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Two-particle (An,A@) angular correlations

beam direction

p - particle momentum:;
f - polar angle;
1 - pseudorapidity:

pr - transverse momentum;
© - azimuthal angle;
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(An,A@) angular correlations
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unlike-sign pairs__—=
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Can we learn something more?



One step further: identified particles!

Unexplored phenomena: conservation laws and their influence on particle
production mechanisms - study via correlation functions for particles with
different quark content

D ¢d ;

T K+
] . Proton:
Pion: Kaon:
° Charge o Charge . gharge
« Strange quark aryon

conservation laws
particles | momentum charge strangeness baryon number

pions v v
kaons v v v
protons v v v

Useful to perform analysis in a more refined way:
- charge dependence
- identified particles
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Data sample & analysis

e ~200 million minimum bias pp
collisions at 7 TeV collected by
ALICE in 2010

ZDC
116m from P,

T

* Tracking:

e Inner Tracking System
(ITS)

« Time Projection Chamber
(TPC)

 Particle identification:

« TPC
« Kinematic cuts: « Time-of-Flight (TOF)

ZDC
o ~116m from LP,

e 0.2<p7<2.5 GeV/c for pions

e 0.3<py<25GeV/c for kaons * Recent paper
arXiv:1612.08975

e 0.5<py<25GeV/c for protons
* [nl<0.8
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(An,A@) Experimental Correlation Function

Signal distribution
d2 Nsignal
dAnAm

? (An,Aq)=
6000
2000}

Uncorrelated reference
d2 Nmixed

N A9
Same event pairs Correlation function Mixed event pairs
1_3ém"“”mwmmw b e
n=mnm—-m N mixed
Ao (pl B c; = c(am,ag)=Y povs S(An,A¢)
1 2 o ik fﬁ%ﬂ%ﬁi Npgl_rs B (A n,A (p)
1 \
d;;u 3 C(Q1, M1, 02,1) = Pio(@1,M1,02,M2)
A T P01, )P (02,M2)
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(An,A@) of identified particles . . ..., o0

Unlike-sign

(b) KK

Like-sign

>
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AnAg of identified particles .., .00

Let’s compare with models!

SN
oo i
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AnAg of identified particles in pp collisions
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AnAg of identified particles in pp collisions

PYTHIA 6.4 Perugia-2011, pp {s =7 TeV
proton like-sign pairs

A®
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AnAg of identified particles in pp collisions

PYTHIA 6.4 Perugia-2011, pp {s =7 TeV PYTHIA 6.4 Perugia-0, pp Vs =7 TeV
proton like-sign pairs proton like-sign pairs

E 12_ 1.24
'S
1_-._... Lyl

A®
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AnAg of identified particles in pp collisions

PYTHIA 6.4 Perugia-2011, pp s =7 TeV PYTHIA 6.4 Perugia-0, pp s =7 TeV PYTHIA 8.210 Monash, pp s =7 TeV
proton like-sign pairs proton like-sign pairs proton like-sign pairs

A®
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AnAg of identified particles in pp collisions

PYTHIA 6.4 Perugia-2011, pp s =7 TeV PYTHIA 6.4 Perugia-0, pp s =7 TeV PYTHIA 8.210 Monash, pp s =7 TeV
proton like-sign pairs proton like-sign pairs proton like-sign pairs

A® A

A®

PHOJET 1.12, pp (s =7 TeV
proton like-sign pairs

A
o
,q 12_
None of common MC S ‘
models reproduces .
ALICE data!
1
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Comparison to MC models: like-sign

arXiv:1612.08975
(a) T+ T palrs (b) K’'K™ + KK pairs (c) pp + Po. palrs
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* The models reproduce reasonably well the angular correlations for mesons

* The models fail to reproduce the results for baryons — able to produce 2 baryons close in the
phase space

* Energy and local baryon-number conservation laws are implemented in all studied
models - not enough to explain the anti-correlation
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Comparison to MC models: unlike-sign

arXiv:1612.08975

3 (a) ' palrs 3 (b) K K palrs 2 (c) pp pairs
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* The models reproduce reasonably well the angular correlations for mesons

* The models fail to reproduce the results for baryons — able to produce 2 baryons close in the
phase space, also baryon-antibaryon pairs have 2 x the magnitude for MC

* Energy and local baryon-number conservation laws are implemented in all studied
models - not enough to explain the anti-correlation
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7 TeV pp vs. 29 GeV e*e collisions

correlation

ALICE

e'e

anti-correlation

2

Much more unlike-sign baryons close together in
the phase-space than like-sign baryons.

correlation anti-correlation
3.0 — 1.0 © -
(a) pp PP
- 2.{} i /\05 i
S TPC/Two Gamma
= 1.0f S0 Collaboration (H. Aihara et al.),
= \/%0“5 Phys.Rev.Lett. 57 (1986) 3140
S e O-U5+
o N "
4 2 0 2 4 -4 Models (Lund 6.2)

for e*e- agree with
observations seen
in data.
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Comparison to MC models

N (@) o'n* + T R (b) K'K* + KK (¢) pp + PP
5 N N PYTHIA 8 Monash
15k 15F: -
1 T — 29 GeV
- BN —= 900 GeV
N A — 7TeV
-1 0o 1 2 3 4 -1 0 1 2 3 4
AQ AQ
anti-correlation ]
LOr©) 55 Pythia 8 Monash:
~05¢
00F g - Also shows strong anti-correlation at
:@0 5 29 GeV for pairs of baryons in AnA@

21/38
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Comparison to EPOS

(a) Tt + T pairs (b) K'K™ + KK’ pairs
—_— LI I I B B e e e e ey B B B e ¢ —_— LI I I B B e e e e e e B B e e e ¢
31 3E # ALICEpp {s=7TeV, |aAn <13 - 31 B s PYTHIAS Monash —
Q r —— PYTHIAG Perugia-0 ] Q C o= PHOJET ]
o - PYTHIAG Perugia-2011 E JoF e EPOS-LHC,pp 5= 13TeV ]
11 =l - 11F \ -
15 - 1= —
C . - ami® rmim ]
0.9F = 0.9 =
0.8F = 0.8 =
i AR R WA ANV R R A | P | | | i e e b e e b e e e | i
% 12:_' T T T T _: % 12:_' T I T _:
AP - ] 3 prmm———" S EPOS-LHC 13 TeV
_E 0:5: TN AN T T T T T T T T N T O [ S N 1:' E 0:5: TN AN T T T T YT T T T Y N T W O N 1:'
= 085779 T 2 3 4 5 08779 T 2 3 4
& S0 (ra) & a0 (ra)
* Do not reproduce
S AR nai nticorrelation
(c) pp + PP pairs (c) AA + AA pairs anticorrelatio
—_— LU L AL LN AL B AL L g LRSS AL LR BN SRR BLRLRLE
- 4 21.3c -
C ] QO r ]
C J C L J
- ] 1.2¢ o5 T ]
: : Ei R :
= : 1 , :
ER. ;
:_; _E DQ}-.*' : “*.ti“f t--:._:
- . bk .
0.8 — 0.8 b —
@ 4 oEr | - } 5 @ 4 o —— - i 5
% 1.215_. -y AL ._: % 1.215_ ] oy - 'E
S osf Ty 1 208 B 3
_-‘g D_E_I L1 |‘|I I|-| v b v e b by _-‘2 .D_El_' 114 '."I".'. co b v b b v vy o 4
g0 1 0 T 3 4 g1 0 T e@q 3 4 B

'3/07/2017. GDRE 2017 Matgorzata Janik — Warsaw University of Technology 22/38



Comparison to EPOS

EPOS-LHC pp Vs = 13 TeV
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* Do not fully reproduce

anti-correlation
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Possible explanations

Not likely (checked with MC):

* Depletion is a simple manifestation of “local” baryon humber conservation and
energy conservation
* Production of 2 baryons in a single mini-jet would be suppressed if the initial
parton energy is small when compared to the energy required to produce 4
baryons in total (2 in the same mini-jet + 2 anti-particles) - fine at 29 GeV, but
why at 7 TeV?!

Other possible explanations:

* Too small pT range?

e Coulomb repulsion?

e Other baryons?

* Fermi-Dirac Quantum Statistics?
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Possible explanations

Not likely (checked with MC):

* Depletion is a simple manifestation of “local” baryon humber conservation and
energy conservation
* Production of 2 baryons in a single mini-jet would be suppressed if the initial
parton energy is small when compared to the energy required to produce 4
baryons in total (2 in the same mini-jet + 2 anti-particles) - fine at 29 GeV, but
why at 7 TeV?!

Other possible explanations:

e Too small pT range?

e Coulomb repulsion?

e Other baryons?

* Fermi-Dirac Quantum Statistics?
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Protons stum:|p_bT1| +|p_bT2|

ALICE Preliminary, pp \s =7 TeV

proton unlike-sign pairs Near-side peak grows with pT

1.0< p™" <28 GeVie 28<pim<80GeVc _— (more contribution from jets)
. Unlike-sig
= e e n—1]
< I
= s 2TNUpA
2 T
© G 1.5
2z Ao
1

0
p?.rum:|pT1|+|p:r2| D

)1
(rad)

0
T

ALICE pp Vs =7 TeV, pp+Pp pairs

arXiv:1612.08975

(¢ ad)

p. growth

(@) 0.5<p_<1.25GeVic N (b) 1.25 < b < 2.5 GEV/CA . (c) projections
Anticorrelation'dip kexsig g [ * 0.5< p_<1.25GeVic

. - AR N W 3 [*125<p_<25GeVic

:, ‘ \/ ‘\_“ . o :. 1 1 .2_ T

s g Lt

< 08 2o i 4 .

O O 1
: Small peak gets
I smaller for

0.8

higher p_-sum

Anticorrelation
AQ (le\en stronger
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Protons stum:|p_bT1| +|p_bT2|

proton unlike-sign pairs T
1.0 < p*™ < 2.8 GeV/c 28« ntl e BOGRVIC (more contribution from jets)
Unlike-sig
= <~ - esigh —
< < )
& g 2]
2 3
O QO 1.5
14 i 1-
1
sum __ 0 4
pr =Pyl prl % (re0)
ALICE Preliminary, pp \s =7 TeV
1.0< p_srum <2.8GeV/c proton |ike_sign pairs 2.8 < p_srum < 8.0 GeV/c pT growth
Small peak
i i [ disappears for
Anticorrelation dip -
S high p_-sum

Shape of the dip
does not change

C(Ag, An
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Possible explanations

Not likely (checked with MC):

* Depletion is a simple manifestation of “local” baryon humber conservation and
energy conservation
* Production of 2 baryons in a single mini-jet would be suppressed if the initial
parton energy is small when compared to the energy required to produce 4
baryons in total (2 in the same mini-jet + 2 anti-particles) - fine at 29 GeV, but
why at 7 TeV?!

Other possible explanations:

Foo-smallpTrange?
e Coulomb repulsion?
e Other baryons?

* Fermi-Dirac Quantum Statistics?
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Other baryons?

» Useful to check if effect persists
for other baryons than protons —
Is this a common effect for all
baryons?

'3/07/2017. GDRE 2017 Matgorzata Janik — Warsaw University of Technology 29/38



Other baryons?

» Useful to check if effect persists
for other baryons than protons —
Is this a common effect for all
baryons?

 Correlation functions were
calculated for lambda hiperons

 All observations from pp can
be extended to AA

YA

 Since A baryons are neutral, we
are sure that effects of Coulomb
repulsion plays marginal role
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pPA correlation functions

» Useful to check if effect persists
for other baryons than protons —
Is this a common effect for all
baryons?

e Correlation functions were
calculated for non-identical
proton-lambda pairs

« All observations from pp can
be extended to AA and pA

* A\ baryons are neutral - no
Coulomb repulsion

* p and A are not identical — no
effect from Fermi-Dirac statistics

C(Ag, An)
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Comparison to MC models

arXiv:1612.08975

‘4 (a) pA + PA pairs (b) pA + PA pairs
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 The models fail to reproduce
the results for baryons for all
pair combinations
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Comparison to EPOS

(b) PA+PA_—]

T
eIy
S
s
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Comparison between pp, pA, AA

arXiv:1612.08975

gi 12F- ALICEpp Vs =7 TeV E %9’ e ALICE pp \s =7 TeV -

- ¢ pp+Pp . 1.3 * PP —

- = pA+PA ] = = PA+PA ]

- o AA+AA - 1.2 o AA =

C 1.12— |An| < 1.3 _f

- - i -
u .. ] 0.9
0.8 Very similar! - -
% 1.1§_| T T T T | T T T T ‘ T T T T l T T T T | T T T T I T T T I_i % 1.1+§_
o] b o =
s s
&U 0-9;_| 1 1 | L | 1 1 1 1 { 1 1 1 1 | | 1 1 1 | | 1 L 1 | 1 1 L I_é &U 0.9;_

A (rad) Ag (rad)

The shape of the correlation function for all studied baryon-baryon pairs is similar,
regardless of particles’ electric charge or quantum effects.
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(An,A@) of identified particles of pp collisions

(a) proton like-sign pairs

T N
. 2}
s 1 NI T
2 1 X
Q 1.51°7
11
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(An,A@) of identified particles of pp collisions

(a) proton like-sign pairs

TN
- 2}
s 1 N T
2 1 X
Q 1.577
11

AO® K\’ad\ Events with angular
momentum conserved only
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AnAg of identified particles of pp collisions

baryon-antibaryon
correlation

P

baryon-antibaryon

common
behaviour for
all baryons

N

(anti)baryon-(anti)baryon
anticorrelation!

0.9

1.2

1.1

0.9}

0.8

correlation
3 ALICE pp Vs =7 TeV -
© 1.3 * pp —
= = pA+pPA ]
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— 0 1 2
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ALICE pp Vs =7 TeV
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An| < 1.3
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I
U'H—JIIIJL

(anti)baryon-(anti)baryon
anticorrelation!
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AnAg of identified particles of pp collisions

. 7 TeV : .
baryon-antibaryon baryon-antibaryon
correlation not reproduced correlation
fﬁ e (e by McC
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an’, K'K" and pp, 0-5% centrality SRC was not subtracted

AN . r
= i _ M | STAR Preliminary | e
4 i Il :
;N 0.04 - m'iie B B K+K+
V | : J i EI} ! Pp
0.02
Effects at oW | 77 Gev 11.5 GeV 14.5 GeV : 19.6 GeV
energies P B A T B R TP B T BT T B BT
qualitatively H | Z
similar j H [
\' U.Ul_ '|}EL ﬂiﬁ 3— HE|
1His Gl
: :':||::[ J::Il:
LA B, B
| | | { it } T T
0_ B i == ==
27.0 GeV | 390 GeV I . 624GeV 200]0 GeVI

L L 1 5 1 1 L1 | L1 1
05 0 05,y -05 0 05 4y -05 0 05 ay 05 0 0.5 Ay

Minima in <R,> of protons around Ay=0 at all beam energies
Point at Ay=0 reflects combination of SRC and the removal of track merging effects

g AR * S. Jowzaee Matter 2017
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Summary

« Correlation studies allow us to investigate wide range of
physics phenomena

» Still new mysteries to solve

Baryon-baryon correlations not
reproduced by MC models:

e Pythia6

* Pythia8

* Phojet

 EPOS

« HERWIG

No explanation found so far
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The End
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Non-femtoscopic correlations

* Non-femtoscopic correlations visible in small systems for pions and kaons:

« Grow with increasing k- . ALICE n+ n+ arXiv:1101.3665
T o Pythia Perugia-0
« Grow with decreasing multiplicity 1.5 f' *PP@7TeV

o o
O lir////femtoscopm correlation

« Significant problem in the fitting
non-femtoscopic effect

procedure

« So far hypothesis of minijet/jet origin

« How do baryon correlations look in pp?

arxiv:1212.5958
1<N,<11 12<N,<22 N.>23

ch—

~. 05
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C (qinv)

15/

1.0

0-50 02505075 0 025050.75 0 0250.50.75 1

g (GeV/c) q._, (GeVic) q_, (GeVic)

inv
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—~ 45T
I ALICE Preliminary PpP+pp
&) 4 pp Vs =7 TeV
* pp @ pp pairs
Dsys. uncertainty
= Femtoscopic fit
= Baseline fit
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* pA @ pA pairs
|:|sys. uncertainty
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- Baseline fit
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Oliver Arnold *
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= 1.
g 1
3]; 1.
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2.0 GOV
S I ALY

N

W ):";v‘::;,.

Flat baseline for all
baryon-baryon pair
measurements.

Consistent picture
from femtoscopic
measurements and
AnAg!
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Proton correlations - transformation

« Direct transformation from C(q,,,) to C(An,A®) not possible

* One can employ a simple Monte Carlo procedure:
« generate random n and @ from uniform distributions (for 2 particles: n;, n,, @,, @,)
« generate random p, from measured p, distribution (for 2 particles: p;,, p;,)
« calculate k* from generated n,, n,, ®,, ®,, pr; and py,

« take the value of measured femtoscopic correlation function at given k* and apply it as weight
while filling the numerator of C(An,A®)

pp femto corr. fun corr. fun.

transformed (An,A@

T 4.5F RS |' TRERE
x B ALICE Preliminary E
O : pp \s=7TeV ; = 1.1
3.5¢ HH E < :
af ﬁﬂ] B * pp @ pp pairs E =% Z
25‘] EI Dsys. uncertainty — % 105_
25‘ E@ _: > |
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u L gt i
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Eiral e e [ e Al A8 i o SR b S| [N e B SRR
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k* (GeV/c) A®
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Protons — femtoscopic correlations

Results:

 Femto correlation produces
spike at (An,A@)=(0,0)

e Both the height and the
width of two peaks
comparable

« FSI cannot produce
observed anti-correlation

 Unsolved question: why
are baryons so different?
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ALICE Preliminary, pp \s =7 TeV
pion unlike-sign pairs
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