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My story with PBM

Source: Dariusz

s Detector: The ALICE TPC (2008-present)

¢ Physics: Identity Method (2015-present) && Bridging LQCD to Experiment (2016-present)
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Bridging LCD to experiment
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Chiral condensate, susceptibilities ... Moments, (factorial) cumulants ...
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Bridging LCD to experiment

LQCD Experiment
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Bridging LCD to experiment

LQCD Experiment
] 2 F e ™\ .. AusAuGollisions’ | |3
Susceptibilities e Tt 0%-5% Central 11 2
_U:l 008 - 4<p <20(GeVlo),lyl <05 4| |=
(@] I — )
5 = 0“PGR)/T] 8 ool =l
k — ~ = - dF 12
5#5 Z 004 I =
S ull i
T 0.02— $ il 1
€ T 113
§ 0 : | I | L | 1 : §
-10 0 10 20 30 40 >
Net-proton (AN, = N, - Np) =
Cumulants Link theory to experiment
K1 = (N) B _ K2 (ANg) » K, (ANg) )(_f
K, = (N2) — (N)? X2 ky(ANy) %% Expected signal
ks = (N°) + 3(N*KN) + 2(N)° beyond 4t order
Ky =(N4)—;l(N3>2(N>—3(iVZ)2 kn = (Ng) + (=1)"(Np)
H1Z(N7) (N)* — 6(N) Kn/K5 is 0 (n odd) or 1 (n even)

"Unlocking the QCD phase diagram", 08.09.2026 Mesut Arslandok, Yale University 3






1. Inclusive PID signal distributions

Obtain inclusive detector response
for each particle species j
(e.g. from data or simulation)

0 50 100 150 200
PID variable x (e.g. dE/dx)

p;(x) : inclusive PID distribution
for species j (normalized)

Overlapping distributions
— no hard particle identification

The Identity Method

Anar Rustamov and M. 1. Gorenstein
Event-by-event multiplicity moments with incomplete particle identification

‘ 2. Identity weights

For each measured track with PID
signal x;, calculate the identity weights
(probability to be of species j)

e G
» wJ(xl) Zk pk(xi)
0 < wj(x;) < ij(x)—l ‘

) 50 100 150 200
PID variable x

Each track contributes fractionally
to all species (fuzzy identification).

3. Event-by-event sums

For each event, sum the identity weights
over all tracks:

Nir

W, = Z ()

Example event

track 1 x; = (wz, wg, w,)
track2 Xy = (g, wg, w,)

track3 X3 = (wy, w, w,)

track Ny Xy, = (z, wg, w,)

Repeat for all events to obtain
distributions and moments of W;.

4. Reconstruct true multiplicity moments

The measured moments of W are related

to the true multiplicity moments of N by a
response matrix A, determined from the PID
distributions p j(x)'

E) AN = M=A"W)|

. Sxmllarly for hlgher orders (second mlxed moments, )

(W;Wy) = Z kab<NN,,> E

\
| \
E ‘ (NaNb> = Z( _l)ab_jk <W1Wk>

| i

’ Example (means):

' (Wn') (Nn) (Nﬂ) (Wn)

/ (Wk) | =A|(Nk) | = [(Nk) | =471 (Wk)
WP> <N p) (N p) ( )

A is calculated from the known p;(x) and detector effects
(efficiency, acceptance, etc.).

Handles incomplete / overlapping particle identification

Allows unbiased determination of multiplicity moments and correlations without requiring explicit PID cuts.




Identity Method

Cut based
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Key/Unique tool for the future

ALICE 1,2 ALICE 3
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Overlap in the PID variable, and thus identity method, is inevitable
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The ALICE Time Projection Chamber (TPC)




TPC in a nutshell

Schematic view of the TPC

HV electrode (100 kV)

field cage

Ne-CO,-N,

readout chamber
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TPC in a nutshell

Working principle of the TPC

Schematic view of the TPC

H.V. (-100kV)
. » lonization
HV electrode (100 kV) P N_mw"wy " H Charged particle track
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Signal creation to particle identification

Track projection

Pad direction
T
1
1
1

>

RS

Signal (ADC)

=

node

ires ;

Clustering Time projection & Tracking

TPC signal (ADC)

Run: 244918
Time: 2015-11-25 10:36:18

Colliding system: Pb-Pb
Collision energy: 5.02 TeV
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Signal creation to particle identification

Track projection Clustering Time projection & Tracking

Pad direction
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Challenge within Identity Method

)

“Precise description of line shapes — Energy loss calibration” & “Realistic data-MC matching’
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Improved Data-MC matching

After signal shape and cluster charge correction
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Energy loss calibration & event pileup

» Tag pileup events and correct energy loss

Tagging Before correction After correction
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Out-of-bunch pileup events

M. Arslandok, E. Hellbar, M. lvanov, R.H. Miinzer and J. Wiechula, Particles 2022, 5(1), 84-95
ALICE TPC Collaboration JINST 19 (2024) P02038
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New TPC dE/dx parametrization using generalized Gauss

3 3
800210 T 800 28— T T T T T

= E Iteration = 2, 40-50% J
E n<0.1 =

T T
Iteration =
-0<n<

LN |
0, 40-50% 3
0.1 3

Pion yield (a.u.)
Pion yield (a.u.)

100 T
IR A

14 %.2 0.4 0.6 0.8 1 1.2 1.4
p (GeV/c) p (GeV/c)

@

= 3 T T fory T T
g 3 Iteration = 3, 40-50% J 3 Iteration = 4, 40-50% J
5 S - 0<1n<0.1 3 s --0<n<0.1 -
= - --0.1<1<0.2 el - --0.1<n<0.2 E|
A ® --02<1<03 3 ® --02<1<03 3
> PERFORMANCE = --03<n<04 - = --03<1<04 -
o 18/05/2011 :- *g.g< n<g.g E :- *g.g< n<g.g E
.5 < 1< 0. 3 .5 < 1 < 0. 3
| P-Pb {Sy=2.76Tg k] Zo08<n<o7r 9 < o08<n<o7r 1
o a 0.7<n<0.8 E| a 07<n<0.8 E|
[ E E
= E E
E T E
E| iigiase. E|
— LU T ET—
E eleioiiicesad
3 PR R T T R B R

%.2 0.4 0.6 0.8 1 1.2 1.4

p (GeV/c)

Iteration = 5, 40-50% J
01 E|

~-0<n<

Iteration = 6, 40-50% J
<n<0.1 -

Pion yield (a.u.)
2
o

Pion yield (a.u.)
2
=

| N P Y T |

200 200 E|
100 100 ittt
1 1 1 1 1 3

%2 0.4 0.6 0.8 1 1.2 14 %2 0.4 0.6 0.8 1 1.2 14
p (GeV/c) p (GeV/c)

"Unlocking the QCD phase diagram", 08.09.2026 Mesut Arslandok, Yale University 12



Realistic data-MC matching = Efficiency correction
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Efficiency correction with binomial assumption:
T. Nonaka, M. Kitazawa, S. Esumi, Phys. Rev. C 95, 064912 (2017)
Adam Bzdak, Volker Koch, Phys. Rev. C86, 044904 (2012)
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Acceptance & baseline

What is the source of deviation from baseline?

KZ (TlB - nE)
K, (Skellam)

f.\(“.-f -----------
€
r
| F ?
I €

--------1----------.

ANtny An

* Baryon number conservation
*  Volume fluctuations

* Resonance decays

* Initial-state fluctuations

* Effect of initial magnetic field

See Anar’s talk
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Acceptance & baseline

What is the source of deviation from baseline?

KZ (TlB - nE)
K, (Skellam)
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ANtny An

Volume Fluctuations (VF)
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See Anar’s talk
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How to overcome volume fluctuations?

» Mix events in a given category wrt event shape and centrality

nd

2" order

o MRELELE B B LR IR B B B B

T C ]

g [ Centrality interval 10% 5% ALICE Simulation ]
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X - 4
1_—0 o © o © <) o o o—-

09__0 ° ° ° ° ° ° ° .__

I TP TS T TP SIS P T B
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Centrality (%)
It kills all correlations

A. Rustamov, R. Holzmann, J. Stroth, NPA 1034 (2023) 122641
V.Koch, R. Holzmann, A. Rustamov, J. Stroth, NPA 1050 (2024) 122924
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How to overcome volume fluctuations?

» Mix events in a given category wrt event shape and centrality
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Volume fluctuations remain

Centrality (%)
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Very narrow CBW do not help

» CBWC does not completely eliminate VF, but mixed event technique does

A. Rustamov, R. Holzmann, J. Stroth, NPA 1034 (2023) 122641
V.Koch, R. Holzmann, A. Rustamov, J. Stroth, NPA 1050 (2024) 122924
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2" order cumulants of net-p
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» Deviation from Skellam baseline is due to baryon number conservation

» ALICE data suggest long range correlations, Ay = 4+2.5 unit or longer — earlier in time
A. Dumitru, F. Gelis, L. McLerran, and R. Venugopalan, Nucl. Phys. A 810 (2008) 91

» Event generators based on string fragmentation (HIJING) conserve baryon number over Ay = +1 unit
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3" order cumulants of net-p
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» Data agree with Skellam baseline “0” — pgis very close to 0 (ALICE Collaboration, PRL. 133 (2024) 9, 092301)
» EPOS and HUJING deviate from ”0”

* They conserve global charge but p/p deviates from unity: 1.025+0.004 (EPOS), 1.008+0.002 (HIJING)
*  Volume fluctuations for 2"¥ and 3™ order cumulants are not negligible
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4% order cumulants of net-p in Pb—Pb

P. B.-Munzinger, K. Redlich,
A. Rustamov, J. Stachel,

JHEP 08 (2024) 113
\ﬁ\ﬁ \\\‘\\.\‘\\\‘\\\‘\\ Ta L e e B I e o o e @ L L B B B B B B
a|a o PON T MetB0 T & F 4 Daa ALICE Preliminar s T ALIGE Preliminary 1
== ©p=080 <« Ay =56 - < y < ¢ Data
wlhe 0095 < 4y 28 1 ¥ 1.2~ JHEP 08 (2024) 113 Pb—Pb, {5y = 5.02 TeV — X 12F Pb—Pb, {5y =5.02TeV ~ —
F 0p=099 < Ay:::ﬂ_g B o - - - CE global conservation 04<p<1.0GeVic A I’;i - |:| HIJING 7] <0.8,04<p<1.0GeV/ic A
r —CE baseline 1 = L CE local, p = 0.8 0 — 10% centrality § e - 4
ir — L R | i | [CJHUING i ) L i
X . A = W ) S 7 e P— 1 -
[ '« Ay, in 2015 data measurement _q-~ ] - tel A = m - o m [*] -
05 gt ] i 1 - * g .
57 T 1 i | i = - N
: global conservation : 08 B . 08 I I
] TR VRS S B PRI R MEPEPEPE IFEPEPIFE ISP EPEFEPEFE IFEPEPITE EEPEFITE EPAVEVEPE IPEPEPITE B
% 02 04 06 o8 1 0 02 04 06 08 1 12 14 16 0 10 20 30 40 50 60 70 80 90
acceptance factor o An Centrality (%)

> Hint of deviation from Poissonian baseline

» CE baseline for the peripheral collisions + Increase acceptance (Fuzzy logic) and statistics (Run [3,4])

(Stay tuned for the results by llya Fokin (PhD student of Johanna))

"Unlocking the QCD phase diagram", 08.09.2026 Mesut Arslandok, Yale University
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Detector:

Cluster- and signal-level corrections in the TPC data reconstruction

Almost perfect description of Data-MC matching

New dE/dx parametrization

Correction of volume fluctuations using mixed events

Extension of the Identity Method, the key tool for event-by-event fluctuation measurements, to nth order

Importance of non-critical baseline — Baryon number conservation
Lund-based models — describe 1°t order but fail in 2"
LQCD expectations — agreement up to 3 order and sign of signal at the 4t order
Future ALICE [2,3]:

> Net B and S: Criticality search at 6* and higher order cumulants

» Net C: correlation length in charm sector

» High precision and more differential: Constraining individual dynamic signals

» Thermal blurring, initial-state fluctuations, baryon annihilation, baryon number conservation ...

)
=5
v,
vvvvg VVVYYY
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Happy birthday PBM !

Thank you very much for being such a wonderful example to the new
generations of what it means to be a complete physicist.
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Correlation length

Source of the deviation? Only early correlations can be long range in rapidity
|a o~ L T T T T | T T T T | T T T T | T T B
. 'i— ALICE, Pb—Pb |s,,, = 2.76 TeV
Zle L 06<p<15GeVic centrality 0-5% |
™ ' L ® ratio, stat. uncert.  ------ local conserv. Ay =5 | detection
[ syst. uncert. local conserv. Ay =
B Z— global conserv. —— HUJING ]
L 4 freeze out
1 - ] .
L J latest correlation
i | Z
09 _
C 1 1 1 | Il 1 1 | 1 1 | 1 ]
. 1 1
0 05 5 An

_1 _
T S Ttreeze out € 2 |yA yB|

A. Dumitruy, F. Gelis, L. McLerran, and R. Venugopalan, Nucl. Phys. A 810 (2008) 91
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Why not pions and kaons? = Resonance decays

= (\1 A I T Q ./\1 A I T .
B 4 < i
R Net-r I —e— ALICE 1 K Net-K I —e— ALICE 15
Ere T —— HWING with resonances | X (R —— HIJING with resonances | |
«~> HIJING w/o resonances %0 S N I I o I HIJING w/o resonances 3
I | I 1P
T35 — 1—-%----®---w----H---—------------------- — |-
A ] R T
S B o~ N LT e, 1 |m
N N _ L 1 loo
.......... N
I L L L PO | | RS
0.9 — 0.9 -
L Pb-Pb sy =2.76 TeV 1 L Pb-Pb {5, =2.76 TeV 1=
I 06<p<15GeVic - I 06<p<1.5GeVic 4194
L centrality 0-5% i L centrality 0-5% i g
x
08 L | L | L | L 0-8 L | L | L | L
0.5 1 1.5 0.5 1 1.5
An An

» Net-mr and net-K are strongly dominated by resonance contributions
» Net-p is free from resonance contributions
— Isospin randomization, at /syy > 10 GeV: net-B © net-p
(M. Kitazawa, and M. Asakawa, Phys. Rev. C 86, 024904 (2012))
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Baryon number conservation & cluster formation

—
Q| o 1.5 ®p=010 < Ay_ =120 — |ﬁlﬁ Jdo 1,50 ©p=010 < Ay =120
o _ _
E%:m - ©p=080 < Ay =56 . %+m F gl e ©p=080 < Ay_ =56 -
i 4 c L . - - - |
2y p=095 < Ay =28 Sy ; p=095 < Ay =28
r ©p=099 < Ay =13 1 S B N ®p=099 = Ay =13 -
HRG baseline I ~CE baseline I e ‘w_ —CE baseline -
| 1lee-s- .
in GCE ( _ )
correlations between B — B

Larger deviation:
— Smaller correlation
length
— Late production

0.5 0.5

: lllllllllllll
0 02 04 06 08 1 O ""02 04 06

Il

Ll
0.8 1
acceptance factor a acceptance factor a

» Measured values depend on the fraction of (anti-)protons in the acceptance
» (Global) local baryon number conservation: unlike-sign correlations
» (Anti-)proton clusters:

Talk by Anar
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Challenge 2: Efficiency correction

rec

N

Binomiality of the detector response is important for the efficiency correction

1! L ‘ L ‘ L ‘ TrorT ‘ T V.V ‘ T .V ‘ LU ‘ LU ‘ UL | E /(-D\ :Y T 1 7T { T T 1 7T { T 1 1T T { T 1 1T T { T T 1 7T { T 1 7T T { T 1T T 7T { L T:
- ALICE Simulation g s [ ALICE Simulation w2/d.of. =723 ]
- HIJING, Pb-Pb {5, = 5.02 TeV El Bhs 5 N _ 36
- centrality 0-5%, Iyl <0.8,0.6 <p<1.5GeVic {4 o 100F po= E
= - 4 3 8 ]
= g - @ - ]
- . [ 2 [ |
- q1 — 2 S 10 E 3
r 4 3 10 (@) F 3
E e ] (@ r ]
= E 10F E
- 3 10 - ]
N 3 e T T E
EAAHlAAAAMAAAlAHAMHHHHMAHMHN AAAAA A: 1 :111111111 1111}1111:
0O 10 20 30 40 50 60 70 80 90 10 15 20 25 30 35 40 45 50
gen rec
Np Np

"Unlocking the QCD phase diagram", 08.09.2026 Mesut Arslandok, Yale University 23



LQCD < Experiment

LQCD

_ BQSC __ QUrtrmtn) [P(/AI'BJAJ'Q:/AJIS:/A”C)/TZl]
klmn aAn
(6]

OOy .

=0

Baryon number (B), Strangeness (S), Electric charge (Q), Cham (C)

0.35

free quark gas

0.3 @)@ 1

o G

0.25 - P A ]
% N PDG-HRG —

cont. extrap. 1
0.2 N=16

015 12 @ |
8

0.1 oF =
m¢/m =20 (open)

0.05 27 (filled) 1

T [MeV]

140 160 180 200 220 240 260 280
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LQCD < Experiment

LQCD

_ BQSC __ QUrtrmtn) [P(/AI'BJAJ'Q:/AJIS:/A”C)/TZl]
klmn aAn
(6]

OOy .

=0
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contr. est.
N =6 A&
8 ik
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27 (filled) |
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o 1 L 1 L 1 i 1
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LQCD < Experiment

LQCD

L BQSC _ QUrtrmtn) [P(/Al'Bvﬂ'QaﬂSaﬂC)/Tﬂ
K Ol Ofifi5 Ofits

=0

Baryon number (B), Strangeness (S), Electric charge (Q), Cham (C)

T T T T T
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2
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1 —=. - HRG

1
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~1
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LQCD < Experiment

= Google Translate
Detect language LQCD EXPERIM ENT
| Translation
_ BOSC _ 6(k+[+m+n) [P(/AIB /AJIQ,/AJ/S,/AI/C)/TZl] XB _ KZ(ANB) » K4_(ANB) ){_f
kimn O, O, 3 D, . 2 k2(ANg) X3
Baryon number (B), Strangeness (S), Electric charge (Q), Cham (C) ;5000 K, — cumulants of AN = Ny — Np Talk by Anar
25} BB | | |
X6/X2 N=8 m
2
HotQCD
15 preliminary
1 —= - HRG
The
0.5
0 | | i +_*_L
LTI
1 T [MeV]
130 140 150 160 170 180 190 200
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LQCD < Experiment

= Google Translate

Detect language LQCD

BQSC _ QUHEm I P (g, fig, fis, fic) /T

klmn O Ofily 1 Ofigs fi=0

Baryon number (B), Strangeness (S), Electric charge (Q), Cham (C)

T T T T T

25 B, B
X6/X2 No=8 m
2
HotQCD

15 preliminary

1 —=. - HRG

1

0.5 P°

¥y

-1 s s w L .
130 140 150 160 170 180 190 200

EXPERIMENT
Translation
g K2 (ANg) K4 (ANg) )(f
X2 = » AN B
k2(ANg) x5
075,000 K, — cumulants of ANy = Nz — Np Talk by Anar

0.1 :—
0.08
0.06
0.04

0.02

Normalized Number of Events

04

T T o T T
Au+Au Collisions
0%-5% Central
0.4 < P; < 2.0 (GeV/c), Iyl < 0.5

Net-proton (ANp = N, -

No)

STAR Collaboration, Phys. Rev. Lett. 126, 092301
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Nature of QCD phase diagram

T A ® tricritical point > Vanishing u, d quark masses:

s ~~. | ™ O(@):-crtical line = Vicinity to 2" order O(4) criticality

KA = 7(2)-critical lin ” -
Toe 1 s(t eritaline = Pseudocritical features at the crossover due to
’ : 1> -order plane
T : chiral plane massless modes

» At LHC energies
= T, ~ TAYCE = 156.5 + 3 MeV
= ustCE = 0.71 4 0.45 MeV

» Fact: No experimental confirmation of crossover
» Signature: Long range correlations & increased fluctuations

Htri HMcep HUB

J. Stachel, A. Andronic, P. B. Munzinger and K. Redlich, Nature 561 (2018) 321
HotQCD Collaboration, Phys.Lett. B 795 (2019) 15
ALICE Collaboration, Phys. Rev. Lett. 133 (2024) 9, 092301
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PID vs Efficiency

Efficiency for ITS+TPC
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PID vs Efficiency

TOF cut boundary TOF cut boundary
2 LT e ] z E E
E ] 5 0o 1
g E 2 o8k ++_
G ALICE 1 T} ?'_D_-D-
5 I 0.7 e .
('_-'.; 120 Pb-Pbﬁ:e.mTev_: 0.6;— _;
5 ool 0.5F E
04F =
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01 central(y 0-5%, n|<0.8 = p =
02 03 T2 8 4567890 20 006 08 1 1z 14 16 18 2
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Solution: Identity Method

Cut-based approach (track counting) or Identity method (probability counting)

TPC dE/dx (arb. units)

— . -~ 10 pr—m——r—r———rr——Trrrrrrrr 7
] 3 . i
% ] 3 ALICE Preliminary, Pb-Pb {5,,=276 TV, pata
E - = = « Total Fit
j ] 5 Generalised Gauss function:
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A. Rustamov, M. Gazdzicki, M. |. Gorenstein, PRC 86, 044906 (2012), PRC 84, 024902 (2011)
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Line shapes
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TPC dE/dx (arb. units)

Identity Method in ALICE 3: Purity in PID

ALICE 1-2

t\He

ALICE performange
Pb-Pb |'s, = 5.02

p/z (GeV/c)
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» No full overlap of the TOF signal
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2" order cumulants of net-p in ALICE 3

ZIQ.10000; L L B = ﬁ@ L B B I LA B
- ——— Full acceptance - \ B . _ ]
t. 9000 |- —— ALICE 3, Barrel+Forward, ~52% of full acc. — o|+ | C=JAUCE06<p<1.5GeVic Pb-Pb 5, =5.02TeV |
P F  — ALICE 3, Barrel, ~25% of full acc. = = PLB 844 (2023) 137545 Centrality 0-5%
8000 |~ ALICE 1-2, ~4.5% of full acc. = ~ o P feememeeeneeenennns feeeeemeeeeeeeeneeeeeeseeeeeennnnnm. -
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20005 E —— 1.5kp<5GeVic ; |
1000 - — B 03k&p<10GeVic | ]
- ) " ) ) ) ) T, . 0.6 TR BTENEE S BTSN SN BT ST ST S [
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n ALICE1-2 ALICE 3 A
. . . . el barrel ALICE 3
» High PID purity and efficiency within Barrel + forward

d Iarger acceptance

» More differential and high precision to disentangle:
(0.3<p<10GeV/c, [n|<4)

Thermal blurring, Initial-state fluctuations, baryon annihilation,
excluded volume effects, baryon number conservation ...
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Criticality search in ALICE 2 and 3

alie sF o E
é- é- - —e— Simulation: CF 1
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. ---- HRG .
L] e SRR LR LR LR LR EEEEEED -
of- . | -~ j |
AR I B S ++; » Simulation of the Critical Fluctuations (CF) is based on PQM model
-1 ¢ = G. A. Almasi, B. Friman, and K. Redlich, Phys. Rev.D96 (2017), 014027
2f 3 » ALICE 2:
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Completely new net-charm fluctuations

- T T T ]
A. Bazavov et.al. PLB 737 (2014) 210-215 5 50 i -
05+ BC,. C _BC A : i
| %1370t -x13) m —~ af o i -
04l N8 6 mm " Q : ]
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Pb-Pb events

» 2 order — Correlation length of charm
» 4t order — Close to T,. charmed baryon fluctuations are about 50% larger than expected in a HRG based on known
charmed baryon resonances (PDG-HRG) — missing states of QCD
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