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Spin and its polarization

Spin: fundamental degree of freedom for element particles, an intrinsic
property of all quantum particles
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Spin and its polarization

Polarization: spin of particles in a system is aligned in a preferred direction.

Reference plane



Measurement of polarization

A serves as its own spin analyzer through the decay A° - p + m~

Decay channel: A — p7™
branch ratio: 64.1 + 0.5%

parity violating weak decay

dN

d cos 6*
Z decay parameter: a, = 0.748 = 0.007

[Current PDG value]

< A (1 + ap Py cos ™)




First observation of A° polarization in the 1970’s
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A® polarization measurements

In standard collinear pQCD, the single quark polarization P from

hard scattering follows the scaling relation:
[Phys.Rev.Lett. 41 (1978) 1689]
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“Scaling” of A° polarization ?
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pPQCD predicts that the polarization will be decreasing as energy increases



Puzzle in low energy collisions
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What’s more? with A-A
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In non-central heavy-ion collisions, large initial orbital angular
momentum is transferred to the medium, inducing particle spin
alignment known as global polarization.
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One has to take into account the production mechanism

- across energy region and collision system

vy ®

non-central relativistic
heavy ion colhs'og q © AA— AX Global polarization

pp — A + X: comparison to world data

Zuo-Tang Liang, Xin-Nian Wang, PRL 94,102301 (2005); PLB 629, 20 (2005).
Jian-Hua Gao, Shou-Wan Chen, Wei-tian Deng, Zuo-Tang Liang, Qun Wang,
Xin-Nian Wang, PRC 77, 044902 (2008).

T

¢ ppoA+Xselectedworlddata @1 COSY pp—pKA

| e |

El

— i HADES pp—A+X LB pp—spKA .-=="" ¥ i

1071 Rt ‘? pf’.i"--“ﬁ @ pp(A) > AX polarization through

10° F [¥ meteanol = hadronization

C_> C Y HADESpp-pKA .o —oo-- pp—AX fit

= n

(@) [ o pp— pKA fit € <0.435 GeV Zuo-tang Liang, and C. Boros, Phys. Rev. Lett. 79, 3608 (1997);

O] i T PRD 61, 117503 (2000).

n B . | - pp— pKA fit €>0.435 GeV H. Dong and Zuo-tang Liang, PRD 70, 014019 (2004); PRD 72,

[ o 033006 (2005).

m 1 02 | A

: : A polarization in

O b A5 -?-?-v{-? --------------- - ﬁ ® pp — pKA polar

@) i & Y % f exclusive processes

i }@ HIAF HIAF-U

1 O o O O RMaChleldt,KHOllndeandCElSter,PhySRept149,1(1987)

25 3 35 4 45 5 55 6 B. C. Liu, B. S. Zou, PRL 96, 042002 (2006).
S[GeV] 13




An interesting question: Is proton polarized as well?

pp =2 p KA

pp2>p+X
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High Intensity heavy-ion Accelerator Facility (HIAF)
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Budget ~3 bllllon CNY (including civil constructlon), start from Dec. 2018,
nstallation finished in Sept. 2( pcated in Huizhou.
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Hyperon Nucleon Spectrometer (H-NS)

proton beam up to 9.3 GeV
ion beam up to 4.25 GeV/u
* p*p
c p + A
- A+A

Baryon Polarimeter
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Aigiang Guo’s talk
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HIAF beam parameters

lon In{sg;i)ty Kine_Energy (GeV/u)

238>+ 2.0x10" 0.84
23876+ 5.0x10% 2.5
129%e?7* 3.6x10™ 1.4
8Kt 5.0x10™ 1.7
POArt 7.0x10™ 2.3
Ok 8.0x10M 2.6
p 5.0x10%° 9.3
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HIAF beam parameters
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Pt,(GeV/c)

HIAF kinematics coverage

80
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40
30
20
10

Kinetic Energy of proton beam: 3GeV Kinetic Energy of proton beam: 9GeV 45

Pt,(GeV/c)
Pt,(GeVic)

Kinetic Energy of proton beam: 19Ge

3 GeV = 9 GeV = 20 GeV

Allow for a multi-dimensional mapping of the A° polarization and production

» Beam energy scan
» p—=2p, P2A, A2 A data taking
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Entries

The challenge

All the momentum, angular distributions and the /A decay length are beam energy-dependent

w r 8 1 04 L Momentum of beam
15000 -g 3000 | E —— 35GeV
Momentum of p from A z i 0 of p fromA £ Decay length of A e
: 1035 \ 25 GeV
10000 2000 \
i 10°
5000 1000 10;—
OB b e e o' L o b e L. HI‘I LHAMR QAL AT A L1
0 5 10 15 20 25 0 20 40 60 0 100 200 300 400 500 600 700 800 900 1000
p_proton_from_lambda theta_proton_from_lambda
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The conceptual design of H-NS detector

» Good tracking/vertexing detector:
* Good granularity
 Compact design ~0.5m in radius
* Measure the vertex precisely
* Low material
* Vertex resolution is crutial for BG
suppression
* Good angular resolution is the key
requirement for proton polarization
measurement
* Fast
* Handle the event rate “1MHz
» Tech. choice:
 MAPS
* Pixel size: 30 micron
* Material budget: 0.4 % X/X,
* Integration time: 5-10 us
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The conceptual design of H-NS detector

> PID:
 Compact design
* Wide range of momentum coverage
» K,  separation (~*30) upto 2 GeV/c.
* K, p separation (~30) up to 5 GeV/c
» Tech. choice:
 LGAD
* Time resolution: 20~30 ps
e Spatial resolution: ~100 micron
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The conceptual design of H-NS detector

> Calorimeter for X, E rec.:
* Good spatial and energy resolution
* Fast
e Radiation hardness
» Tech. choice:
* PbWO4 crystal

* Energy resolution: 3%/VE

e Spatial resolution: 3mm/ VE (20X20 mm)
* Dual readout sampling type calorimeter

* Energy resolution: 5%/\/f
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The conceptual design of H-NS detector

» Magnet:
* Be able to measure the track with high Pz and
low Pt
» Tech. choice:
e Superconducting Solenoid @ Bz =1.5T
* Ordipole @By=15T
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The conceptual design of H-NS detector

» Momentum resolution:
* "2%@1GeV whenn<2.5
> PID:
* K, m separation (~*30) up to 2 GeV/c
* K, p separation (~30) up to 5 GeV/c
» Vertex resolution:
* Excellent vertex resolution for background
suppression
* Material budget (<10%)
» Acceptance:
* 5to0 100 degree
> High event rate
* 1MHz
> Baryon Polarimeter = determine final state
proton’s polarization
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A® reconstruction in H-NS
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Uncertainty projection of the polarization measurement

H-NS

Reaction: p+p
Event rate:1MHz

Time: 3 months

* pp 2A+X N~10™
« pp>ptX N~10™
« pp>pKA N~10™

pp 2 PKA

pp 2A+X

Ogtat < 0.01 for A 100 bins

Exclusive measurement
Uncertainty of A polarization
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Baryon polarimeter

Determining proton polarization via elastic scattering

-
do 1 dog
= 11+ P,An(6) cos @]
dpdcost) 2w dcosb J
Transversely Carbon foil A B o=
polarized protons P - [
R |
SRSVUR PN .1
More protons to the left:
Left-right asymmetry
N\

» Carbon Foil layer

« ~1 mm thickness
« Material budget: <1% X/X,
* Probability: pC (1E-3)

» Position : in-between the tracking devices

Y. T. Liang et. al. Phys. Rev. D 112, L031502 (2025) 29



Background from Non-scattering tracks
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Background from inelastic scattering

Bkg:p+C>p+p+... p+C>p+d+a+He®? p+C>p+n+Ch

Signal: p+ C 2> p+C
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Precision measurement of proton polarization

o =2.16 mrad o = 0.041 GeV
g | £ 1500
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| 1000~
500; i
: 500_—
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| (a)Radiation length vs n |
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» Tiny influence on the

conventional performance
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Baryon spin structure -- inclusive production of p/A

pp 2 p/A+ X

277

—————————>

ptBe > A+ X
p+Be

11 1 1T T T _ T 1
+0.2 | /\polarlzatlon(d) |
aP { |
+0.1 | . ¢ -
. M $ p,_ -

0 N RN ] | ] I ] | 1

0 0.4 0.8 1.2 1.6 GeV/c

G.Bunce, et al.: Phys.Rev.Lett. 36, 1113-1116 (1976)

p polarization
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Uncertainty projection of the polarization measurement
pp 2 PKA pp > p + X

Ogtat < 0.05 for p 100 bins Ogtat. < 0.02 for p 400 bins
Exclusive measurement Inclusive measurement
Uncertainty of proton polarization | Uncertainty of proton polarization \
H-NS _— 2 _— 2
T )
e H C
& | S
. N 1.5F 101" ~ 1.5 107
Reaction: p+p S S,
S— L ~
Event rate:1MHz a” L o ]
Time: 3 months ' Ostat, < 0.05 102 1072
¢« pp 2A+X N~10" 0.5
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—3
+ pp > pKA N~ 10 o 10
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Xg /0.1 Xe/0.05

35



Uncertainty projection of the Global polarization in A-A

Au+Au events at beam kinetic energy of 2.8 GeV/u

w.r.t. Event Plane
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Silicon tracker at H-NS

MIC6 development at CCNU
| el WA

llllllllllll

* MIC6 MAPS pixel chip: development and manufacture with the domestic process
* Readout electronics (ITS2 based design) and DAQ (ALICE CRU/FELIX protocol, GBTX, ...)
* Detector assembly and integration:
» Vertex detector: Stave module design (spatial resolution: ~ 5 um with pixel size 30 um, total material <
0.35%X/X, per layer)
» Forward tracker: Ladder module aligned to disc super-module (spatial resolution: ~ 5 um with pixel size 30 um,
total material < 0.45%X/X, per layer)
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Conceptual design of HNS silicon pixel detector

Active area: ~3.9 cm?

30mm

Layer No. No. of MIC6 chips MIC6 dimensions (mm?) Stave overlap in r¢p (mm) Active area (cm?)
LO 336 12 2.35 13104
L1 784 14 3.37 3057.6
L2 1120 15x30 20 3.37 4368.0
L3 1904 34 3.37 7425.6

L4 2352 42 3.37 9172.8



Conceptual design of HNS silicon pixel detector

3 "'ll" N TR T Active area: ~3.9 cm?

=}
2E

fjd

No. of MIC6 chips MIC6 dimensions (mm?) Nr. of ladders ladder overlap (mm)

1028 4009.2
D1 1028 114 2.0 4009.2
D2 1028 15x30 114 2.0 4009.2
D3 1028 114 2.0 4009.2

D4 1028 114 2.0 4009.2



AC-LGAD at H-NS

Recent development at USTC:
* Two wafers with different n+ dose: W5 high n+ dose and W6 low n+ dose.

* Sensor size : 1300X1300X50 um.

» Sensor with different pad-pitch size: Large pad size/pitch: 100/150 um, Small pad (Strip)
size/pitch: 50/75 pm.

- ) %2/ ndf 1035/8 " ) %2/ ndf 182.2/9
£ 1400 Constant 9956 +19.8 5 200! Gonstant 11414233
> > I
a it _ W5 100/150 Mean  0.02273 £0.00079 . W5 100/150 Mean  -0.0005441+0.0004062
1200 . . Sigma  0.03352 + 0.00045 ' . R A Sigma 0.02504 + 0.00032
Before calibration g 000 After calibration/ :
_ A\ 800 /
800 /o j / \ bl
. / 600
600 L\ ;
j | 400
400 .
s . ) :
001 oos 0 0.05 01 07T oos 0 005 o1
t_recon-t_trig [ns] t recon-t_trig [ns]
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AC-LGAD at H-NS

Recent develc 1350

 Two wafers wi
* Sensorsize: 1
* Sensor with di

size/pitch: 50/

29 pad (Strip)

9200

| %2/ ndt 182.2/9
Constant 1141+£23.3
Mean -0.0005441 + 0.0004062

| Sigma 0.02504 + 0.00032

\\.r ! /
/ N\ |
/,f \. . _ \
— i
' ] | \ s= ' i DS
0 01 005 0 005 0.1 ° 01  —005 0 005 0d
t_recon-t_trig [ns] t recon-t_trig [ns]
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End cap energy meter design

> PbWO4 crystal: compact size, > Dual-Read out: better hadron

good energy resolution shower resolution, PID capability
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End cap energy meter design

4 [cm]

» X+ and 20 generation process 40 1152
y/Tt0 detection, etc = 43 1324

> Th1e2e2><5pected number of modules A5 1436
IS . 5

» Analog detector setup: >0 1764

» Front end size: 2.05x2.05 cm?

> The length is 18cm K&

» The detector is located at ~140 cm

» Beam hole radius is 5 cm, outer ‘
diameter is 45 cm (maximum F 4 [cm]
angle 18 degrees) 40 1244

> Two different design 43 1340
arrangements are simulated 45 -

50 1852
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The effect of PWO length on performance

* A 5x5 array simulation is used, and the simulation only
considers energy deposition

* At present, the irradiation length of detectors using PWO
crystals is generally about 20cm (=22.5X0, X0=0.89cm), and

the length can be optimized to reduce the cost. . .
Energy resolution Position resolution

— — ‘ 6T T T T T T T T T ] .
Energy resolution O;fE [%]: o . Position resolution [mm]:
—e— 16.cm (18 X ): 0.98/(E®1.27 - 5
" ——180m (202 X ): 0.89/VE®1.14
+ —e=20 cm (22.5 X ): 0.90//E®0.94]

P
o »

.............................................................................. - 16cm (18X
B ~ -=18cm(202X)
' __®20cm(225X)

LN W o b

Energy resolution [%]
- N

—

Position resolution [mm]
w
T T T [T T[T T T T[T T T[T T TTT]
>
||||‘|||\!||||i||||i|||\||||\

=)
o
m . -"""""‘.““"""""-"E-""""-"""""""”

IIII[III\!II\Ill\Ill\IIIEIIII;III\'II\Ill\lll\lll

o
(4]

IIII[III\’II\I'I\II'\IIIEIIII}II

0.1 02 03 04 1 2
Gamma energy [GeV] Gamma energy [GeV]

0.1 02 03 04 1 2

)
o
o



The mechanical design of HNS®
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The mechanical design of HNS®

3TZ vy

F 1-3-HIAF X PRI 46 47
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Events / (1.0 MeV/c?)

Invariant mass of pm

Residual
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Flight distance 0.5m

M(pm) (GeV/c?)

> 10000 Lambda in few weeks

Beam direction

Proton arm

v=L/Jt
p =ymv

~

Pion arm
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Timeline
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m— i | H-NSconstruction | H-NS run
\ l EicC

H-NS DEMO running at HIAF

A smooth transition from H-NS to EicC, in terms of both physics and hardware
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Summary . Physics:

» A production and polarization (

Silicon tracker Calorimeter

¢ Medium effect ( )

Baryon polarimeter

€ Global polarization of A hyperon (

» Hadron physics via p+p
IIl. Community:

Target

AC-LGAD TOF » Supports both communities of hadron structure

and heavy-ion physics

Participating Institute: JEAIERFRFr. 84T » International interests are expected: Japan

T N E D N T o N -tk e -l ||| Detector R&D
EEXF. BRIR. £RIBeXFE. ERIBEXE. > Many parts are similar for CEPC, EicC, H-NS and
IERIMERFE. FEEPFXKRE CRYI) . ARIAK. A

ERFREF R PULARZE. FIMNBEFR. ... . .
Subsystems: Silicon tracker, TO+AC-LGAD, Target, > HNS: a detector R&D platform for EicC, 2 EicC

STCF. Save resources.

Baryon polarimeter, Calorimeter, Electronics, DAQ,
Magnet, Beamline, Mechanics + Engineering
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About nucleon spin structure

1988 EMC experiment = “Spin crisis”

(« Electron-ion scatering process Pion/kao |
7 uu\,:"; \')-, "4“\,:3
oy Rog>

X N
1970s 1980s/2000s Now \ » .
N o
vy~
Spin decomposition: ‘e—«—%' P < ‘,‘:d

Stot =5 = ;AT +AG + Ly + £,

fj — —

[ Quark spin ][ Gluon Spin ][ Quark OAM ][ Gluon OAM ]

» We have a framework for the understanding of the spin structure of the nucleon
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Polarization of other hyperons
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Principle of proton polarimeter

Relation between the spin-dependent cross-section of p + p/C scattering and the asymmetries

do 1 dog

= 1+ P,An(0) cos ¢
dod cos 27Tdcost9[ yAN(O) |
Ay
Transversely Carbon foil - Aol = 0.252:£0.004
polarized protons lo X 1oor -
/ 1000~ e £ L
e anfe !
\4)' """"""""""""""""""""""""""""""""""""""""" 500
e
-3 2 -1 0 1 2

More protons to the left:
Left-right asymmetry

Widely used as polarimetric reaction to measure proton beam polarization (PSI, TRIMUF, LAMPF,
COSY, SATURNE, ZGS, KEK-PS, AGS, RHIC ...)



H-NS demo: H-NSO
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Efficiency due to tracking

E beam=3.5GeV E beam=9.3GeV

20 8 20
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40% g —
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€
20% %
w

0.50%

E beam=25GeV

> A decay vertex distribution
> 90% of all event
> Normalized to total event

c
100% S
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An extra scattering layer serve as baryon polarimeter

~1 mm thickness
« Material budget: <1% X/X,
* Probability: pC / pp (1E-3)
* Tiny influence to the conventional
performance
» Position : in-between the tracking devices
« Appliable in all reactions: ee/ep/pp/pA/AA

« Appliable in high energy machines

Yutie Liang, et. al., Phys. Rev. D 112, L031502
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An extra scattering layer serve as baryon polarimeter

~1 mm thickness
« Material budget: <1% X/X,
* Probability: pC / pp (1E-3)
* Tiny influence to the conventional
performance
» Position : in-between the tracking devices
« Appliable in all reactions: ee/ep/pp/pA/AA

« Appliable in high energy machines

Yutie Liang, et. al., Phys. Rev. D 112, L031502
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Procedure of A reconstruction

Select the event, in which there are track on
both the proton and pion arm

Assume the track on proton arm is proton,
and pion on another arm

Determine the momentum according to the
measured velocity by LGAD

Calcaulate the invariant mass of the found
two particles

Beam direction

Proton arm

v=LJ/t
p =ymv

Pion arm
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o Calorimeter
Silicon tracker

Target

AC-LGAD TOF
S\af
Silicon tracker
AC-LGAD (PID) Silicon tracker
Eca!. . Ecal. STC F
Super-conducting Solenoid Super-conducting Solenoid

Silicon tracker
MPGD tracker
DIRC (PID)
RICH (PID)
Ecal
Super-conducting Solenoid
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