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Two-particle correlations in the forward region

Bose-Einstein correlations (BEC) Particle flow harmonics
Momentum correlations Angular correlations
(Ad, An)

Near side

assocC. particles

trigger particle
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Two-particle correlations in the forward region

Bose-Einstein correlations (BEC) Particle flow harmonics
Momentum correlations Angular correlations

(Ag, An)

Near side

assoc. particles

trigger particle

» Study the space-time properties
of the particle-emitting source

« Small systems, like pPb, with a shorter lifetime
provide better probes to the early system
dynamics and the initial geometry

» The forward region may contain information
of quantum interference effects
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Two-particle correlations in the forward region

Bose-Einstein correlations (BEC) Particle flow harmonics
Momentum correlations Angular correlations

(Ag, An)

Near side

articles

trigger particle assocf
a“"c\e
255°° ¢

» Study the space-time properties » Study the evolution and

of the particle-emitting source the transport properties of the QGP
« Small systems, like pPb, with a shorter lifetime * Forward region is dominated

provide better probes to the early system by the “cooler” hadronic phase

dynamics and the initial geometry —> Test hydrodynamic and transport models
» The forward region may contain information with the non-equilibrium hadronic phase

of quantum interference effects

Complementary to other LHC results at mid rapidity
(&) Brookhaven &g Los Alamos Cheuk-Ping Wong 09/05/2023
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Two-particle correlations in the forward region

Bose-Einstein correlations (BEC)

Momentum correlations

» pPb collisions at 5 TeV
« 63M events
« [Ldt=1.06nb"1
» Pbp collisions at 5 TeV
« 57M events
« [Ldt=0.52nb1
« Same-sign charged 11
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Particle flow harmonics
Angular correlations

(Ag, An)

Near side

assoc. particles

trigger particle

« PDbPb collisions at 5 TeV
3B events
« [ Ldt =214 pb?
* Nonidentified charged hadrons
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LHCDb detector

A single-arm forward spectrometer
Pseudorapidity coverage: 2 <n <5

2008 JINST 3 S08005
Int. J. Mod. Phys. A vol. 30, No. 07, 1530022 (2015)
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Bose-Einstein correlations
In pPb and Pbp collisions
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BEC of same-sign 1T

~\ « Same-sign (SS) charge it correlations
@ 1 2 L L L L D : :
- ]« Detector acceptance correction using event-
O LHCb = mixing technique
VA= 35.02TeV 1+ Use opposite-sign (OS) 1t pairs to extract
1.1

1.06 nb! nonfemtoscopic background

y pPb data (OS)

ok
LN L L L L L L N BB LB LN LI

0.9
{ pPb data (SS) ;
— fit (SS) 35 <Ny <40 -
A T B B
0'80 0.5 1 1.5 2
O [GeV]
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BEC of same-sign 1T

~\ « Same-sign (SS) charge it correlations
Q2777 ) )
\;\1 : -  Detector acceptance correction using event-
O | LHCb E mixing technique
VST 5.02 TeV 1+ Use opposite-sign (OS) 1t pairs to extract
1.15} 1.06 nb! nonfemtoscopic background
- "%« Parameterize using Bowler—Sinyukov formalism:
- - Levy-type correlation
1:_ _: \/_(kl _ kz)z CZ,BEC(Q)’ witha; =1
7 1 C(Q) =N[1-2+2aK(Q)x(1 + e R2N]|xQ(Q)
09F ¢ pPb data (OS) b /
“F { pPbdata (SS) - Coulomb interaction term Nonfemtoscopic
I - for point-like source background contributions
- fit (SS) 35< NVELO< 40 ] Determined using OS pairs
og—~———1loo ol
0 0.5 1 1.5 2
0 [GeV]

(&) Brookhaven &g Los Alamos Cheuk-Ping Wong 09/05/2023

National Laboratory "®g® NATIONAL LABORATORY

9




pPb / Pbp [ TeV

BEC of same-sign 1T

@ 12 ettt .
<) LHCb 3
4 Sw=5.02 TeV :

1.IE{ 1.06 nb"!

y pPb data (OS)

0.9 ;
{ pPb data (SS) ;
== fit (SS) 355Ny <40 -
T B B .

0'80 0.5 1 1.5 2

Q [GeV]
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EDECETSE
] A

« Same-sign (SS) charge it correlations

» Detector acceptance correction using event-
mixing technique

« Use opposite-sign (OS) 1t pairs to extract
nonfemtoscopic background

» Parameterize using Bowler—Sinyukov formalism:

Levy-type correlation
CZ,BEC(Q)’ with a; = 1

C;(@Q =N[1-2+ A;{(Q)x(l + e” RN |xQ(Q)

Coulomb interaction term
for point-like source

Nonfemtoscopic
background contributions
Determined using OS pairs

* R : correlation radius

—> effective size of the particle emitting source
e A :intercept parameter

—> correlation strength

09/05/2023



pPb / Pbp [ TeV

Correlation radius vs multiplicity

5

Levy-type correlation

E ! g r—r 1 T ] T T T T 71T T T T T 7T T T g \/_(kl _ kZ)Z CZBEc(Q), with a, = 1
— 45F E \
= 4 ; C,(Q) = N1 -2+ AK(Q)x(1 + e R |xQ(Q)
35 ;— _é Coulomb interaction term Nonfemtoscopic
n - for point-like source background contributions
3F — Determined using OS pairs
2.5¢ 1 + Nygo : charged particle multiplicity
2F = measured using VELO
15E 3+ The correlation radius increases with the
: : § pPb 5.02 TeV : charged-particle multiplicity
: ; Pbp 5.02 TeV 1. .
0.5 £ pp 7 TeV 4 Re<JNvELO
o] ST I R R R R of Pbp system is systematically higher
0 50 100 150 than pPb and pp systems but the
N uncertainties prevent concise conclusions
VELO
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Intercept parameter vs multiplicity

< F ' IR CRraE Coonc (0, with 6y — 1
0.9E = \
0 85 LHCb E C,(Q) = N|[1 -2+ 2K(Q)x(1 + e ") |xQ(Q)
0.7 é— ) — Coulomb interaction term Nonfemtoscopic
n ] for point-like source background contributions
0.6 ;— % H - L H —; Determined using OS pairs
0.52— ﬁE %I } H H E
0.42— HH HHHH H ! — * The intercept parameter decreases with
03E ! = the charged-particle multiplicity
0.2 3 § pPb5.02 TeV E
B t Pbp 5.02 TeV 1+ Stronger correlation
0.1¢ tpp 7TeV E in high multiplicity events
Ot TR N R TR S S NN TR TN SO M NN T T
0 50 100 150
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Forward particle flow in PbPb at 5 TeV
via two-particle angular correlations
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Forward charged-hadron correlations e

in small systems

PLB 762 (2016) 473

LHCb p+Pb sy =5TeV
1.0< P, < 2.0 GeV/c

PLB 762 (2016) 473
LHCb Pb+p sy =5TeV
1.0< p, < 2.0 GeV/c

Event class 0-3% Event class 0-3%

Z|° 1.45) AN o e
= 14 \ o : 7 _ TN “\\\ 3)
: il 22,051 2 Sl 1T

=~ 1354 / ‘4‘“\@\‘ | 205 s /I/,"OA'"A“:!\:\\\\‘"

A LA i
' A Co G
2 Wie$
4¢ 1

« Detector acceptance correction using event-mixing technique
« Noticeable near-side ridge in Pbp compared to pPb events

Cheuk-Ping Wong 09/05/2023 ,
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Forward charged-hadron correlations =%

in small and large systems

New
PLB 762 (2016) 473 PLB 762 (2016) 473
LHCb p+Pb |syy =5 TeV LHCb Pb+p |5y, =5 TeV PbPb \s,,y=5 TeV LHCb
1.0<p, <20 GeVic 1.0<p, <20 GeVic TN l<p R 2 GeVn 65-75%

Event class 0-3% Event class 0-3%

T L g -3
?] ?1 2.2 ',,;;.‘;“t‘;‘: SSOETOA ) N 31__,"
Z|2 1.45¢ 5 AP 2150 S e ] -
& 25 S 1°E o ( 30%
1.4 AR \ 4 = 1.
e el 205 < 29
—|° 1.354 pUANEe '”4“‘*\?“’ iz < 1.
z s AN Z — 2847
4 : A 4 S
004 A

New peripheral PbPb results show even stronger near-side ridge
—> stronger flow in peripheral PbPb collisions compared to pPb and Pbp
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Forward charged-hadron correlations

in PbPb at 5 TeV

=
<10144

N
©0.142f
0.14}

0.138}

0.132

0.133—
0.1283
0.126-)
0.124E

~
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—LHCb Pbe sNN—S TeV—
65-75%, 1 O<p <1.5 GeV-
- Data Total fit -

-75 $4% 10<p <15 GeV—

Preliminary

Laboratory

0.135f

0.13

10.125}

65 75% 2 5<p <3.0 GeV

NEIERE 14 cos(A(/))
—_— Vzcos(2A¢)
— . V,co08(349) =

f=1imm=y

0.127.

}
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More results from 75-84% centrality class

Centrality class above 84% is excluded
due to potential UPC contamination

Require |An| > 1 to avoid the short-range
correlations

Fourier series fit with the first, second and
the third terms of harmonics
Un (pTa) =V, (pTa: pr)/vn (pr)

First order flow harmonics coefficients are
not reported due to factorization breaking
In two-particle correlations analysis

09/05/2023 4



i
First forward measurement

of charged hadron v,,(pr) at LHCb

- [ LHCb 6575% 1 75-84 %
[ POFD si=> TeV 1 Preliminary - . .
020 g, ] . PbPb collisions/simulations at 5 TeV
ST o, ] Soegee _
01F2 . et - Centrality class  Pseudorapidity
P s b | LHCb  65-75%  7584%  2<n<49
STk il d ok = U I B PO T
<ok P U ATLAS 60-70%  70-80% n| < 2.5
e N P oo |
A S | AMPT 65-75% 75-84%  2<n<49
[ 4$t 1 1@@ ]
0. ! o
“02f ! _
T N RS P AT R TN NN SRS N N

2 4 6 8 IIO 2 4 6 8 10
p. [GeV] p. [GeV]
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i
First forward measurement

of charged hadron v,,(pr) at LHCb

(\] i LI II .
= fLHC  653% . 77.-84_% 1| * V,increases at low pr, peak at about
I N reliminar ] -
02} g yﬂ .1l 2 GeV, and then decreases at high p;
: f@f‘*@-% @-s:s@ ﬂ:&ﬁggjﬁﬂﬁi :
ARt I 1| * v, seems to plateau at pr> 5 GeV

0.1F% —a—ff—
(% . LHCb2s=7=<49p =2GeV

o ATLAS 60-70% | n1<2.5 g

o ATLAS 70-80% I n1<2.5 =
o AMPT2 <n=<49p =2 GeV

T T T AT IR AR N AR RE R N ||:
2 4 6 8 10 2 4 6 8 10

p. [GeV] p. [GeV]
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i
First forward measurement

of charged hadron v,,(pr) at LHCb

o T T | IR _
B pph O . 7:,‘84_% 1| °* V,increases at low pg, peak at about
) NN reliminar _ :
O g ﬁzﬁi 2 GeV, and then decreases at high p+
[ el e, Lt s :
N g o 1l ¢ v, seems to plateau at p;> 5 GeV
ST {| + Rising v, at high pyin 75-84%
| o ATLAS 70-80% | nl1<2.5 o | .
p AMP2 = 02495 22Gey _ centrality may be due to

non-flow contributions

T T T AT IR AR N AR RE R N ||:
2 4 6 8 10 2 4 6 8 10

p. [GeV] p. [GeV]
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i
First forward measurement

of charged hadron v,,(pr) at LHCb

o T T | ot _
> L popd et ey . 7:,‘84_% 1| v,increases at low p, peak at about
N NN reliminar i :
Ve, ;ﬁﬁ 2 GeV, and then decreases at high py
5 f@(m"_% L ﬂ:&ﬁg ﬂ?%{j%@ :
| R 1| * v, seems to plateau at pr> 5 GeV
[ . LHCb2 =<7 <49p =2GeV [ & ] . . . . ) o
b AT <25 1 _ Rising v, at high ptin 75-84%

p AMPY2= 2491 =2 Cey | centrality may be due to
' non-flow contributions

* No noticeable centrality dependence
of forward v,

T T T AT IR AR N AR RE R N ||:
2 4 6 8 10 2 4 6 8 10

p. [GeV] p. [GeV]
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First forward measurement
of charged hadron v,(p7y) at LHCb

[ TT T [17
~ | LHCb 65-75 % 75-84 %

[ PbPb |5o=5 TeV Proliminary - * V, increases at low p+, peak at about
O e ﬁﬁﬁi 2 GeV, and then decreases at high pt
[ Fmel e, Jete Gref :
012 PR |+ vpseems to plateau at pr> 5 GeV
L el 1 |+ Rising v, at high py in 75-84%
o -80% I nl1<2. | .
L g AMPI == a2 ] centrality may be due to

non-flow contributions

* No noticeable centrality dependence
of forward v,

» Unlike v,, v; continues to decrease

||||||||||||||||||||||||||||||||||||||-: andreaChbelowzero
2 4 6 8 10 2 4 6 8 10
P, [GeV] p. [GeV]
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First forward measurement

of charged hadron v,,(pr) at LHCb
LU L L L N ELELALE ILELELE I
= fLHC 65157 | 7584 % | * LHCb results in the forward region
02k N 1 Preliminary _
T ) ﬁﬁﬁ shows weaker v,, compared to
S e ] ST | ATLAS results in centrality
0.1-_@:@ LHCb2=n=<49p = 2Ge\/_"_om _ pseUdorapidity
", ATLAS60-70% I nl<25 T8 . . .
L ATLAS70.80% 1 n1<25 b - Forward region is dominated
O o AMPT2 <7 <49p 22GeV [ | | | | ] . .
e A RARARERaEEaS SEoe s by hadronic phase leading to
N n -
O-If P Fooe weaker flow
o  TFm. T
i T?ﬁﬂw Z ﬁ; : : I
= # « AMPT simulations overestimate v,
-0.1F . % - :
| i > tuning on parton density and
_0.2f 1 _ v, model
Lo b b s b tdena by b bova by iy I
2 4 6 8 10 2 4 6 8 10
p. [GeV] p. [GeV]
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Potential future
flow measurements at LHCDb
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Small-x Physics

107 - - , .
’ 8.16 TeV pPb Other Collision Systems
s I LHCb " LHCb 110 GeV
10°r o ATLAS/CMS I HERA
0 ALICE Pb

10° ALICE Muon

Pb
& -l

Gluon saturated region

10-7 107

103 102 101

x

10-°

« Study initial state effects at small x
with heavy-flavor flow

« Gluon density increases in the forward region
- Test CGC models

L:.‘ Brookhaven (%8 Los Alamos
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ol ol

Pb

2 ) ) 2 4 LHCb {5y =8.16 TeV
C:Q 1.8 348 < Qexp <748 [GCV ] ~#-LHCb {5y =502 TeV
1.6 arXiv:2205.03936 4 ALICE (=502 TeV
14 #_ [ |EPPS16rwHF
1.2 [CJncTEQIStWHF
1E- .-
0.8 ﬁ _@:
0.6 -@— =
0.4 rompt D’
02 PIOTP
10°  10% 107 107 107}
exp
a 1 L B
;600 LHCb S\n=8-16 TeV, pPb 7
§500 JHEP 11 (2018) 194 _
= Y (S) -
Q400 g Background
?cg 300 — Total
-
% "
;_5200:
S
U 100 T RS ™
O - 1 1 | 1 1
9 10 11
M(utu) [GeV/c?]
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Charge asymmetry in chiral magnetic effects

Nature vol3 (Jan 2021) 59

T .
Z 2 s near~Slde

: S A
Positively anq negatively = 4{ :
charged particles are / \ &
emitted in opposite < A
directions due to / \
chiral magnetic effects «;’:\ﬁz*
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Charge asymmetry in chiral magnetic effects

* In the case of charge asymmetry

. Nature vol3 (Jan 2021) 59
-> non-zero Av, between positively

s .
Z 2 s near~Slde

. ® e
and negatively charged hadrons y o, ., \b /
\‘ v\
z ':\\ - /'/" :;i\ﬂ
ALICE PbPb 5.02 TeV /: i\ %
ALICEPPPb 502 TeV Positively and negatively ~— 2
o5 PRL 125, 022301 (2020) _ . /,7 N K
[ e vy charged particles are N /8
o . emitted in opposite ar»h
: ‘$ """""" i directions due to /
i 10-40% | . ] ; )
% $ 3<py <6 @) | chiral magnetic effects Ot
-0.5 — . d[?v“/d,.] :I[4.s.; t.1.7l(sllat)lt (?.6 (Isyslt)]l- 1(?" —
-0.5 ?7 0.5
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Charge asymmetry in chiral magnetlc effects

* In the case of charge asymmetry PR ?
P Nature vol3 (Jan 2021) 59
—> non-zero Av, between positively - <% nesrig
. »® 2 e'oee
and negatively charged hadrons n” ; o/ . %

* v, is stronger in the forward region _ -7 \E‘; /

Forward results will help reduce? P

the uncertainty R Z 3 AN,
s’ °‘{/‘7 +\\:.. )
ALICE PbPb 5.02 TeV -7 . . 4 s 2
-- -~~~ Positively and negatively ~— Sy — /2
osf-  PRL125,022301 (2020) - » _ . /,7 X >
[ e vy $,. charged particles are N /8
o L emitted in opposite al |
=TT $ """""" ] directions due to /
I %& oo | chiral magnetic effects J S
. 3<pT<6(GeV/c) ] » near_s\dGQ
—0.5  dAv,/dn=[4.9 + 1.7 (stat) = 0.6 (syst)] - 107" —

n
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Flow in fixed-target collisions

« Comparable energy scale to the RHIC operation range
* intermediate system size between pA and AA collisions

Huge opportunity!
i Sy

Aas
°® —p B SRIENLIE

%

Available LHCb SMOG datasets

Beam Energy

102

2500 GeV

B 4000 Gev
B 6500 Gev
o107
: I I I

pNe pHe pAr pAr PbAr pHe pHe pNe pNe PbNe
2015 | 2016 | 2017 | 2018

-
o
T IIII|'|T| T IIII|T|'| T IIIIIII|

—_
<
n

protons (Pb) on target [10%9

»  SMOG results — K. Mattioli, today at 4:30 pm, Ballroom C
e  SMOG2 commissioning — S. Mariani, 09/06/23 at 1:20 pm, Ballroom D
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Study temperature dependence of /s

Study initial state effects
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https://indi.to/GDvvR
https://indi.to/w4C9V

Flow in fixed-target collisions

« Comparable energy scale to the RHIC operation range « Study temperature dependence of /s
* intermediate system size between pA and AA collisions « Study initial state effects:
V,, is sensitive to light nuclei’s nuclear

ity!
Huge opportunity! structure in PbA collisions

[
- o
S

— finae
¢ ® ':'f-" -, B W. Zhao, in preparation as of June 2023

- .f
‘:.‘?I. 1 T 1 1 I T 1 1 1 1 1 1 T I 1 1 1 1 I 1 1 ]

|
, 0.08 [ 3DGlauber+MUSIC+UrQMD s _ 685 GeV ~
Available LHCb SMOG datasets Pb+2°Ne, PGCM \Snn

g 107 = Beam Energy — Pb+®Ne, Spherical 0.2< P, < 3.0 GeV/c
= r 0.06} —— Pb+'°0, vMC —
g 10F 2900 Gev Pb+'°0 alpha cluster .
S F 9 4000 Gev Pb+1%0. PGCM o
- 'E [l 5500 Gev - — Fb+ 0, " {2} i
2 L >0.04+ NES —
'0.;10_1 E - -
w 11 _ -
"é' pNe pHe pAr pAr PbAr pHe pHe pNe pNe PbNe O 02 — ]
o 2015 | 2016 | 2017 | 2018 - ]

o = L MM B BT R
+  SMOG results — K. Mattioli, today at 4:30 pm, Ballroom C O 50 1 OO 1 50 200

e  SMOG2 commissioning — S. Mariani, 09/06/23 at 1:20 pm, Ballroom D

N, (-2.29<m < 0.0)
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https://indi.to/GDvvR
https://indi.to/w4C9V

Summary

Bose-Einstein correlations of same-sign pion
« System size (intercept parameter) increases (decreases) with event multiplicity
* Hints to larger system size in Pbp compared to pPb and pp

First forward measurement of charged hadron v,,(p+) at LHCb

« Weaker flow in the forward region compared to mid-rapidity results by ATLAS
— hadronic phase v.s. partonic phase

« Transport models may require tuning in the forward region

Expand LHCDb physics program with flow
« Small-x physics: initial state effects, CGC
* Forward direction: chiral magnetic effects

« Small system: temperature dependence of QGP transport properties
initial state effects

National Laboratory
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Backup
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Beam Configurations

Event display of a pPb event

63M events

\VSNN = 5 TeV
[ Ldt = 1.06 nb!

13.9. 2012 1:48:03
Run 128262 Event 100499354 bld 1886
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Beam Configurations

Event display of a pPb event

57M events

\VSNN = 5 TeV
[ Ldt = 0.52 nb!
S54<y < =25

13.9. 2012 1:48:03
Run 128262 Event 100499354 bld 1886
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