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Stages of Relativistic Heavy-lon collisions
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Nuclear Shape Fluctuations

» Shallow minimums in potential energy surface
allow nuclei to change shape for small energy
fluctuations.
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Nuclear Shape Fluctuations

» Shallow minimums in potential energy surface
allow nuclei to change shape for small energy

fluctuations.
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» How does fluctuations in 5 /y
arising from shape fluctuation
manifest in heavy ion collisions?
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Liquid Drop Model Estimates:

* Assumptions:

. . . . _ Po T < R(e) ¢)
1. Liquid Drop Model implying each nucleus has a sharp boundary. pnp(7) =

0 r>R(6,0)
2. The density of nuclear matter is uniform inside the nucleus.

3. The impact parameter for the colliding system is 0.

Performing a first order analysis gives:

od
2=~ 00 +P0(Qp, ¥p)Bp + Po( Qe ¥)Be, €2~ €0+ P2(Qp, ¥p)Bp + P2(Qe, Vo) Be
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Averaging over multiple events gives:
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Cumulant Formula
((6d./d.)?) = (69)
((6dl/dl)3> 89(\3/53/2 (COS(SV)/BB)

((5dl/dl)4) — 3<(5dl/dl)2)2 143367r2 ( (52> — 5<54>)
(83) 4n (52>
() (82)°)

(€5 - 2(e3)°

1127r'~‘ (N Ul 5
1127r2 @52 ‘@@4))

((e3) - 9tEn(Esr #12(e3) ) /4

o1

il

]_4 (IU ) (IBE) B é(l)gg ( 30()3 (COS(67)/BG)]

(€3 (0d./d.)) 1132“;/2 \cos B )
(83 (5dl/dl)2)< 5 ( ) ) ((5dl/dl)2> 1792772 ( (18(2%4; 3 <B4>)

Table 1: The leading-order results of various cumulants of €, and d— calculated under the Liquid

L
Drop model

11



Glauber Model:

* Nucleons inside the nuclei are distributed according to the deformed Wood-
Saxon distribution.

= Po
pWS(T) - [1 + exp(T — R(e, ¢))/a’]

R(0,¢) = Ro (1 + B (cosyYa0(0, ) +sinvYas (6, ¢)))

* Random impact parameter ‘b’ is sampled along the x-axis from the
. .. .. _dN
distribution - & b between the range [bin, Pmax |-

* The nucleus-nucleus collision is assumed to be a collection of multiple
independent binary nucleon-nucleon collisions.
* A nucleon-nucleon collision is assumed to have occurred if:

NN op Y - inelastic nucleon-nucleon cross-section
d, <\Jo. /T . .
ne d, : Distance in x-y plane between the nucleon
L yp
Participating nucleons are identified and event quantities are computed.
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Results:

* Effect of y fluctuations:
2 8d4 ody

O CoV = <£2 Z> and C4{3} = <( 2 )3>

 Effects of B fluctuations:

o (eZ) and C4{2} = <(5¢%)2>

1

0 €y {4} = (&5) — 2(822>2
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Part | — Impact of y fluctuations:

* Nuclear shape has a three-fold symmetry under the triaxial parameter y. Hence any observable {(O) can be
parameterized as:

'n20'

(O) = ag + i [a,, cos(3n7) + b, sin(3n7y)] e 2

n=1

2
i
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Part | — Impact of y fluctuations:

* Nuclear shape has a three-fold symmetry under the triaxial parameter y. Hence any observable {(O) can be
parameterized as:
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Imposing the condition that a triaxial nucleus (y = /6) is unaffected by the variance of the parent
distribution (ay)

(0)=a0+ 35 [an (cos(3n7) ~cos (307 ) 4 (sin(3n7) = sin (307 ) )|

Restricting ourselves to leading and sub-leading terms

(0)= (050 = n oy on(37) » b lsn(37) - 1 plen() 1]+ usin(6r)) =
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* Observables can largely be described by their leading order fits.

* The signature of triaxiality is greatly reduced for y - soft nuclei. A twenty-degree fluctuation in triaxiality roughly
reduces the signal by 50%.

* Nuclei that fluctuate uniformly between prolate and oblate shapes become indistinguishable from a rigid triaxial
nuclei.
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Impact on (&3), (‘Zl—j)z and <€§>—2(822)2
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* The fitting function describes each observable quite decently.

2
. (e%) and (e5) — 2<€22> are majorly described by leading order terms. A visible asymmetry about the triaxial
nuclei is observed which is accounted for by the sub-leading term.

5d, |2 o . : -
<(d—l) > requires inclusion of all the terms with comparable magnitudes.
1



Part Il — Impact of [ fluctuations:

od :
* Inthe most general case, d—l , € can have the following form at the event level.
1

5d o . .
d_f = 84 + X121 00,i(Qp, ¥p)Bp + P0,i (Qe, ve) B,

€2 = €y + 2 D2,i(Q, v)Bh + P2,i(Q, )
i—1

%
* Then any cumulant of the form (0, ,4.,) = <e§“ (%) > will assume the form:
1L

o k<j/2 |
<02a+u> (02a+1/ 22 d (/Bz) Z;l kz_; €k (;Bk) (ﬁ]_k)
2a+1/24

* In the analysis, we will try to constrain the impact of f fluctuations using the minimum possible number
of higher order corrections.
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Impact on (3) and ((~

* Approximately linear dependencies on S are observed for both
observables.

Slopes of the data points also vary with ag. To describe this feature,
we include two higher-order terms

(e5) — <€22>ﬁ:0 ot <(%)2> B <(%)2>ﬁ:0
= c1{B?) + c2(B>) + c3(B*)

Cd{2} - Cd{2}0,0
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Impact on ¢, {4} = () — 2(

Guided by the fits for (£3):
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Impact on c, {4} = () — 2(e2)°
Guided by the fits for (£3):

Co.eld} — C2,8{4‘},B:0 =
ar{B*) — b1{B?)* + a(B°) — b (B*}B*)

* Alarge negative ¢, .{4} value in the central collisions might be
an indication of a large static quadrupole deformation.

* We also observe that b; = 1.5a; which is slightly different
from ratio (1.4) calculated from the liquid drop model.
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Summary

* Impact of the fluctuations of nuclear quadrupole deformation on various initial state heavy ion
observables under the framework of a Monte Carlo Glauber model was studied.

* Triaxiality y has a strong impact on three-particle correlators, but the impact diminishes for larger g, .
When g, is large, the observables fail to distinguish between prolate deformation and oblate
deformation.

e Quadrupole fluctuations had a significant impact on all the observables.

2 2
. (s%) and <(6;—l) > are proportional to {?) up to leading order. <(6;—l) > also has a significant contribution
1 1
from (B3).
" ¢, {4} is found to be negative for static deformation and quickly becomes positive under the influence of a
small fluctuation. It requires both leading ((8%), (82)?) and sub-leading orders ({£¢), (8*){82)) to achieve

a good fit.
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Initial state observables:

 The second order eccentricity of the overlap region is usually quantified by:
(réet??)

(rf)

€, = g,0%%P2 = —

average over all participating nuclei

 Theinverse transverse size of the overlapping region is given as:

Npart is number of participating nuclei

d. = |N S /
L J part /51 S, is transverse area computed 1/ {x2){y?)

e Useful owing to the relation:

5[pT]_k %——k 5Rl__k 105,
[pT]_ OdJ._ OR_L_ 0251_

Vg = k282,

The following five cumulants of €; and d; act as our initial state observables: (822) (elliptic

. o 8d,\ [(8d,\? 5d \3 . .
deformation), (&5 ~ | (d—) ), (d—) (variance and skewness in inverse transverse
1 1 1

2
size respectively) and (g5) — 2(822) (fourth order cumulant of elliptic eccentricity).

10
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Liguid Drop Model Estimates:

* Assumptions:
. . . - Po T < R(07 ¢)
1. Liquid Drop Model implying each nucleus has a sharp boundary.  pnp(7) = 0 r>R(6,0)

The density of nuclear matter is uniform inside the nucleus.

The impact parameter for the colliding system is O.

Both target and projectile nuclei have the same orientation i.e. they are aligned.
In a given collision, the deformation parameters for both nuclei are exactly equal.

e W

Performing a first order analysis gives:

od 5 siny PhysRevC.105.044905
d—j (B2, v, Q) = /Eﬁz (COSV Dg,o(ﬂ) T NG [Dg,z Q) + Dg,—z(ﬂ)])

15 '
€2(B2,7, Q) = — 2_n,32 (COSVDZZ,O(Q) + % [Dzz,z Q) + Dzz,—z (Q)])
N

o (f,,v) are deformation parameters
Q1 is the set of Euler angles defining the intrinsic orientation of the nucleus
o D, are Wigner-Matrix elements

O


https://arxiv.org/pdf/2109.00604.pdf
https://doi.org/10.1103/PhysRevC.105.044905

Relaxing conditions 3 and 4 leads to:

5d evt Sd evt Sd sd
d_:_ o d_:- (IBZPJ Yp, -QP) IBZTr YT, -QT) — ( > (ﬁzp; Yp, -Q.p) + —= (IBZT' YT, ‘QT))

1
Ezevt - Gzem (B2p,ve, Qp, Bor, V1, Q1) = > (Ez (B2p, vp, Qp) + €2(Lor, V1) -Q-T))

o Subscript P and T are for Projectile and Target nuclei respectively.

Finally, we calculate the averaged quantities over multiple events.

dQp d)
< 0bs > = ij(IBZP)P(,BZT) jJObS(IBZP:yP' Qp, Bor, Y1, Q1) ni 87T§:
I

df2pdfor

o Here Obs is a proxy for the observable one is calculating the event averages of.
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Setting up the Glauber Model:

* A symmetric collision system of 23811 - 238Y is chosen.

* The radius R is set at 6.81 fm and the skin depth parameter a is set to 0.55 fm.

* The nucleon-nucleon inelastic cross section a}3; is chosen to be 42.1 mb.

* Ultra-central collisions (b=0) are simulated by setting b,;,;;, =bmax = 0. These collisions are chosen as the
impact of deformation parameters on chosen initial state observables is maximum for UCC collisions.
* Deformation parameters sampled independently from a Gaussian distribution.

(z) 1 1wy *= Ly
P\Z) = € ? w=py
oV 2T o= 0,0,
v For the study of 8 fluctuations: v’ For the study of y fluctuations:
* 11 # values chosen : 0,0.01,0.02.....0.1. e 7 cos(3y) values chosen : -1,-0.87,-0.5, 0, 0.5, 0.87, 1
e 11 O'BZ values chosen : 0,0.01,0.02.....0.1. * 70, values chosen : 0, /18, 2rt/18, ..., 61/18

* Default y=0° e Default f=0.28
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Handling generalized probability distribution:

(cos(ny)) = % ({e™7) +(e7™7)) = % (eXp TZ: (m).m) TP (’m,i::l e (—:!)m ))
(D)) (D"t
= exp( Z Kam,~ om! ) -COS( Z Rom+1,y (2m +1)! " m} ]

m=1
.

n20',27 n4k4 Y ’n,3 0’2)’ n3
ne ~2 tT 21 cos (nfy+ E’Cg ,Y) ne 2 [cos(nﬁ) +* Sin(n’_Y)EkB,'y (1+ _k4 7)-



2 0d4q

3
Impact on (£322) and ((2*
1

d,

* Both observables show a definite curve for non-zero
ag suggesting significant higher order corrections. To account

for this behavior two higher order corrections are taken into
account.

)=, o ((29) - (),
= ¢1(B3) + c(B*) + c3(B>)

* Primarily, (8°) component contributes to the overall impact
on f fluctuations on both these observables.

3 _
* Fit function is not sufficient to describe <(‘:l—l) > in large f and

1

0"3.
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A possible way of constraining g and g

Experimentally, access to both (vZ) « (?) and
(v3) o< {B*) is available.

Can a combination of (#*) and (5?) isolate the
value of §7? Yes!! But only approximately.

Consider the following general linear combination

<€2 k(‘?%)Z

f(B og; k) =

Atk=2.541, f(B, op; k) - f(0,0; k) < B*.
Determines 3 with a precision of 7% in the Glauber
model.
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