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Motivation %

ALICE

e In heavy ion collisions, system evolves
through various phases.

Pb Pb

“Simplified” spacetime evolution of heavy ion collisions
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Motivation

ALICE
. . \ N Very large orbital
e In heavy ion collisions, system evolves %ﬁ angular momentum
through various phases. w~10%2s"

e In non-central collisions:
o  Charged spectator motion produces s
magnetic field (B) ~ 10" T * Yo,
m Decreases with time 93s
o A highly vortical system with orbital
angular momentum (L), w* ~ 1022 s % QGp

, 1.7

. Huge magnetic
NS field ~10"* T
>

¥ 4

N

*w: rotational speed (rotations/sec)
TP Christakoglou et al, Eur. Phys. J. C (2021) 81: 717
* STAR Collaboration, Nature 548, 62 (2017)
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Motivation

ALICE
. . <~ Very la bital
e Inheavy ion collisions, system evolves %ﬁ an;zar:ﬁ’:,::n'tum
through various phases. A w ~10%2s"
.. t
e In non-central collisions:
o  Charged spectator motion produces s
magnetic field (B) ~ 10" T * "'fo,,g
m Decreases with time s

o A highly vortical system with orbital
angular momentum (L), w* ~ 1022 s %

can preferentially align a particle’s spin
projection along the spin quantization axis
through spin-orbit coupling

. Huge magnetic
NS field ~10"* T
>

¥ 4

*w: rotational speed (rotations/sec)
TP Christakoglou et al, Eur. Phys. J. C (2021) 81: 717
* STAR Collaboration, Nature 548, 62 (2017)
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Motivation %

ALICE
Olp——7T—— T
LHC: Pb+Pb@276 TeV | Polarised vector mecon &@‘
0.08 b=9.5fm, n=1.0 - ] / D** S
e - 2 — ¢E_ 1 1/}/
g —— B i
> d b t
2 —~
< TTT adronization TTT
.%
Polarised ¢ and b
L L g Greco et al PhysLettB 768 (2017), 2?0-%64;
,9—_’@ 05 1 15 2
< t (fm/c)
N D /™A .
e Charm quarks produced in early stages, H;'igfd":a%?f;'c
t~ 1/mcI ~ 0.1 fm/c
o More sensitive to the high < z
. . ] 9 Charm (¢) and beauty ()
intensity of the EM fields than

. production.
light quarks
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Spin alignment measurements

ALICE

e Hadrons' spin alignment measurements rely on Angular distribution of decay products:

spin density matrix element (o) dN

~——— =No |(1- + (3pgg — 1) cos? 6*
o 9., =1/3= No spin alignment dcos 0 o [(1 = poo) + (3po0 — 1) ]

O 0, *1/3= spinalignment observed

Quantization axis

e Polarisation/Quantization axis 0* = Angle between f
o Orthogonal to event plane: In the daughter 57" momentum 7 D*+
. . . . and polarisation axis in D**
direction of L and B fields (in Pb-Pb g o* 7
rest frame
collisions)
o  Helicity: In the direction of vector meson Saam ax:

momentum, (considered in pp collisions)
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Spin alignment measurements
ALICE

Angular distribution of decay products:

dN
dcos 6*

e Hadrons’ spin alignment measurements rely on

spin density matrix element (o)
= Ny [(1 — poo) + (3pgp — 1) cos? 9*]

O 9, =1/3= No spinalignment

O 0, *1/3= spinalignment observed

e Vector meson spin alignment governed by two

mechanisms
Quark recombination Quark fragmentation
- 2
o =M= S1/3*=B p00=1+’8—'P‘7>1/3
®73+P-P; |<1/3>L 3— B P2

* > for Neutral meson, < for Charged meson B: Correlation between constituent quark and anti-quark

P‘7 = Polarisation of quark
>

= Liang et al, Physics Letters B 629 (2005) 20-26

Low p; p; (GeV/c) High p, o
ang et al, Phys. Rev. C 97, 034917 oy
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ALICE experiment %
ALICE:LHC Run 2 ALICE

Central barrel detectors

pemnsiaw. v avh mm o aYA

In| < 0.9 Vo
®28<n<51&-3"7<np<-1.7
1) ITS ® Triggers

® Tracking
® Primary and secondary
vertex reconstruction

® Collision centrality
determination
® Background rejection

= N F E »
l/’/%ﬂ" m . ® Event plane determination
(7 ey .

2) TPC
® Tracking
® Particle identification

Muon spectrometer
®25<y<4

® Muon trigger

® Muon tracking down to very low p.

3) TOF
» Particle identification

Excellent tracking and PID
capabilities down to very
low momentum

/\7/7,% dity

- = ALICE Collaboration, JINST (2008) S08002
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D*"yield extraction

e For D*" analysis in pp and Pb-Pb collisions, Boosted Decision Trees (BDT) are used to

o  Reduce the combinatorial background

o  Separate prompt and non-prompt D** components

x10° x10°
% T T ko] [T T T T T T 1T T T T T T T ]
= ALICE Prellmmary 1 2 [ ALICE Preliminary lyl| <0.8 ]
= 0.6| 30-50% Pb-Pb, {5y, = 5.02 TeV 1 = 2.0 30-50% Pb-Pb, s = 5.02 TeV
S F D* — D’* and charge conjugate c [ 6<p. <8 GeV/c
§ [ 03<ll<08 4< p] <6GeV/c - [ e Data 1
%04_ 0.0 < lcos»*< 0.2 1 1.51 RYPrompt D** i
= P Non-prompt D**
© 7T — Total

0.2F-

Inclusive D** ///////////// -

; //../
1 1 1 JO' | Lty 1 1 1 1
0.140 0.145 0.150
M(Knr) — M(Kr) (GeV/c?) Min. BDT output prob for non- prompt D*
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D*"yield extraction

e For D*" analysis in pp and Pb-Pb collisions

o 9,, extraction for prompt and non-prompt D*" in different p intervals

x10°

Corrected yield

10k03<|y<08

T T
| ALICE Preliminary

| 30-50% Pb-Pb, {5, = 5.02 TeV
| D** - D%* and charge conjugate

51 -
(74 P, <6GeVic |
L Forompt = 0.91£0.02 Prompt D** |

o . .. .,
0.0 0.5 1.0

lcos %
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Corrected yield
D
o

s
o

20

=
L ¢ Data
- — N[1- B cos?y* (3p00 -1)]

I ——

115 <p_<30 GeVic| -
- Forompt = 0.90 £0.03 Prompt D** .
| L i : i 1 . . \ \ I
0.0 0.5 1.0

lcos s

ALICE
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Spin alignment measurement in pp collisions

e First measurement of the prompt and non-prompt
D** spin alignment at the LHC
e Measurements performed in the Helicity axis
o 9,,= /= No spin alignment for prompt D**
O 0,,> 7= Spin alignment observed for
non-prompt D**
m Due to Helicity conservation in b-hadron
decays
e “PYTHIA 8 (MC generator) + EVTGEN (decayer)”
predictions are consistent with the measurements

pOO

Serves as a benchmark for D** spin alignment
measurements in Pb—Pb collisions

himanshu.sharma@cern.ch | INFN Padova | SQM 2024

®

ALICE

£ ALICE, Phys. Lett. B 846 (2023) 137920

_I | T T T | T T T T T T | T T T | T T T I T T T I T T I_
0.6-ALICE lyl <0.8 ]
" pp, (s =13 TeV .. .

- PP Helicity axis |
0.5_ B
L Prompt D** -

. 3::'5_—@— : 2 —f
"I Data PYTHIA 8 + EVTGEN ]
i = c > D" c —»>D* ’
02~ o pD* b — D** 7]
_I | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 I_

6 8 10 12 14 16 18 20

[ (GeV/c)
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ALICE

Prompt D** spin alignment
In Pb—Pb collisions at
Vs, = 5.02 TeV



mailto:himanshu.sharma@cern.ch

Spin alignment measurement

First measurement of D** spin alignment with respect to the reaction plane in Pb-Pb collisions

e Extracted g, parameter for prompt D**

o Intwo rapidity regions

o Hint of rising trend with p.
o 0-10%: Consistent withg =75
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ALICE
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< [ ALICE Preliminary
0.6 Pb-Pb, /sy = 5.02 TeV

' Reaction plane !

Prompt D** |

0-10%
30-50%
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Spin alignment measurement in different rapidity region

ALICE
First measurement of D** spin alignment with respect to the reaction plane in Pb-Pb collisions

8 _I T TT I T TTT | T TT | TTTT | TTTT | T T T I TTTT | T TT I_

QU ALICE Preliminary Prompt D**
____________________________________________ 0.6~ 30-50% Pb—Pb, |s, = 5.02 TeV .
. 0 30-50%: Athighp. ¢, >% | - Reaction plane ; :
> No significant deviation at midrapidity |
fromg,  =1/3 0.4 i
> 0, > 1/3 at large rapidity, B effect? i i | |
= B decreases slower in time at large rapidities | [ Qg0 = 73 1
| = Very early produced ¢ quark (large - High P .
momentum) are affected more by B fields 0.2 \Prompt D**, 15 < p, <30 GeV/c '_

TETICNRE A .'.'T.'.T.'I'.'T'.'.T.'.'.'TT.'.'.'.'I'.'T', .

= Spin-dependent fragmentation functions 0 01 02 03 04 05 06 07 08

for charm? == Chen et al, Phys. Rev. D 102, 034001 LVl

ALI-PREL-547529
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Spin alignment measurement: Prompt D*" vs Inclusive J/y %

ALICE
8 —I T 1T I T 1T | T T I T 1T T T T T | T I_
, _ _ _ Q ALICE Preliminary
e o, for Is compared with the inclusive J/y 0.6/ 30-50% Pb-Pb, (5 = 5.02 TeV |
. 0 TATMy YRNN =
measurements | Reaction plane i
o  Rising trend for inclusive J/y with P; i H |
o  Results are compatible within the uncertainties in |
overlapping p; region 0.4l - |
o Significantly small ¢, at p, <5 GeV/c | |
S A s o
= J/y dominantly produced by Coo = 72 i |
recombination i |
. . e Prompt D*",0.3 < |y| <0.8
Ouo < Y5 : Quark recombination at low p; 0.2 Incl. J/y inclusive J/y, 4.0 < y < —2.5
] ] ] 1 I ! ] 11 | 1 1 ] ] l ! l ] 1 | l l 1 ] ‘ l ] ] ] | 1 l l
1 QS 4: | | \ | i
© of ==
~ E ——o—
% N ® Ol ———— ———— ]
v A v 2f——+——————————————-]
" S 8 -4f 4 | | | | J L
‘0_ °J Q - 1 1 1 L1 11 L1l L1 11 L 111 1111 I 1 17
A, | ~ 0 5 10 15 20 25 30
-4.0<y<-25 [ (GeV/c)
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Spin alignment measurement: Prompt D*" vs Inclusive J/y

®

ALICE
8 —I T 1T I T 1T | T T I T 1T T T T T | T I_
, _ _ _ Q ALICE Preliminary
e o, for Is compared with the inclusive J/y 0.6/ 30-50% Pb-Pb, {5 = 5.02 TeV B
measurements | Reaction plane i
o  Rising trend for inclusive J/y with P; i H |
o  Results are compatible within the uncertainties in |
overlapping p; region 0.4l - |
o Significantly small ¢, at p, <5 GeV/c i |
= 4o -
= J/y dominantly produced by Coo = 72 i |
recombination i |
. e Prompt D**, 0.3 < |y| < 0.8
Ouo < Y : Quark recombination at low Py 0.2 Incl. IJ/z/) ' Inclusive J/‘V,I_4_0 <y< _2_?
1 1 1 | O A e | | l 1 1 | [ S 1 1 1 11 |
1 QS 4: | I | ‘ | g
© B ——————— e
~ E e
2, N [ @ O = ———————
v AR N T - —— ]
A P . _ae s 8 2 B
Q < J olarisation in ALICE il 2= = NPT REETE PR R RET A RN R PR
= e b D/T\ll/\:IIick’s on 5" June @ 10:40 -9 2 W B 2D &
4.0<y<-25 yb. : p. (GeV/c)
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Qutlook

e |arge datasets are collected by the ALICE during LHC Run 3 (Ongoing)
o Large data taking rates: 500 kHz in pp and 50 kHz in Pb-Pb collisions

x10°

ALICE Performance
| pp, 5=136TeV | RN G &
10< p, < 20 GeV/c, ly| < 0.8
D™ — Dx* and charge con;.

~
o

a
o

14

Counts per 0.2 MeV/c?
[o2}
o

40| #* =s=Data d

= Bkg. from track rotationz

30

20
Cosd* integrated

10

1 1111 JJLllLlllJJLlLllJ

0
0.14 0.145 0.15 0.155 0.16 0.165
M(Knm) — M(Kn) (GeV/c?)

Counts per 0.2 MeV/c?

x10°
7!_ rTrri I L I LI I LI | LI I LI I_-'
[ —— Data % 1
6L #== Signal ]
- - = = Background RUN 3 1
X — Total fit ]
5f :
4 .
3f .
o Helicity frame N
[ 1.0 <cosd* < -0.8 ]

||||1l|||||||l-

0
0.14 0.145 0.15 0.155 0.16 0.165
M(Knr) — M(Kn) (GeV/c?)

Counts per 0.2 MeV/c?

x10°
6_{_ LI I I LI I LI | LI I LI l__
[ —— Data % i
&= Signal ]
5L - - = Background RUN 3 ]
: — Total fit
4 ﬁ :
3b !
2f .
s Helicity frame
g 0.8 <cosv* < 1.0
1.
TP l | PR R l ) l-

0
0.14 0.145 0.15 0.155 0.16 0.165
M(Kn) — M(Kr) (GeV/c?)

Analysis Ongoing
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Outlook %

ALICE

e |arge datasets are collected by the ALICE during LHC Run 3 (Ongoing)
o Large data taking rates: 500 kHz in pp and 50 kHz in Pb-Pb collisions

e More differential measurements in p.and cos 6%, up to p.~100 GeV/c in pp collisions

3
x10° x10 QU

-3 NN
" _I‘II[I‘II‘II‘Il‘IHl‘Il‘l‘KI‘I‘II %60IIIIII||I|I|III|III|II||I|I|III| N//El\\g\v: %10_|||IIII||II|III|III|III|III|III| ,}l///EI\\\\/\\/
€ 90F _ _ > ALICE Performance NI/ >t >
2 [ ALICE Simulation 2 RUN3] 3 RUN 3
§ - pp, (s=13.6TeV S0 - § 8- =
E’ 705 10<p_ <20 GeVrc, ly| <0.8 ! o L
<23 60;— D™ — D’* and charge conj. 40__ B 6L iy, ¢ HE i
i
40F —— Prompt D™ ‘ 3 [ 10<p, <20 GeVle, |y < 0.8 ] AL b
30if ==hian-prampt & = oof. D - D’z* and charge con;. ] r
20 B BDT output score for non-prompt D*>0 ] r  BDT output score for non-prompt D*>08
] - 2— -
106 = 10 Inclusive D** 7 - 1
R ‘ ] Dominated by prompt D** ] | Dominated by Non-prompt D** ]|
0 lllI!IIIIJIlljlll!ll”"”“"”" > -IIIIllIIIII|IIIIIlIIllIIIIIlIIIIIlIIIII— IIlIIIIIlIIIIIIIII!IIIIIIIlllllllllllll
0 0
0 o10. zBqus 04 0.5 Of6 0.7 0.8 0. gD +1 -1-0.8-0.6-04-02 0 0.2 04 0.6 0.8 1 -1-0.8-0.6-04-0.2 0 0.2 04 06 0.8 1
output score for non-prompt Cos®d* Cosd*
Analysis Ongoing
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Summary %

A summary of spin alignment/polarisation ALICE
. . ) ) for different vector mesons in ALICE
e First results of prompt D** spin alignment with ,
| |
respect to the reaction plane in Pb-Pb collisions are | |
K¢, | |
presented Pb-Pb ¢ : I D**
N - : . My o x(s)
e Significant spin alignment observed in prompt D* | | (Highp)
. . . . . (Low p) | i
in semicentral collisions at high p.. 1 I I
| |
o Larger effect at forward-backward rapidity L X(s)
| |
compared to midrapidity PP My
| |
. . . | |
m Consistent with quark fragmentation | D** |
. I I
scenario i K*, i
. . . . . . . i i
e Results consistent with inclusive J/y polarization in ' ' > Qoo
the overlapping p;, region in semicentral collisions < /3 ~ /3 > /3
PP Pb-Pb
D** = ALICE, Phys. Lett. B 846 (2023) 137920 = ALICE Preliminary
Jly = ALICE, Eur. Phys. J. C 78 (2018) 562 = ALICE, Phys. Rev. Lett. 131, 042303
Y(1s) <= ALICE Preliminary = ALICE, Phys. Lett. B 815 (2021) 136146
K*® = ALICE, EPJ Web of Conf 171, 16008 = ALICE, Phys. Rev. Lett. 125 (2020) 012301
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Additional slides
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Run 3 performance for D**

e A comparison of relative uncertainties on
raw yields of D**
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@ |
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EM field evolution vs rapidity

10"
g
>
O, 107
m>\
(D]

10°

== Greco et al, PhysLettB 768 (2017), 260-264

| B R I | B 25 K ] BT I | B B B I | S B I S I | BE BE B I | B I | S B 3 I | B B B
I LHC: Pb+Pb@2.76 ATeV ]
b=9.5fm, x.=0  _
. S :
CON T - g
W N ~ o
.. \ — s |
i b ‘\\ ‘-~._.31_=1.5 |
... ~ -—, -
:I Ll I $-5 0.3 l | S S50 N l -5 2 0 I 5-4-19-3 I b % I .- 4.4 I 5 5. 5.4 I L. 0.8 ]

05 1 15 2 25 3 35 4 45 3
t [fm/c]
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Spin dependent FF for light flavour vector meson

P00

oo
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Spin alignment in Reaction plane vs Random axis
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pOO

I||1|IIII|II|J|IIII

' ALICE Preliminary

0.6 30-50% Pb-Pb, |5y = 5.02 TeV

0.2~ stat. unc. only

r%

Random axis|

Prompt D*, 0.3 < |y| < 0.8 -
Reaction plane

|

| | | o Rlandom ‘axis |
O 11 1 1 5 11 1 11 0I | 11 5I 11 [20I | R | I25I 1 1 1 11 1
P; (GeV/e)
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Vorticity | o2l vector

Neutral vector

Magneti c field Charged vector
meson meson
Hadronization Quark Quark
process recombination fragmentation

_‘._._________________________________

>

'000

s
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Quark recombination Quark fragmentation

_1-Ph-P_(s1/3 =B _1HBR
p00_3+Pq-Pq_ <1/35L Poo 3—,8-qu
* > for Neutral meson, < for Charged meson B: Correlation between constituent quark and anti-quark
Pq= Polarisation of quark
..... >
Low py P; (GeV/c) High p;
e  Quark charge and quark polarisation has same sign e  Quark charge is squared so the charge signs do not

o  Bfield effect: matter here...
m  Incase of neutral meson (c-cbar), o, is
always > %5
m Incase of, charged meson (D*"), 000 S
always < %5
e  Quark charge doensn’t affect spin alignment
originating from L
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