N\} Indian Institute
(ﬁ of Technology
Mandi

Hot OCD Matter 2025 HEuE
(Series 3)

Knergy-Dependent Pseudorapidity Distributions in

Heavy-lon Collisions: Connection to Baryon Stopping
and System Size

GZ0T 42qu=1das 1

Neeraj, Md. K. Ali Mondal, Amal Sarkar




Overview

()71 Introduction to Pseudorapidity ()5 Results from New Fitting Function
Distributions

()7 Landau Hydrodynamic Model ()6 Physical Interpretations

()33 Double Gaussian Fitting Approach () / Parameter Extrapolation

()4 Novel erf-Modified Gaussian Fitting ()8 Conclusion

T - Mandi




Definition & Physical Meaning
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subsequent particle production RHIC: Phys. Rev. C 110, 014904 (2024). L. Du

LHC: HEPData repository
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https://doi.org/10.1103/PhysRevC.110.014904
https://www.hepdata.net/

Why Pseudorapidity Distributions Matter?

Q Shape evolution from narrow (low energy) Spectators
to broad (high energy) Ay
............. \‘,f’ﬁ..@.\\‘ S ——
,l.§ \ T ,.%"f' .Lﬁl
LI PR :
O Sensitive to equation of state(EOS) & phase | ! ‘L@‘: J y \ £
....... 7 I TSRO SOOIt -1 b 2ot X% —hor. "4 # & R B................
s W ,.
‘\ . | a! .
transitions Y %’ Participants ,:
X
Before collision After collision
O Baseline for understanding more complex
observables
Reproduced from LHCb Collaboration,
O Transition from baryon stopping to JINST 17 (2022) P0O5009

transparency regime
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https://cds.cern.ch/record/2789548/files/document.pdf
https://cds.cern.ch/record/2789548/files/document.pdf

Original Landau Distribution:

@, Original Landau form:

CCZZ—];\[(Landau)oc exp{\/L2 — )\2} ,where L =In~vy=1In (

T )

2my

Question: Should 4 be rapidity y or

& A originally represented polar angle (e* = 0) in Landau's work.
pseudorapidity »?
O Predicts single Gaussian-like distribution with width

proportional to L.

2 —
dN. N _
O Good agreement with data from AGS to RHIC ch _ exp (?7 770)

o 2
energies (within 5-10%). d77 \/2770' 2 _ 20 _

O Model assumes complete stopping (Landau limiting
case) & shows limiting fragmentation at forward valid only for : ")’]‘ <# iy

rapidities.
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Why Single Distribution Fails at RHIC & LHC?

0 At RHIC & LHC energies: L. becomes very large, 871 71 7717 T " [ 1 "

violating |n| < L assumption 7003— | l # —f

6005_ %“H H<><>H<>}MM h”% _f

Q) Shape evolution from narrow (low energy) to - H” % .
= Data Fit (Single Gaussian) -

broa"d (high ener%Y) 9 PGSU]tS in _ o :_ @\@ @ . 200 GeV AuAu 0-6% PHOBOS { _:

o - _

double-humped/asymmetrie distributions ~. 400F %” e e ﬂ -
< i |

° 300(— % H} [ ﬂ% % _

O Transition to transparency regime - incomplete E b %% % { 4 .
iti 200[— * il 4 L, =

energy deposition u % % +'¢' 3 ?% .

100{— ﬁ% 'o,f' T‘*L‘g,m ﬁ# —

O Need for multi-component description beyond - o o j | | O%T%v- .
(lé*.h- = I _4 ] | ] _2 ] ] ] 0 I ] | 2 ] l ] 4 'I--._L_____6

single Landau form(which assumes complete

stopping)
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Limitations of the Double-Gaussian(DG) Approach at LHC Energies

O Traditional method: Sum of two symmetric Gaussians 2000 | | _
to capture non-Gaussian features 1800~ =

1600 f— ,++“ H +-+-1"'*'+'+'+* Hﬂ- —f

O Successful at RHIC energies: Good description of 1400 »f'*ﬁ *H‘} =
Au-FAu collisions from 4/ Syy — 19.6-200 GeV with = 1200 — '+x’r' oy _f‘f‘”:iiijj‘:;fi!’o_s%AUCE \}‘}‘ —
smooth parameter evolution = 1000;— ',++ ++“* —;

% 405 :_ } @ - 200 GeV AuAu 0-6% PHOBOS " * _:

- 1 14404001 Y

Q Breakdown at LHC energies: Fails to capture 50012 MMTHMMH'HTHM*HM =
asymmetries and shape evolution as dynamics shift 400} ﬁ” #%# =

- ' " .

from stopping to transparency. 2005_ 9 Mw "y,

c16 | —|4 —|2 (l) 2| ¢|1 | 6

O Cannot reproduce eentral dip at LHC from incomplete

overlap of FRs and leading particle effects in the _ (n=p1)? _ (n—p3)?

transparency regime.
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Modified Gaussian: Overcoming the Limits of DG Fits

(n—mp)>

O Extended functional form : A.e” 2.7 . (1 4 erf(A\n)) 2500

¢ Data(2.76 TeV Pb-Pb 0-5% ALICE)

Gaussian modulated by error function

------ f,=A, exp[- (T'l"'ul)zl (26%)] x(1+ erf('}\‘ln))

"""" f, = A, exp[- (T]'uz)zl (2091 x(1+ erf(}”zn))

— f=f +f,

2000
Erf term = controlled asymmetric distortions

accounting for incomplete source overlap & central

dip formation at higher energies.

Energy-dependent A parameter systematically

evolves with collision energy - description of shape

changes as nuclear matter transpareney increases.

6 —4 —2 0 2 4 6
Vswy [GeV]
Complex distribution features: Captures ecentral
iy V2 a2
concavity & forward—backward asymmetries beyond fn)=41-¢ (772:%1) -(1+erf(—>\m))+A2-e_(n2:§2) (14 erf(Aan))

RHIC, where DG fails.

IT - Mandi HOTQCD3.0  Novel Error Function-Modified Gaussian Fitting 7



Results From New Fitting Function

Superior fitting quality: erf-modified 2000 ——— — T — T ———

O Gaussian provides excellent y?/ndf 1800:_ + + + + -

compared to DG across RHIC-LHC 1600:_ ++++ ~+++.+_+_+++'+'+" ++++ -

B ‘I pata Fit Y _

1400 — *** m === 276 TeV Pb-Pb0-5% ALICE + +‘+ i

2 I d 2.V EToV): n '+' 6 200 GeV AuAu 0-6% PHOBOS “+\ N

4 /11 ( ) © ) ~ 1200:— +/+ ® --- 130 GeV AuAu 0-6% PHOBOS ‘+\ * —:

E B +" o === 62.4GeV AuAu 0-6% PHOBOS ‘* .

< 1000 [~ *" \+‘ —

Double Gaussian Fit: EF Modified Gaussian Fit: 2° _ b S i g 4 _

0.373 0.085 © 800 % —

o,

- : ﬁ s i i -

. 400__ J i +¢-¢'¢$¢'¢'¢+ 4"‘:"**‘4"‘:" ¢%¢. ]

Captures fine structure: Central dip, - ; ¢+¢ y +,¢+‘1’ H#HH@ ‘H**#% ’4’#4-* h %, %h .

O ag . . ) 200_— : ¢¢,¢* 4r+ 3 g;m °q~ ¢,¢ ¢¢ ]

ymmetric tails & energy-dependent - ; piget e e Spededa.

E e A por A ¢ _

shape evolution that traditional methods 0 E‘ £ "“—”i —— _'2 —— (l) —— 2' —— L'f*L ﬂfﬂ-‘*G
miss. d
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Systematic Parameter Extraction

= e % & _ m 23 ¢ o o] ]
0 Clean energy dependence E B B . = mE
: E - a(lodfs,) ¢ & E --- - ar(log{S)’ ¢ o
observed for amplitudes 800 g 4 e > S
(41, Ap), widths (o1, 62)
< 600 i F - < 600 " =
- & - E + . :
- + e . [ » N
° ° 500 5 = — - -
O Systematie scaling: : i e et :
400 " - » L :
- ”,4 . 400 N & =
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H00E E 300f r
power-law form: 200Ex R TT B - I TEPT BT S TT T :
3
" 10° Vo 10 10° o 10°

a - [ln(\/sNN)] + c
3.2 T T n 3.2 T T =
b & omn : = 3 Daa :
. _ E - - - - ar(lodfS,,)° + ¢ 73 E - - - - a*(log|S,)° * ¢ R
with excellent fit quality. i, & E ) " P
2.4F- /,’/ = 2.4F /,’/ =
° ° ° 22:_ ,// _: 22:_ ’/, _E
O Physical interpretation: s E E s T E 3
Reflects underlying collision iz: *,4” E i:‘ e E
: : °F 3 E o e o 3
dynamics and thermodynamie 14 T = MR ™ =
i — 128 E
sealing in HI systems. E Y - iE: A B 3

10 10° 10 10°
V5 [GeV] V5 [GeV]
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A & Peak-to-Peak Distance Evolution:

0.7 r——— —— — 07— — -
O ) parameters control central E : : :
. ] 06 4  FromData /% 06§ FromData ;E
dip formation - smooth energy T & T | E
dependence with linear 0.4F- ' - 04f- g I
Scaling’: " 0.3;— //// —; s 0.3;— /// _;
0.2F /,’/ — 0.2F //, —
dis Az =a + bvs, o1 : o1 ;
= B e 5 E T =
e 3 opb <= === 3
= p ol ) PR S B T A | L = Lo L L |
10° o ooV 10° 10° o iGeV] 10°

). magnitude Increases with energy reflecting deeper central - ———— - —

D . " . - ¥ Data e N %E

concavity as system transitions from stopping to transparency | SR ax(1 - ¢ M5O s T

u Ju 5" .

regime _ 250 ) :

S. 2:_ ,"F _:

x — F —

g F :

o . o L 1.5 —

O P2P distance evolution from FR separation at RHIC to broader : F -

e : € F =

distributions at LHC follows exp. saturation: oF E

d o = a-{1 - exp[-b-In(vs/s0)]} ot :

= L ! ! Lo |
102 o [GeV] 10°
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Physical Interpretation - A

0.7 S : — — 1/SNN(G€V) #z(MeV) 1/2
2-p p Connection: 2 = avg.(4;, 4z) shows scaling s From pae [ e N,
C) E NN E 1.5 294.6 (7.1) 300.6
}' oc 1/”B7 0'5:_ _: 27 146.6 (7.4) 152.7
where A controls central dip formation & “E I— —
- : oo N
0.5 = 62.4 69.2(10 71.9
M - baryon chemical potential. E ] ' —
0.2 — —] 130 38.14.2) 35.7
. 15_ _f 2270:0 02::: 8) 213 j
0 _Ex ————————————— == i —E 5023 0.71(0.45) 0.95
B L . L —
Energy Dependence Correlation: 1 ooy 10° - e
D Similar energy scaling from RHIC to LHC = asoE] — T T T BN EUAEELE T T g
4 reflects baryon stopping mechanisms. 4001 E
350 ¥ 4 (from fit =
3002_ + o n(Exp) DhsRewC96.044904 (2017 —i
v; o50F- Phys. Rev. C 73, 034905 (2006) =
Physical Significance: A acts as an effective inward 2 “°F e
O @ 200 ¥ =
° ° . 3‘ = ]
force from the ecollision core, opposing source 150 i =
spreading and generating the central dip. 100E- ' . E
w ' :
0__III | | | | | 11 I| | | | | | 1 1 II | ¥I | *—
10 10? 10°

Vs, [GeV]
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https://doi.org/10.1103/PhysRevC.96.044904
https://doi.org/10.1103/PhysRevC.73.034905
https://www.nature.com/articles/s41586-018-0491-6

Peak-2-Peak Separation & Chemical Freeze Out Temperature

3-5__| I | | I [ |l | | I I I L I _— 0.2: ! ! [ ! I | L 1 | L | 1 |:
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© = a O - ' .

q - . =~ 0.1 v T, Phys Rev. C73.034905 (2006}

L 1.5 = S Z , o
o N . S '

= = . ~ - ,f -

Q - . 0.06 —

- . - ¥ .

0.5 - 0.04— ! >
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:I | A A A L I I A | I | ' | I - O_ :l 1 1 lllll | | 11 lIIIl2 | | 11 lllll3 1 | J—

2 3 1 10 10 10
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Physical Interpretation: dpgp:> eff. system size , T = inelastic collisions cease. Both follow identical exp. sat. scaling =
geometric expansion = thermal evolution. System size & chemical freeze-out follow the same energy dependence,

approaching the transparency limit.
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Predictive Capability

iR | | | > L | | | '_
Fitted scaling laws enable 1200/~ . 1200/~ -
O o i 4+ Data 4l P 4+ Data é-
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. e ¢ Estimated o, 3 ” ¢ Estimated o, 9
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i $ 5 : 4 .
1.5 + Y - 1.5 . + ¢ =
L o 4 ' : 3 ¢ 4 ° .
il ) paal i g gageil L] W ) M | el il
. 10 10? o 6oy 10° . 10 10? oo 10°
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Predictive Capability

1.2 | ] = 1.2 g | |
Predictions for }u], }.2 & ™ % Frombata % T % Fombata é
O . R ¢ Estimated Ay d R ¢ Estimated A, i
peak-to-peak distances 0.8~ E 08 P
energies with incomplete = osf il < 08 T
n coverage, e.g., 0.4 — 0.4f —
(502, 5.36 TGV) 0.2:— —: 0.2:— —:
O:e:.lé fono;..*.“l*f L1l .._- OT‘:I0 *0 O.f...l** ) | ..—-
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Systematic framework:

35_' ! ! I I LI I J ! I 1 L I I _

O Power-law & exponential fits unify data across RHIC to - PO =

3 —

LHC energies. . ¢ ! ]

= -

3 m ¥ 7

% 2 =

& = { From Data R

Systematic Validation tool: T 5 - =

O § = | Estimated E

Testable against future data to verify physical scaling E E

0.5 -

laws. E =

okk L] . oy —

10 10°
(o [GEV]
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Validation of Predictions at Higher Energies

2500 | | | | | | | | | |
O Successful validation: Predictions at 5.02 & - * *H- | + * i
5.36 TeV agree with limited-# data. i + ‘H‘ﬂ H‘H‘ + I
2000 |— {41, 444 * . u
i H o + u i
Good fittin ality: erf~-modified G ian fit i H H Data  Fit “H i
C) >0 v HOTHE LSS S ~ 1500 — X === 536 TeVPb-Pb0-5% CMS *+ \\‘ —
oive low y?/ndf at high energies S i -~ 5.02TeV Pb-Pb 0-5% ALICE HH d
Zo i \ ‘:: i
S 1000 —
x*/ndf: 0.189 (for 5.02TeV) ° g
0.070 (for 5.36TeV) i i
500 — al
7 Parameter consistency: Extracted parameters i | | | j | i
0—6 ] | | —4 | | | —2 ] | | O | | | 2 ] | | 4 ] ] ] 6

match scaling-law predictions.
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01 Novel fitting approach: erf-modified Gaussian successfully
describes dN  /dny from RHIC to LHC, capturing central dip

and asymmetries missed by double-Gaussian fits.

02 Systematic energy secaling: All fitting parameters follow

well-defined scaling laws with collision energy.

o
03 Physical insights: 4 correlates with 1/u . reflects source CO n CI u S I O n

interaction strength; while dpgp mirrors T , evolution.

04 Predictive framework: Kst. scaling laws enable reliable

extrapolation to higher energies and interpolation of data gaps.

05 Future applications: Useful for asymmetric systems (p+Pb)
with forward—backward asymmetries & for low-x studies where

saturation modifies distributions.
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