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Effect of event-by-event fluctuations
on light-nuclei yield ratio

+ Non-trivial background (geometry + flow) effect
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Critical-point search in high-energy heavy-ion collisions

Schematic QCD phase diagram
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From the 2007 NSAC Long Range Plan

= Early Universe The Phases of QCD

£ Future LHC Experiments

High density region (u; > 0)

Sign problem in the lattice QCD

Effective models = Critical point (CP),
1%t order phase transition?

Experiment: wide range of energies
RHIC Beam Energy Scan (BES),
Hadion Gas Super7oﬁductor FAIR, NICA, J-PARC-HI, HIAF, ...

Nuclear
Matter Neutron Stars
-

Critical Point

900 MeV
Baryon Chemical Potential

How to reliably identify
the signals of CP in data?

>
Baryon chemical potential p,



Non-monotonic behaviors as functions of Vs,
= Key to the search for critical point? (vs,, © 1 ... roughly corresponds)

Net-proton cumulant
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Light-nuclei yield ratio

Coalescence model

Cancels volume effect, etc. in ratio Z
>
N, Np/Ndz~ [<n(x)n(0)>/{n)? !

K-J Sun, L-W Chen, CM Ko, Z Xu, PLB 774, 103 (2017),
H. Liu et al, PLB 805, 135452 (2020)
[Recap. of NA49, STAR]
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Model for vields of light nuclei in this study

Coalescence model (recombination model)

“Nucleus of mass number A is formed by A-nucleons close to one another”

/ A
Na=oa | {H Prid®pifi(reps) |[Wal{ripid i)

7 sudden frzout

~

Assumed to be
W,() ... Wigner fn. corresponding to light-nucleus wave fn. (harmonic oscillator)

\f,-() ... phase space distribution of ith nucleon g, ... statistical factor from spiry

Relationship to the CP search
Note: Hereafter, we denote

What is measured in experiments is event average "
them as N, omitting angle
<Nd> ~ <Ixpr,an,y>' <Nt> ~ <J‘xyzl\lp,xl\ln,yl\ln,z> brackets {...)

N,/ N,N, [aka B,(d)] ... Contaminations including the non-trivial size effect

N,N, /N2~ [£n(x)n(0)>/{n??.. proportional to critical correlation

K.-J. Sun, PLB 774, 103 (2017), etc.
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Realistic collision setup # uniform/equilibrium

Various effects on the background f{() in collision process

* Expansion = coordinate-momentum correlation
” Initial event-by-event fluctuations
« - Non-critical long range correlations
ﬁ Non-flow effects (jets, hadron rescattering and decays)
U - f() may not be in equilibrium or a fn of (T, u, u#, ...)

»

U — Upper bound in critical correlation development

Finite size and finite time (Kibble-Zurek)

Q.Howis N,N,/ Nz~ [{n(x)n(0))/<{n)? affected?

1. Non-trivial background 2. Event-by-event fluctuations
distribution in a single event fO (e p), fO(r.p), fO(r.p),....

f(r,p) = fo(r,p).

Assumption 1: No (critical) fluctuations
Assumption 2: isospin symmetry

— (N

Event average

NY N® N

using Toy model
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1. NON-TRIVIAL BACKGROUND
DISTRIBUTION IN A SINGLE EVENT

S. WU, K. MURASE, S. TANG AND H. SONG, PHYS. REV. C 106 (2022), 034905.
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Example: Simple Gaussian f() K.-J. Sun et al, PLB792, 132

1. (input) Distribution function

2 2
= o) en( )

2. (result) Integrate the coalescence formula: N, ~ [ W, A f,

9 2 02 1 -3
om0+ )+ 55)
d

02 1 —3
Ne= gy | (R4 5 ) (mT+ 5 5)]
7

Note: light-nuclei sizes 0,=2.26, 0,=1.59 fm
If the size difference is negligible:

N¢Ny/Ng = gt/94 = 4/9

The effects from Gaussian profile exactly cancels!

- Investigate effect of general f() with non-Gaussian components
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Idea for non-Gaussian effect: Expand f() in terms of cumulants

7~ Input ~\

f 1 dfﬁti —it: .=z Ca. o
.;(\Z) :p(z’*‘:):/@ﬂ)b‘e ti *explz J(lt?) }

\_ CIENE )

Expand in “phase-space cumulants” C, [z ~ (r, p)]
Cumulants up to 2" order - generate Gaussian distribution
Higher order cumulants - the deviation from the Gaussian?

/ Result for the yield N, for general A \
Lowest order (2nd N(U) =g NASA 1[det(62 _|_l'6)]—(r4—1)f2

order cumulants)

independent of A
Higher order may be taken into account by the perturbations

1+/{H dST; exp[—1T;(Cy + Zs) T}

. N -1 —1
Ha=—"w © ST V/(2m)5det(Co + Tg) ! } H(m}?‘l)zg HATHED

- D)) '
2 IPIE T

- 3 =1 o=k T4=0

K =1+0({ a}]a1>3) /
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Generalized vield ratio

Generalization of NN /N,

an ng T )
Ry =N, s P | RN subject to
k=1
Zk 1 Pe(Ar —1) =0

+ (additional constraints without isospin sym)

\_ k=1
E.g. n, =2 (two nuclei)
4 L N
B B NB—AN — gA—l
Ryp "' = L5 = "L+ O({Ca}ial>3)]
’ Ny 9a
\ Y,
Background effects cancel up to the 2"d order of cumulants
Note: Effect of matter expansions ()T
BN . ) : Iati : Cop =2 ( rp
Coordinate-momentum (r-p) correlations in f() (prT) 5 ppT)

= Canceled in the ratios up to 2" order
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Case 1: Woods-Saxon (hon-Gaussian case)

Input

frp) = —2 L ep(— )
14 exp it (2mmT)3/2 2mT

Effect of different nucleus-size

Result (common o = 1.59 fm) (physical o = 2.23, 1.59 for d, t)

0.48 — ;

‘ 7= \\I T T P
0.46 |- 1 — / 13 S
\ 0.9 & L Gauss e .
— : — 1 1 Gauss
0.44 Y ‘.‘ | _| 0 ? | W / ap=0.1fm ———— _
042 ‘\‘ l‘-,. A G 4/9 1 I 8\\ ‘"'._"-.L\_ P ap = 0.5 fm ==seeees:
I 04F Vi oY auss (4/9) - 41 Ny 07~ .‘}‘_: - ap=1.0fm —-—— —
~2.. 0.38 \ 5 N\ ag=01fm --—-——— 1 I 3 \ 4 ag = 4.0 fm —=wm
z 0.36 NN ag=0.5fm = | T2 0.6 = % b ap = 6.0 fm —-=-== |
= 0‘34 i \\\'.‘.“.‘ ‘.\_\. ag = 1.0fm -——-- 1 : 2“ 05 \é-\_‘ -\'\ \‘\‘\ \\\\ |
. \\\::'v ------ ‘--.\__._H\ | B \{'{-,\‘\ B e “q._‘-‘\‘--.\__h__:
0321 RN T 04 e o= S
03 WONTTESG AT N 0.3 e
0.28 : : ' ' { J : 0.2 | | l | | | !
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
2\1/2
(re)+'< fm ()12 m
The Woods-Saxon distribution The different nucleus-size effect is
decreases the ratio significant when fireball size is close to o
2023/4/26 v/ spatial structure decreases the ratio .



Case 2: Anisotropic flow (Blast-wave)

Flow profile for n =2

I
/ nput 2

) ¥ N

T 2
e e =gz [ o)) |
f(r,p) = —e 2Riexp(——|— —v(r \ ’
(r.p) (2rmT)3/2 2T Lm )] ) \\ St //
L
1 R‘\.ﬁ»:q,a"}
T R
v(r) = R—(rx, ry,0) " (1 + 2u, cosnes) Pty
s — . v, \
anisotropy param T T
Blast-wave flow P. Huovinen et al, PLB 503, 58 (2001) / \
- / :
Ratio vs anisotropy parameter (n=2) Ratio vs anisotropy parameter (R,=5)
1.2 .
1.25 ' | | | : : - _|2 T T T | T | /I/,
Rs=3.0fm —— : — y
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uz
The effect is negligible
when the fireball size is large

Centrality dependence?

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
Un
Momentum anisotropy tends
to increase the ratio
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2. EVENT-BY-EVENT FLUCTUATIONS

K. MURASE, S. WU, IN PREP.
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Model for event-by-event distributions

@gle event: Sum of n-Gaussian “hot spots” 70 Number of hot spots \
mn
1 h
_ 4 B _ ~hs C s Size/Shape of hot spots
f(Z) o § :ChG(z ap; C; ) in phase space (6x6)
h=1

- A}, | Center of hot spot h
Gaussian ?
G(z — a;C) Ch | Magnitude of hot spot h
1 1 T ¢ hs\—1
= exp[— (2~ a)T(CF) Mz —a)].  z~valo,po)
\ \/det(27Chs) 2 :

phase space

(Event-by-event distribution of distribution function by fluctuating (c, a,). \

: 1T (rhey—1
Gaussian —5a,(C3°)" "an

Pr({cn, anjp=1) HP Ch) \/de D

\ C%lc Covariance of hot-spot centers

2023/4/26
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Result: Single-event vyield

KSingIe event yield by [ fA W d?z \
A
<3 (Mo foEm e

N}i = ga81 L det(Chs + 1)~ A-1/2p=A
#
hi,sha=1 =1 gaussian form

\_ A ha) = T Ogan, )

~ Gaussian as a function of hot-spot positions a

n

- Perform event average with probability density
N, = [ dadcPr(a,c) X NJ

n - tal(Ch) ay

Pr(icp, h=1) = ¢ :
({en,antp—1) hl;[lp( h) \/det (27Che)
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Result:

Yield

ﬁld (Event averaged) \
Nog = ga84=1 det(Ch* 4 1)—(A-1)/2

9 z n!Al I’m1 ce Imﬂ

A
mlz...zmnzﬂn Sml’ TTn HA(Zh 1 A 1—|—m;1)\)
> h—1mnr=A4A

4 1

Im = TNCEN DN /dCP(CJCm moments of ¢
A

1/2°

= [T am!(mt)* symmetry factor

.......
yield is

)\ eigenvalues of CI¢ (Chs -+ 1)_1 determined by
o (Lo )
this factor

\_

Z sum for classification of A items into n
my > >my, >0
\ Z;LL:]. mh’:A

2023/4/26
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Result: Yield

/Yield (Event averaged) \
Ny = ga8471 det (C® + 1)_(“{1_1)/2

Al I, Iy
XD
A 172
n4S
mi=>- >y, >0 M1;..-sMn HA(Zh 1 A 1+mh)\)
E:n;::1 Tn412214

ield is
mined by
this factor

Z sum for classification of A items into n
my > >m,, >0
\_ 2ohe1mr=A

2023/4/26

16



Result: Yield

Examples A=2 (deuteron) & A=3 (tritons)
89d LT, 2y, (n—1)(c)’
det(CQS + 1)1/2 E [(C >‘|‘ HA(l i /\)1/2
89a 1, 5, 3(n—1){c*)(c)’
det(Chs + 1) n? {“ LG+ IN)1/2
(n—1)(n — 2)<C>3]
[T+ A) |

Ng =

t:

_I_

= Change parameters

» Calculate yield ratio N,N,/N /
= Check qualitative behavior

2023/4/26
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NLLN‘Q/NQ,2 with two Gaussian in 1d

n=1: single Gaussian Ratio = 4/9
n=e=: infinite number of hot spots Ratio = 4/9 (fluctuations smeared out)
n=2: double Gaussian case (no fluctuations in magnitude c)

1.08 -

1.06 H _
S 1.04 "*~l;;~;1_“ —
T 1.02 TSt
‘\;Lc ] #___,-"-#-—“"“-m:
—~ 0.98 fed -
= 096 reca -

s Fluctuatinga ———--
< 094 > s

- Ne Ny 7 ((NfY?) ==~
0.92 ((Ndf)Z) / Nd2 ___________ =
0.9 1 1 L1 ol 1 I L1l 1 1 L1 1 111

0.1 1 10 100
Average distance of two Gaussian profiles
) RMS(a) / (1+0%/2R%)"/?

» v/ Position fluctuations increase the ratio
2023/4/26



NLLN‘Q/NQ,2 with two Gaussian in 1d

n=2: with magnitude fluctuations in c

c: uniform distribution in [Np — d, Np + §]

1-1 1 II1rIII| 1 IIIrIIII T I
1.05
<y
< 1
R
= 0.95
= 09
=
0.85 )
0_8 |"::'| 1 ‘| Lo 1 Lol |h ‘"I Hl_-__l__‘lLI"TT'
C/ (1+0%/2R%)1/?

v Magnitude fluctuations decrease the ratio
2023/4/26
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NLLN‘Q/NQ,2 with two Gaussian

n=2: dimensionality of fluctuation directions d (rank of C,")

1.06 -
. 1.04 -
Q
£ 10 -
W1
<
~ 098 | Fixed @ e —
ZEL d=1 ——
= 096 | d=2 ———
0.94 |- q=3
d=4 -~
0.92 L— il - L
0.1 1 10 100 1000
A1/2

v/ The increase largely depends on the dimensionality

2023/4/26
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NIN'Q/NQ,2 with n Gaussian

Change n ~ fluctuation granularity (A adjusted to fix the fireball size as A_.)

1.09 1 ] IIIIII| | || I 17T 1T 1T 71 ] ] I 1T 1T T 1°1
A12=05
1.08 A2=10
= 1.07 F AL%2=20
> Ao'’2=5.0
?‘:" 1'06 B Am'li"z: 10
N’; 1.05
= 104k x0T W
o - -
< 103 F .
E * * ¥ O
102 Fu o5
101, © ="
l i ! T T ttt+4

10 100

Number of hot spots n

2023/4/26 v A peak at a certain hot-spot number “n”



NL_LN‘Q/NQ,2 with two fluctuation sources

f ~ sum of two fluctuations sources with different hot-spot sizes Chs! & Chs2

f=fi+ fo,
1 T

f1= n_ ChG1(Z — ahQChﬂ)a
1 =1
1 =

fo= 3 hGalz — 0} €2,
2 h=1

E.g. critical fluctuations vs
shorter-scale thermal
fluctuations

Insufficient scale separation in HIC
— Can we differentiate them?

(N¢Np/Ng?) 7 (9/4)

v/ The effect becomes larger
when two sources have different sizes

2023/4/26

1.16
1.14
1.12

1.1
1.08
1.06
1.04
1.02

I
Fluct #1 cov: C"s'=1.0 ——
Fluct #1 cov: C"s'=2.0 ——
Fluct #1 cov: C"s1 =50

Fluct #2 covariance in phase space: Chs2
[Fireball cov: Ch¢ = 10.0, fluct dim: d = 2]
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Summary

* Yield ratio in heavy-ion is a candidate observable for the CP search
* Toy models with coalescence for a qualitative understanding
* Non-trivial background effect with phase-space cumulants
e Event-by-event fluctuations by n-Gaussian distribution function
— Analytic formulae for yields
— Position fluctuations increases the ratio.

— Magnitude fluctuations decrease the ratio

— The ratio takes a peak at a certain hot-spot number n

— Different sizes of two fluctuation sources increase the ratio
Outlook
* Critical effect with critical correlators based on the Ising mapping

* HBT, Interpretation of the results in dynamical models, etc.

2023/4/26
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