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Overview

» Physics background
» SMOG in LHCDb

» A\ transverse polarization

» Prospect
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Hyperon polarization discovery

> A polarization observed in pBe collisions in 1976 by FermiLab: > Types of observables for polarization along:

o _ o » Global polarization (along L): originate from spin-orbit interaction
> Not expect in high-energy unpolarized-beams collisions

> Longitudinal (local) polarization (along Ppeam): Originate from
» Comes from the non-perturbative hadronization process inhomogeneous expansion of fireball

> (along p | ): obtained in the fragmentation
» Spin effect plays an important role in high-energy collisions

» Lots of models proposed, achieve partial explanation
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/A Transverse polarization

> All the measurements before show a transverse T T

197 Phys. Rev. Lett. 41, 607 (1978) i
polarization for A but not for A — ’ =
Z o_J@r_._' _____ g.__g__@__l?’__. ____________
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» Transverse polarization is definitely not a N ks ° i
oz
universality for all high energy baryon poduction é - p+Be = N+ X....0 © : .
a. =201 o4 Be Iy g 400 GeV © § § N
» Suggest that s quark in A is produced polarized - | - | % =
~20 | | I I N L4 1 1 ] J | | | 1 L i |
while s quark in A is not : 0 02 04 06 08 1.0 1.2 4 |6 .8 20 2.2
P IN GeV/e

» Suggest a different production mechanism for A >Phys. Rev. Lett. 36, 1113 (1976)
> Phys. Rev. Lett. 41, 607 (1978)

> Phys. Rev. Lett. 41, 1348 (1978)
> Phys. Rev. Lett. 51, 2025 (1983)

> Phys. Rev. D 43, 2792 (1991)

and A (e.g. gluon bremsstrahlung [Phys. Rev. Lett.
41, 607 (1978)))
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/A Transverse polarization dependence

» A transverse polarization found to be:

» not obviously dependent on collision energy

(collision energy do have effects on the proportion of

/A from decays)

> increase with transverse momentum to several GeV
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/A Transverse polarization dependence

> increase with increasing z 4 in eTe™ collisions (first observed)

» N\ transverse polarization is found to 2F ,
N = ——
Vs

» increase with increasing xg in hadronic collisions

Transverse polarization found for both A and its anti-particle in high
pL _ 2pL fractional energy region
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Phenomenological approach

» Theoretical models describe relatively better in
global polarization, but poorly in local and

transverse polarization

» A phenomenological approach is Transverse
Momentum Dependent (TMD) Fragmentation
Function (FF), which:

» Describes the fragmentation of unpolarized quark into

transversly polarized hadron [Phys.Rev. D63 (2001) 054029]

» TMD FF can be studied through experimental data

Unpolarized D, -©
8 8] e® - @

Spin-spin : ”
correlations . =é]> _ é)

1

DE:é) - @Polarizing FF
Spin-momentum
correlations H - - (§Collins | |
Transverse-momentum- (only one extensively studied!)
dependent FFs n L

H=-@—~ - @~ H1T=é) - é

https://www.phenix.bnl.gov/WWW/publish/caidala/UniMiQCDLectures2020/AidalaQCDANndBaryonPolUniMi2020Lect3.pdf
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The LHCb detector

» Single-arm forward spectrometer with unique coverage 2 < n < 5
» Designed for heavy-flavour physics, now a general purpose experiment

» Forward and backward coverage for asymmetric beams Pb  Po

[JINST 3 (2008) S08005 | . | |I| Pb-Pb
[ 1IMPA 30 (2015) 1530022 ] RICH detectors "
uon system

Kind g sepaimtion W identification g(p—>p) ~ 97 %,
Pb
P *
- B | p-Pb, forward, 1.5 < y* < 4.5
Pb

g mis-ID e(m>p) ~ 1-3 %
e. ..2 B | "I II Pb-p, backward, -5.5 <y*<-2.5

mis-ID g(m—K) ~ 5 %
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Vertex Detector(VELO)
reconstruct vertices
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decay time resolution: 45 fs
IP resolution: 20 um
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Fixed-Target experiment: SMOG

» SMOG: System for Measuring Overlap with Gas

» Highest-energy fixed-target experiment ever built, a bridge

between SPS and LHC energies

» Noble gases (He, Ar, Ne) injected around Interaction Point

(IP) with pressure 10e-7 mbar

» Unique kinematic region accessible, helps to investigate

high-x and intermediate Q2
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A\ transverse polarization

> Decay channel: A-»n~+p and A-nt+p

Phys. Rev. D 90, 072007 (2014)

> P(A) = 0.029 + 0.019

> P(A) = 0.003 + 0.023
R, 6000 F LA L L LI
> - —— Daia LHCb
2 e g [] Vow 684GV pe
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» Protons preferentially emitted in A spin direction® i3 4

in its rest frame, the polarization extracted by

dN _ dN,

do  doQ

a: parity-violating decay asymmetry for A(0.746 =+ 0.007) and A(—0.757 + 0.004)
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/A transverse polarization v.s. xr

0-4 B 1 1 1 1 1 ] 1 || 1 o
» A transverse polarization increase slightly with Qj - | | | =
increasing |xg|, an obvious non-zero transverse 0.3 5_ LHCb _E
- Vsyy = 68.4 GeV pNe -
polarization is observed for |xg|~0.1 0.2 = N o a
) R E
» A is not transversely polarized, even in 0 - + | + .
highest |xg| bin, which consistent with the other = ' % m
. . —0.1F -
fixed-target experiments - -
-02F E
> For lower | x| region, transverse polarization for 0.3 : = LHCb-PAPER-2024-009 -
both A and A are consistent with zero 0.4 - | | | (C) -

0.1 —0.05 0
XE
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/A transverse polarization v.s. xr

» A transverse polarization v.s. xr
» Good agreements with other measurement
can be extrapolated from measurement in
high x¢
» As a comparison, HERA-B results are
measured:
> in a different collision system

» in different kinematic regions

» at different center-of-mass energy
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A\ transverse polarization v.s. pt, y, N

» No significant dependence on pt is found, could result from the overall low xg for the measurement

» A slight decreasing trend is observed for transverse polarizarion on y and n

<O.4_' T T T T T T T T T T T T T T T
Ry - :
0'35— LHCb E
02F Vs\n = 68.4 GeV pNe -
0.1F E
e e :
~0.1F =
_0'2?+A _E
4 (a)
() P Y U
500 1000 1500 2000

p, [MeV/c]
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Prospects

SMOG2 Improve on transverse polarization measurement
» Gas confined in a 20 cm long storage cell > Better statistical resolution

» Higher areal density than SMOG — Luminosity X ~100 > Measurement repeated with different mass targets and

beam energies
» Wider choices of gas: He, Ne, Ar, H,,D,, 0,, Kr, Xe
» Possibility to increase |xg| ~ 0.3
» Data taken simultaneously in pp and pA mode

» Possibility to look into other hyperon polarization
Nominal p-p
collision point

SMOG2 Storage cell
20cm

6
10° g T T T T T 3 >_<10 v

= - . .I . I 4 b 4 E
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E_—i— Data
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Signal + background
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[
|
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)

T B g .

5 6:_ ...... Signal _:

''''' Background 1

T ¥ Yo —p 107 - = a3 E

ol 4 2F -

SMOG Gas target: 20 m 0 e e Wi LW
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POSTER: SMOG2: a high-density gas target at the LHCb experiment, Federica Fabiano ~ LHCb-Figure-2023-005
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Reaction Plane and Event Plane

» Reaction plane

> Reaction plane angle denoted by ¥

» Spanned by vector set {1_5, Dbeam)ts bis impact parameter
» RaCan’t be defined for central collisions
» Can’t be obtained, can be approximated by Event Plane

» The n-th harmonic Event Plane angle is defined as:
2. w;sin(ng;) )
2. wicos(ng;)

w; is weight and ¢; azimuthal angle of i-th particle in an event

v, = Harctan(

» This approximation has a resolution of:
Ry =(cos(n(¥, — ¥g)))
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Global polarization

» The spin polarization P reveals the parity-violating nature of hyperon decay, the projection
of P on system angular momentum L is called global polarization:

> o 8 1
P =(P,L)y =———(sin(¥V; — ¢3}))
global H(XHRl ( 1 ¢p) I
details for measurement of this quantity: Phys. Rev. C 104 (2021) L061901 (invariant mass method)
» ay: parity-violating decay asymmetry for hyperon
» R;: resolution for 1st order event plane o b
. P
. p* -0
> W: 1st order event plane angle P: o
> ¢F: azimuthal angle for decayed proton in hyperon rest frame e ; x
e~
> Revelant measurement: ¥y & s
A global polarization in AuAu at RHIC: Others: & QV
»>Phys. Rev. C 104 (2021) L061901 > Phys. Rev. C 101, 044611 (ALICE PbPb 2.76, 5.02 TeV) Al AR ,__...--'@-at-“o
>Phys. Rev. C 98, 014910 (2018) > Phys. Lett. B 835 (2022) 137506 (HADES, AuAu 2.4TeV ' '

and AgAg 2.5Te O ey
»PRC76.024915(2007) 9Ag 2.5TeV)

»arXiv:2305.08705v4 [nucl-ex]
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Global polarization v.s. VS

> Decreases with center-of-mass energy vSnn

Py (%)

» Several models like hydrodynamic model [Eur.Phys.J.C77(2017)213]

and AMPT model [Phys.Rev.C96(2017)054908] are proposed

» This may be partly due to longer evolution times at higher energies,
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|
| -0.2 | |
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o)) ,
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[yl <05

A A
== @1 STAR
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In|<0.8
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increasing the viscosity-driven decay of vorticity before polarized
hyperon emission [Nucl. Phys. A 967, 764 (2017)]

o

e

| Lol !

PRC103 (2021) 3, L031903,

Au+Au, b=6fm, |y|<0.5
=== _hadronic EoS
= crossover EoS
e 1PT EOS

PRC104 L041902 (2021),

AutAu, b=5fm, |y|<1, p_€[0.4,2.0]

mmmms AMPT model

Ll

HADES p.€[0.2,1.5] GeV/c ye[-0.5,0.3]
Au+Au: Ag+Ag:
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X Nature548 62 (2017)
¥ PRC98 014910 (2018)

ALICE 15-50% p. €[0.5,5.0] GeVic |y|<0.5
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| Lol | T
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Nature548.62 (2017)
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Global polarization v.s. Centrality

» Global polarization increase monotonically with increasing centrality. This

Py [%]

behavior is qualitatively consistent with the system angular momentum

increasing with collision centrality as well as numerous model calculations

with varying underlying assumptions

AMPT (Multiphase Transport) model [Phys. Rev. C 94, 044910 (2016)]

3FD (Three-fluid dynamics) [Phys. Rev. C 103, L031903 (2021)]

0.5

[~  STAR Au+Au s, =200 GeV
Inl<t, 0.5<pT<6 GeV/c

T | Phys. Rev. C98 (2018) 014910

20 40 60

80

Centrality [%]
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Global polarization v.s. y

—~ 1.8} ‘

: .y . = Y A

> In many experiments, no dependence on rapidity is found. = " * %
Different models or different parameters in a model give Ll i %
very different predictions on the rapidity dependence of i% + %i‘ r

. : . 08|
global polarization: | i%%% % e
AMPT [Phys. Rev.C 99, 014905 (2019)] UrQMD model [Phys.Lett.B803,135298 (2020)] | 04| ,
AMPT [Phys. Rev. C 104, 041902 (2021)] (Ultrarelativistic Quantum Molecular Dynamics) B - Youa N e A
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Global polarization v.s. pt

» No obvious pt dependence of global polarization
found. Some models like AMPT and UrQMD can
describe this behavior.

x °f Phys Rev. C 104 (2021) L061901 E s

I g ™ 51— + + +

O;%-Ts%%;fiﬁ:éﬁzfﬁelf | 1 vel0s03  PhysLettB 835 (2022) 137506
06 08 1 12z 14 16 pTl.l(8GeVé/ ) 0 0.2 04 0.6 0.8 1 ;:Tz[GeV/c]

— 18
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~ 16| @ A A
o * %
14
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1
. +++ % il
0.6
0.4
0.2 STAR Au+Au, /syn = 19.6 GeV
ol 20-50% Centrality, |y| < 1
ap = 0.732
g 18 Phys.Rev.C 108 (2023) 1, 014910
E 1.6 (b) ]
a;
1.4
1.2
1
0.8
0.6
0.4
0.2 STAR Au+Au, /snn = 27 GeV
0 20-50% Centrality, |y| < 1
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Longitudinal (Local) polarization

» The longitudinal component of the polarization can be measured by
projecting the polarization onto the beam direction, denoted as P, and
called local polarization, arises from inhomogeneous expansion of
the fireball (¢p-dependent velocity difference -> vorticity along beam):

(cos(03))

a(cos(03))

z =

> (cos? (6;*;)) account for pseudorapidity dependent detector acceptance effects,

should be 1/3 if detector has perfect acceptance and efficiency
> To get (cos(68%)), two methods are proposed [Phys. Rev. C 98, 014910 (2018)]

» The event plane method

» Invariant mass method. By this method the measurable is changed to the

Fourier sine coefficient of Pz (usually second-order) ( ) i-|
(cos(0})sin(ng} — n¥s,)) YPERON REST FRAME

apgRp(cos?(6%)) v
main contribution from elliptic flow induced vorticity

P,s =(P,sin(ng¢} —n¥,)) =
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Local polarization v.s. Centrality

) [%]

» The increase of the signal with increasing centrality is 5~

=

N

likely due to increasing elliptic flow contributions in &
peripheral collisions. o’

» They are found to be consistent in:

» 5.02 TeV PbPb collisions (ALICE, Phys.Rev.Lett. 128
(2022) 17, 172005)

» 200 GeV AuAu collisions (STAR, Phys. Rev. Lett. .
123, 132301 (2019))

» 200 GeV RuRu and ZrZr collisions (STAR,
Phys.Rev.Lett. 131 (2023) 20, 202301)

» But the result in CMS does not follow the trend of elliptic
flow in 8.16 TeV pPb collisions (CMS-PAS-HIN-24-002)
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Local polarization v.s. pt
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Local polarization v.s. y

» No rapidity dependence has been
found for local polarization in 5.02
TeV PbPDb collisions

» Can be described by AMPT model

z,82

%1 0“3 Phys.Rev.Lett. 128 (2022) 17, 172005
1 T T T ] T T T T 1 — T [ T T T T 1

Pb-Pb |5, = 5.02 TeV 30-50%
® ALICE (A + A)

== AMPT + MUSIC (S quark)
== AMPT + MUSIC (A)
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Transverse Polarization

1

—

» Transverse polarization is the polarization in N = Pbeam * PA

direction n, which is normal to the production
plane, spanned by {Ppeam, Pa}

> Revelant measurement

» 68.4 GeV pNe collisions (LHCb, arXiv:2405.11324v1)
» TTeV pp collisions (ATLAS, Phys.Rev.D 91 (2015) 3, 032004)

> 10.58 GeV ee collisions (Belle, Phys.Rev.Lett. 122 (2019) 4, 042001)

» 800 GeV proton+A (FermiLab, Phys.Lett.B 338 (1994) 403-408)
> ...

Most of them did not find polarization for A

HYPERON REST FRAME
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Transverse Polarization v.s. VS

» The following fixed-target experiments:

>

YV V. V¥V VY VYV V Y V

Phys.
Phys.
Phys.
Phys.
Phys.
Phys.
Phys.

Rev
Rev
Rev
Rev
Rev
Rev

Lett

. Lett. 36, 1113 (1976);
. Lett. 41, 607 (1978);

. Lett. 41, 1348 (1978);
. Lett. 51, 2025 (1983);
. D 43, 2792 (1991).

. D 40, 3557 (1989).

. B 338, 403 (1994).

Eur. Phys. J. C 6, 265 (1999).
Phys. Lett. B 638, 415 (2006),
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» Did not observe strong dependence of the A polafization on the collision energy.

» It is not totally independent from energy. High collision energy may change the proportion

of A from decays, about only 40% of data is comparable to that in NA48.
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Local polarization v.s. p

> Increase (absolute value) with transverse -
momentum. But still, A is not transverse |
polarized (phenomenon, not fully understand)

dirterent.

The above comparison makes it clear that polarization is

not a universal property of all high energy baryon production.

Lambdas, which in this experiment are leading particles, are

polarized while the antilambdas, which are unrelated to the

incident particle, are not.

From the quark picture outlined

previously, [it might appear that the s quark of the A° is produced ]

[polarized while the s quark of the antilambda is not] Figure

4 illustrates a mechanism,| gluon bremsstrahlung, which could

give rise to a A° polarization without a A° polarization.

the interaction two of the proton quarks, u and d, are

spectators in a singlet spin state.

scattered by the target and radiates a gluon which produces

an ss pair.

its transverse momentum and its spin.

the s and the fragments of the target form the unobserved products.

The other u quark is

It is the s from the pair which gives the A° both

The scattered u quark,

In

If the gluon is polarized, so is the ss pair and this polariza-

tion is correlated with the transverse momentum direction of the
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Transverse Polarization v.s. X

» Increase significantly with increasing absolute

Feymann-x, which is defined as,
xo =_PL
F pL, max

where p; is the longitudinal momentum, and p; 4«

is the maximum of p; can reach, which is half the

center-of-mass energy. So it becomes,

_ 2pg
VSNN

2024-09-23 HardProbes Nagasaki

<
R

0.1

-0.4

—e— LHCD-SMOG pNe |5, =684 GeV

ATLAS pp {s=7TeV

HERA-B pC 5 =42 GeV
—— E799 pBe {5y =39 GeV

—+— NA48 pBe |5, =29 GeV
—w— M2 pBe |5y, =27 GeV

T R

W] >
——
o s e

llllllll‘

'IIIJI

107 107 1072

Youen Kang, on behalf of LHCb Collaboration

107!

29



Comparison

» Global polarization
» Along L

» Originate from spin-orbit interaction

» Provide information of:
> initial condition and dynamics of QGP

(

)

» both the nature of the spin-orbit
interaction and the profile of velocity
fields of the expanding system

> Its observation characterizes the
system created in heavy-ion collision as
the most vortical fluid known

» Can be (relatively) well described by
models, see ref 1~6 in the next page

2024-09-23 HardProbes Nagasaki

» Local polarization » Transverse polarization
> Along Z > Along Z x Pu
» Originate from vorticity induced by » Origination remain unknown

gradient pressure from the in-

: . » Provide information for the fragmentation
homogeneous expansion of fireball

process in A production

» Provide information of: o
» No successful model reach full description,

compare with other measurement through
» fluid nature during expansion of fireball extrapolation

» vorticity induced by elliptic flow

» Poorly described, most of them give
opposite sign or over-estimated magnitude,
see ref 7~10 next page. On the other hand,
the calculations based on a simple blast-
wave model [11,12] utilizing only kinematic
vorticity and without the temperature
gradient and acceleration contributions
can describe experimental data well.
Known as spin puzzle.
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Lambda_c polarization

24 = P(AT)
5. - P) —[p(7) DA B(A)
Component Value (%) 7 p() = [p(eo) - BAD]B(AT)]
_ PAD xp7) | soan
P (lab) 60.32 4 0.68 4 0.98 + 0.21 @ <)l P
P, (lab) —0.41 £ 0.61 & 0.16 + 0.07 s
Pz (lab) —2474+0.6+03+1.1 =l sl
P, (B) 21.65 +0.68 £ 0.36 & 0.15
B, (B 1.08 + 0.61 + 0.09 + 0.08 2,
P, (B) —66.5+0.6+1.140.1

lab frame and approximate rest frame of lambda_B

(non-detectable neutrino)
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