions. For trivial physical system, e.g.
non-interacting gas, cumulants are non-zero.
e One may express cumulants (k, = VTy,) in terms of correlation functions

K = k1 + Cy,
k3 = k1 +3C, + Cs,
K4=K1+7C2+6C3+C4

Integrated correlation functions, C,, are introduced according to

HOLYD = fOf02) + Colayy) G = f dyidyaCa(v1,v)

A. Bzdak, V. Koch, N. Strodthoff, arXiv:1607.07375
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CORRELATION FUNCTIONS: SECOND ORDER

O OO
-0

Ky Cy

To leading order in degeneracy expansions, C; has
well-defined correlation length scaling.

Correlation functions for Poisson processes serve the same
indicative role as cumulants for Gaussian processes
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CORRELATION FUNCTIONS: THIRD ORDER

C3 = k3 — 3Ky + 2K

BOAO BHO
(O-O-Cp)
OeO | =
0

(5 does not have well-defined correlation length scaling,
but many trivial contributions are cancelled.
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CORRELATION FUNCTIONS: FOURTH ORDER




FORMAL DISCLAIMER

Predictions for infinite static medium. In heavy-ion collisions:

p is fraction of measured baryons

Finite lifetime

. . ) S. Mukherjee, R. Venugopalan, Y. Yin, arXiv:1506.00645
Finite size and anisotropy

G. Almasi, R. Pisarski and V. S., arXiv:1612.04416

Conservation laws

A. Bzdak, V. Koch and V. S.,
Fluctuations not related to critical, e.g. V-fluctuations

arXiv:1203.4529

V.S., B. Friman and K. Redlich, arXiv:1205.4756
P. Braun-Munzinger, A. Rustamov and J. Stachel, arXiv:1612.00702

Stopping

A. Bzdak, V. Koch and V. S.,
A. Bzdak, V. Koch,

v:1612.05128
v:1707.02640

.. (Npar
1(')0 2(')0 3(')0
1.0 m—\-nl\
Py,
5 A e
0.5+ 5
* Ry i
* Rep T,
ok 4

0.0 02 04 06 0‘.8 1.0 100 200 300 400 500

Nep
#=0 " Rnm =xnlxm

(T-T.)/AT

(T-T)/AT

Modification due to finite life-time:

(@)

S. Mukherjee, R. Venugopalan, Y. Yin,
arXiv:1506.00645

The list is incomplete, see review X. Luo, N. Xu, arXiv:1701.02105
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CONFRONTING EXPECTATIONS WITH EXPERIMENT

Au + Au Collisions at RHIC |
0-5% centrality
4 lyl <0.5,0.4 <p; <2 (GeVic) _|
N
o ) P
2 @ net-proton I 1 0
3 A anti-proton 1-0 O 7 i 5
y” O proton 0.9 |
< I BES-llerror for net-p | i 2
)Za" 2 UrQMD for net-p © 0.8 . <
| 4 g K
9 507 1o
) &~
S * 0.6 -
'ﬁ 1-------- - el - - - - b —2
3 Ap A 2 0.5 |
K\ % 1-5
0.4 g
oL o A ] 0.3 . . . !_10
2 5 10 20 50 100 200 0.0 0.5 1.0 1.5 2.0
Vs (GeV) /T,
Lowering collision energy: entering and traversing the valley, X. Luo, N.Xu, arXiv:1701 02105

then climbing the clifl * of 1-st order phase transition VS Qv

* Increase of k4 /ky was seen with widen p | acceptance only.
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THROUGH THE LENS OF CORRELATION FUNCTIONS

Two energies of interest: 19.4 and 7.7 GeV

20 T T T T T T T T T T T T
— 7C, AutAu, 19.6 GeV 200 ~— 7C, AutAu, 7.7 GeV ]
— . 603 — . 603
/| L S
10F o C, VARNR 150r o (, /
Y% . ,
Y 1000 } .
D: 0 == :t::i—__.—_-i’— —_ %\ i D: /‘/
50/ p ]
0 B ,-’{ J
_10' T \i_:b
AN
© @ M
2035 100 150 200 250 300 350 30 100 150 200 250 300 350
Npart Npart

e 19.6 GeV: (, defines 4-th order cumulant, x4
e 7.7 GeV: (, is in the driving seat ks =K1 +7C, +6C3 + (4

A. Bzdak, V. Koch, N. Strodthoff, arXiv:1607.07375

Similar, large multi-proton correlations is seen in HADES data, Au-Au 1.23 GeV
R. Holzmann for HADES collaboration, CPOD August "17
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PROTON CLUSTERS

What is the origin(s) of large values of C, at low +/s?!
e Baryon number conservation.
o Volume/number of participants fluctuations.

o Cluster formation due to 1-st order phase transition.
e Correlated stopping.
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PROTON CLUSTERS

What is the origin(s) of large values of Cy at low +/s?!
e Baryon number conservation. Absolutely no!
o Volume/number of participants fluctuations.

Detailed analysis shows that usual Glauber-like Ny ol —7C, 0% — - noVE N

H H 5 — 5% == n AN
fluctuations underestimate C4 by 2 orders of magnitude — ﬁc‘f* S Sl
A. Bzdak, V. Koch, V. S., arXiv:1612.05128 5‘0 lbo 1‘50 260 250 360 3‘50
Noart) |y,

o Cluster formation due to 1-st order phase transition.
e Correlated stopping.
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PROTON CLUSTERS

What is the origin(s) of large values of Cy at low +/s?!
e Baryon number conservation. Absolutely no!
o Volume/number of participants fluctuations.

Detailed analysis shows that usual Glauber-like Ny ol — 70 0% ==V N~
fluctuations underestimate C4 by 2 orders of magnitude 1= ff‘ M |
A. Bzdak, V. Koch, V. S., arXiv:1612.05128 50 160 150 260 250 360 3‘50
(N,

o Cluster formation due to 1-st order phase transition. May be?! v

To get C4 ~ 170, one has to have seven 4-proton cluster in a collisions; that is 70% of
protons should reside in clusters! Alternatively, only one 5-proton cluster is sufficient.
For m-proton cluster C;, = (Ncl)(m’"f!k)l.

Plausible, but not yet convincing!

e Correlated stopping.
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PROTON CLUSTERS

What is the origin(s) of large values of Cy4 at low +/s?!
e Baryon number conservation. Absolutely no! X
o Volume/number of participants fluctuations.

Detailed analysis shows that usual Glauber-like Nyt 30— 7C, o5% == oV s
fluctuations underestimate C, by 2 orders of magnitude _407: ﬁc‘f‘ SRCAVN |
A. Bzdak, V. Koch, V. S., arXiv:1612.05128 50 lbo 1‘50 260 250 360 3‘50
Noase! v,

e Cluster formation due to 1-st order phase transition. May be?! v

To get C4 ~ 170, one has to have seven 4-proton cluster in a collisions; that is 70% of
protons should reside in clusters! Alternatively, only one 5-proton cluster is sufficient.
For m-proton cluster C; = (Ncl)(m’”f!k)!.

Plausible, but not yet convincing!

e Correlated stopping. May be?! v

Proton stopping mechanism is not well understood at low energies. Glauber model of
independent stopping/production breaks down at low energies (how low?). “Volume”
fluctuations should be addressed through studies of longitudinal dynamics.

Can be studied experimentally with isobar collision (**;sRu-Ru, *°4Zr-Zr) ... at FAIR?!
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WHAT ELSE CAN WE EXPECT?

As critical point is approached, correlation length increases quickly
1.1

T T 10
1.0 - - B
R
Oxs. 1
| So i 2
Q 0.8 73 ' 1"~
506 - : W\ 1 [{or
S04 \ : -2
021 ce | U=
\ -10
0.
0.0 I %.O 0.5 1.0 1.5 2.0
1.8 4 = lu’/Tpc V.S.. QM 2012
1.6 - o .
& i o Anything with coupling to slow mode
W | receives critical contribution (pions
1.2 . - independent of isospin)
1.0

0.0 0.5 1.0 15 2.0 {2
/T, & -1_- ®
G. Almasi, B. Friman, V.S., work in progress
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P1ON RAPIDITY CORRELATION: NEW EXCITING RESULTS

Transverse 30°<A@<150° and 210°<A¢<330°

Aw:0 [ STAR Preliminary

A
0.0051

<R

-n'n | 14.5 GeV

19.6 GeV 27.0 GeV 39.0 GeV
—0.005 1 L 1 Lot by by b b b b e b b by
05 0 05, 05 0 05 , 05 0 05 5, 05 0 05 4
W. J. Llope for STAR Collaboration, CPOD August *17

o Centrality 0-5%

o Integrated over transverse range in terms of azimuthal angle

e Signal is isospin independent; drastically changes as a function of +/s
Vs : 39 — 27 GeV corresponds to |Aug| = 40 MeV

/s : 27 — 19 GeV corresponds to [Aug| = 50 MeV

Vs : 19 — 14 GeV corresponds to |Aug| = 60 MeV
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COHERENT FOOTPRINT OF CRITICAL POINT?!

As energy of collision decreases:

e 200 and 62.4 GeV: correlation
length is rather small; only 6-th
order cumulant is sensitive to

PRELIMINARY

4181 thepea
: e peak

underlying chiral dynamics 200 -

¢ 39 GeV: entering the valley of 180{ 200 39/ 196 / I
kurtosis (4th order cumulant); the > 160 | R Yy 1/ 1.5 I
correlation length is still small but = 140 654 2§Q’ e I
4-th order cumulant senses it & 14.5 r

e |7 and 19.6 GeV: traversing the 1201 \ /7'7 I
valley of kurtosis; the correlation 100 T o0l 20 30 et 300
length increases rapidly

approaching its peak value the valley the peak

Transverse 30°<A9<150° and 210°<A¢<330°

e 14.5,11.5and 7.7 GeV:
climbing the cliff of ‘ }(
kurtosis/formation of clusters; the o
correlation length drops suddenly.

xo?

Rurtosis, K k.,
3
——
e

* Critical Point at about /T = 1.46?! 5 W ® % % &0
In region disfavored by current LQCD analysis of radius of conv. Vsyy (GeV)
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SOME MEASUREMENTS DO NOT FIT INTO THIS PICTURE

e The 3-d order cumulants is below its hadron
resonance gas value; while theory says it should be
above. LQCD values of 3-rd order cumulant are
also below HRG — non-trivial effect of
interactions? Or baryon number conservation? Or
volume fluctuations? Or...

o Proton rapidity correlation £
function. Two-particle ¥
correlations function
demonstrates a dip. .. Protons do
not like to be together. How can it

be consistent with clustering?

e Skeptical/cynical interpretation:
baryon number conservation and
multi-proton stopping to explain
higher-order cumulants; detector
effect to explain pion-pion
correlations.

STAR Preliminary
1
K
2/Ko 1, 90
A 6
=/ Ky 7 % ¥
0.6 $ ]
7 10 20 30 40 100 200
Vo (GeV)
14.5 GeV B—
L~ P conwoksion |
19.6 GeV
X Preliminary
o, y ,‘INO/N
200 GeV | i

X. Luo, N.Xu, arXiv:1701.02105
W. J. Llope for STAR Collaboration, CPOD August *17
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[ 0.2< p, < 1.6 GeV/c, lyl < 0.5
2 L a
R L -y 1
v I _ ]
Or T _\lo 0-5% STAR -
1 l J( o 70-80% STAR 1
LN 0-5% Poisson |
o | —— 05% NBD |
| | = | 0-5% UrQMD |
78 10 20 30 40 100 200

net-kRaon \’SNN (GeV)

o Signal is consistent with Poisson expectation

STAR collaboration, 1709.00773

EMMI seminar 32/ 32



ConcLusions [

@ Strategy based on universality argument/reproduction in LQCD/mesurements in
experiment was successful for chiral crossover

@ In my opinion, current LQCD data cannot disfavorer/exclude location of crticial point
anywehre exceptat u = 0

@ Cumulants are sensitive to critical fluctuations, but mix different powers of correlations
length
2 5n/2-3
o~ A

@ Correlation functions removes dependence on lower orders of correlations functions

@ Experimental data: there is interesting collection of signals. Kurtosis of baryon number
fluctuations demonstrate expected structure. Pion correlation function show very
non-trivial energy dependence. These signals fall nicely into conventional critical point
narrative. Currently no publicly available data on high order electric charge fluctuations.

@ Higher order proton correlation function, C, is very large compared to C,,.4. It cannot be
described by conventional sources as baryon number conservation or volume fluctuations.
It may be a sign of first order phase transition. Mixed-particle correlation function to
help? Ci” 7 or Cff' ?
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