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« CMS collaboration @ LHC (2008 — present)

- MIT, Korea_U, Sejong_U
- Heavy lon Physics Analysis Group

« CMS heavy ion group convener (Level 2)
in 2020 — 2022

« LAMPS collaboration (2018 — present)

- ECCE collaboration at Electorn lon Collider
« SHINCHON collaboration: Namer

+ Faculty at Sejong_U (2018 — present)

\

CMS

Compact Muon Solenoid




My major expertise

Heavy lon collision at LHC

« CMS, ATALS
experiments

Neuron star, Bose-Einstein
condensate in nuclei

participants

after collision

PbPb 368 ub' (5.02 TeV)
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Upsilon Melting in heavy ion

ShinChon_MC

Simulation for Heavy IoN Collision with Heavy-quark and ONia
Collaboration of ~10 people from 5 universities (SAtCH, QISICH ,SAMICH ,02{CH  AM|ISCH)
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Q. So what does it have to do with

the proton spin?

A. Nothing so far
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Key science questions that the EIC will address are:
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Electron lon Collider (EIC)

* To be built at Brookhaven
National Lab in 2030s

« Collide polarized electron and
p, d, He, and heavy ions

* How do the nucleonic properties such as mass and spin emerge from partons

and their underlying interactions?

* How are partons inside the nucleon distributed in both momentum and po-

sition space?

* How do color-charged quarks and gluons, and jets, interact with a nuclear
medium? How do the confined hadronic states emerge from these quarks
and gluons? How do the quark-gluon interactions create nuclear binding?




Proton spin in 1920s

Classical
rediction
g What was Silver atoms
actually observed /
=2
~ Fumace
« 1
; - ) 2 Inhomogeneous
(¥2r » = magnetic field
-,'f'&“,.l_ o )
e &
AT,
YA

Stern-Gelarch experiment
Proton has a spin-1/2
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Zoo of accelerators and colliders




Zoo of accelerators and colliders

T Matter factories SLAC accelerator

« Higgs
« B meson
« Rare isotope

LHC KEK Microscopy of matter

« Photo interaction
1 eand i beams

- - T— 2 o ———

RAON b "COMPASS HERA
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Deep inelastic scattering

1980s
- Discovery of quarks in 1960s by DIS o | BT BN | D
(deep inelastic scattering) at SLAC ofquarkimodsells (1) (k)
. . 4/3 pu, - 1/3 2.79 2.793
- Good agreement with magnetic moment P Hu = 115 Hg
n 413 g - 113 g -1.86 -1.913

in quark model

13



Proton spin crisis

PLB 206 (1988) 364
T I
-
0.18 1= ELLIS-JAFFE sum rule o xg? (x) 1010
o | x /g:’ (x)dx

0.12

0.09

0.06

0.03

« EMC experiment @ CERN (late 1980s)

« Muon collides to polarized proton target

 The proton spin carried by quarks were only ~20% of 1/2
- Called proton spin crisis

14



Proton spin crisis

* New framework for proton spin

1 1

- Latest value:
- 2 ~0.3,
- Ag ~ Non zero, large uncertainty
* L, Lg unknwon

15



Proton spin crisis

List of unsolved problems in physics

From Wikipedia, the free encyclopedia
(Redirected from Unsolved problems in physics)

High-energy physics/particle physics |edit]

See also: Beyond the Standard Model

e Hierarchy problem: Why is gravity such a weak force? It becomes strong for particles only at
the Planck scale, around 10'® GeV, much above the electroweak scale (100 GeV, the
energy scale dominating physics at low energies). Why are these scales so different from
each other? What prevents quantities at the electroweak scale, such as the Higgs boson
mass, from getting quantum corrections on the order of the Planck scale? Is the solution
supersymmetry, extra dimensions, or just anthropic fine-tuning?

o Magnetic monopoles: Did particles that carry "magnetic charge" exist in some past, higher-
energy epoch? If so, do any remain today? (Paul Dirac showed the existence of some types
of magnetic monopoles would explain charge quantization.)[?4]

o Neutron lifetime puzzle: While the neutron lifetime has been studied for decades, there
currently exists a lack of consilience on its exact value, due to different results from two
experimental methods ("bottle" versus "beam").[2°]

 Proton decay and spin crisis: Is the proton fundamentally stable? Or does it decay with a
finite lifetime as predicted by some extensions to the standard model?/?®! How do the quarks
and gluons carry the spin of protons?[27]

e Supersymmetry: Is spacetime supersymmetry realized at TeV scale? If so, what is the
mechanism of supersymmetry breaking? Does supersymmetry stabilize the electroweak
scale, preventing high quantum corrections? Does the lightest supersymmetric particle
(LSP) comprise dark matter?

16



Lattice QCD calculation

[ H . :
Ju Jd "Js EJg 0.7 3510
0.6 48] —m— -
24| —a—
057 32l —e— |
S 04+ 32lf —e— |
02 | LI + :
0.1t
O ! 1
10'00 0 0.5 1 1.5 2
(3.6) %
3.2_— P5 (GeV)
(2.4) %

« Study by ETMC collaboration, PRD 101, 094513
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A recommended read

nature reviews physics

Explore content v  About the journal v  Publish with us v Subscribe

nature > nature reviews physics > review articles > article

Review Article | Published: 23 November 2020

What we know and what we don’t know about the
proton spin after 30 years

Xiangdong Ji &, Feng Yuan & & Yong Zhao

Nature Reviews Physics 3, 27-38 (2021) | Cite this article

882 Accesses | 13 Citations | 8 Altmetric | Metrics
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Semi inclusive deep inelastic scattering

« Hadron-Elektron-Ringanlage

X = 6.32E-5
DESY, Hamburg [ 'x°é°§§6(§§§153 s ZEUS NLO QCD fit
- H1, ZEUS, HERMES, HERA-B Z/ " X=0.0004 —— H1PDF 2000 it
54 . X 00000632 « H194-00
x=0.0008 + H1 (prel.) 99/00
x=0.0013 « ZEUS 96/97

a b
[Dooming e Scattered e* ncoming et Scattered e*

Photon Photon

Fi(z, Q%) — %ZQJ% (Qf(flf) + @(@) - 00001 BCDMS
! ol 55 E665
= x=0.0032 NMC
| //’( X50000

u Gluon

p / § v%m g % % |
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Lead(?ng E i Gvmt of M e 0‘032
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: . T v 5

proton structure function F,
\\
»
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Polarized (SI)DIS

o JLab 12 GeV
a HERMES
0.2 O  COMPASS
DSSV and CTEQS6L param

(SIDIS) using polarized beam
- HERA, COMPASS, JLAB experiments

1 _
g = 5D eldt—q7)
a

%

- : : : : -1

« Semi-inclusive deep inlastic scatteing <
5

<

x

o 1
photon-nucleon asymmetry -
S o8|
a S0 2 AN gx) 08 © HERNES (1597) +
2ty 2eeax)  F(X) o +
, ¢t 1
(v.a?) e\ 0.4 |- ¢
/ A AN @) o9 Ag(X) = q(x)t —q(x)” f ot
\@ / 0.2 |- o !
= a(x) = q(x)* + q(x)- 21 R
| e ® e ®
/( Q?) ,/ ® \ - + quark ™ nucleon 0
, }.} 0'* B " T¢ I 7‘ ‘ ‘ e nu.f.o.o.o.o...n.o.o... | S H
\_Qj/ : L e 0.02 0.1 1
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Polarized (SI)DIS

D) e AdX) = () - a(x)”
‘ 2 a(x) = ()" + ()"
3 v (v,Q2) . U + quark 71 nucleon
> . \/{Q{;‘/ G:Z- ) — quark ™ nucleon
1 J1 ] '
5 = 5|AE+LQ + [Ag + Lg]

« Can we separate the quark flavours in spin contribution?
« What about sea quarks?

« How can we measure the spin property of gluons (Ag)?

« What should we do to access Lgand Lg?
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RHIC @ BNL

Polarized Proton Collisions at BNL

v N : : S 4 RHIC
SPHENIX A o SR D e i s 5 Polarimeters
 ASSEMBLY *T x -

UNDERWAY &b 3 AR ; PHOBOS &)
LINAC

AC N
fKEBlg,f :

~ 70 % Polarization
Vs = 50-500 GeV

RHIC

BOOg'I:ER
o Y

4

R

Spin Rotators N
I Siberian Snakes

2xIO] I Pol. Protons / Bunch

€ =20 ® mm mrad
Partial
Siberian Snake

« Relativistic heavy iion collider

AGS
~“ Polarimeter

. Au+Au collision at /sy, = 200 GeV

« p+p collison at \/_ = 510 GeV

o Polarized proton beams are available
Wlth Pbeam = 07

Vertical
4~ RF Dipole

<« 200 MeV
Polarimeter

—— Linac

OPPIS:
500 pA, 300 ps, 7.5 Hz
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Beam polarization

What a technology!

Polarized Proton Collisions at BNL

RHIC —
Polarimeters

BRAHMS
32 -1 -2

Lmax= 2x107"s cm O\ PP2pp

~ 70 % Polarization

VS = 50-500 GeV

RHIC

Spin Rotators S
I Siberian Snakes

2x10| I Pol. Protons / Bunch
€ = 20 © mm mrad
Partial

Siberian Snake

AGS
~“ Polarimeter

Vertical
4+~ RF Dipole

<« 200 MeV
Polarimeter

— OPPIS:
500 pA, 300 ps, 7.5 Hz
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Spin Physics at RHIC

do_pp—)rr)(
P 2 /
fi. o f
dé =X
X .

dP

dxydxydzfl (xy, u?) f7 (x2, u?)

(X1 p1, %2 P2, Pr /2, WDF (2, 1)

Eluer BalErizsiian Anti-Quark Polarization T_ran|S\//§rs% I
B — single/double
AG Ay A% Ad Ad Spin effects
T u uw  d
Transversity:
70+ Production Sivers vs. Collins effects
Arr(99, 99 — n0E 4 X) W physics & physics of higher twists;

Heavy Flavors
Arr(gg — cc,bb + X)

Prompt Photon
Arrlaa — ~ + X)

= =

Versus

=

AL(’LL -+ E o W-"'+ — T -+ 1/1)
Ap(u+d—-W~ = 1" +1)
Longitudinal single spin physics

500 GeV CM

= >

Versus

3

Pion interf. Fragmentation

Transverse single spin physics
Phenix-Local Polarimetry
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Spin Physics at RHIC

do b7 X - do?P7mX - do?P=mX N doPP=mX
dP dP dP dP

dAgPP=7X ]
dP 4

> | duidxadz Aff (. 1) AfS (12 1)

i fo. f
dAG 1= X
x (X1, P12 X2, P2, px/2. W) Df(z, ), 3.
dP
where
dagh eI 1 ldsl PN agl PN agh Y | 4ol X
P 4| ap P P P

4.

From Annu. Rev. Nucl. Part. Sci. 2000. 50:525-75
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Spin Physics at RHIC

dAcPP=X 1 [dali7™ dolPTTX et N do?’”""
dP 4| dP dP dP dP
= Z dxidxydz AfF(xi, 1*) AfF (x2, n?)
fufo f
dAG 1 =X 5
X (X1, p1, %2, P2, Px /2, n) D} (z, no), 3.
dP
where
daghi=IX 1 ldel 7T aelET I ag I ag Y
dP T4 dP dP dP P |
4.
Double-helicity asymmetry AL
A PN X'
T dAJpp_)nX/dP _ Zfl,fz,f Afl X Afz X [dO'flfz_)fX a{ifz%f ] X Df
LL™ dorr=7X /dP Db 1 X fax [de NP IX x Dy

From Annu. Rev. Nucl. Part. Sci. 2000. 50:525-75
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Gluon spin measured in hard scattering

AL of direct photon from QCD compton scattering

=
N | [zq ey [Ag(x2) + AZ(x)]
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Gluon spin measured in hard scattering

0.04
0.02

jet
ALL 0

0.04
0.02

jet
ALL 0

=== NEW FIT
with Ax*=1 and 90% C.L. bands

STAR 2009 run (preliminary)

4 <05
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S
= /%7 NEW FIT
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— S L :
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Flavor tagging

Can we isolate left-handed u
0\ quark process?

?

29



Flavor tagging

 V-A coupling of W boson selects LH quark and RH anti-quark

- Allows the probe of sea quarks as well



Flavor tagging

S der =1 W LN | = -
Protqnfl\lellc:lty . Proton helicity oo s pock wits]
il il f— > GPR fit :
—\A k , g‘ — Background
\u;(x 1) //v u(x) Y ‘fg-"1 02
W W =
VWL My ©
4 / 10
Ve &* di) NI
() g |
g m 0 :
1\ \J > o J*
AW _ 1 N_(W) — NL(W) é" 0205040 50 60"

ps [GeVic]

L= P T N_(W) + N.(W)
« W s rare, thus demanding high energy and high luminosity
« RHIC4/s = 510 for pp

[lyearL dt = 0(100) pb~!

« PHENIX and STAR experiments can measure high energy electrons at
mid-rapidity and muons at forward 31



Results from RHIC

PRD 99, 051102 (2019)

A .
Lt p+p—=W+X—=e"+X
- Vs=510GeV 25 < ES <50 GeV 0.08— Sea Asymmetry
0.5 - X(AU - Ad)
i SRR 0.06
i 0.04
0 - | Rel lumi 0.02¢ S
B 0_ RN
. B
B \W _0_02:_ 02 =10 (GeV/C)2
-0.5— & STAR 2011-2013 ' | R NNPDFpol1.1
. BS15CHENLO _0.04— #=2% NNPDFpoll.1rw
I DSSV14 CHE NLO il
SECINE DSSV14 RHICBOS - — S
F e NNPDFpol1.1 CHE NLO 107 107 1
i $4%%%4% NNPDFpol1.1rw CHE NLO X
’ 3.3% beam pol scale uncertainty not shown
- I_ 1 1 1 | 1 1 1 1 I 1 1 1 1 | 1 1 1 1
—1 0 1
776
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“THE WAY OF THE FUTURE"




Brief history of EIC

« 2002: eRHIC community formed and submitted a white paper to NSAC Long
Range Plan(NRP) review

- 2021: Yellow Report defines Science Requirements and Detector Concepts

arXiv:2103.05419 g

-~

|:||E X

"6‘ , EIC YELLOW REPORT € o

Volume |: Executive Summar

""—.'..'

Légion étrangére effrayant, Vol 1. OIS
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Science mission

World’s first collider for polarized e+p
and e+A collider

High luminosity ~ 1034 cm-2s-1

- E_, :Upto~140 GeV
Highly polarized electron (~70%) and
proton (~70%) beams

 To be constructed at BNL in ~2030

Answer to Ultimate QCD questions

- How mass and spin of nucleons
emerge from partons?
How are partons distributed in
momentum and position space?

- How do quarks and gluons interact
with nuclear medium?

 Where does confinement come from?




Unprecedented precision for proton spin structure
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Gluon spin and 3-d tomography

0.15

0.30

—— DSSV 14
BN EICDIS /s = 45GeV
B - EICDIS /s = 45 — 140 GeV

0.25

0.10
0.20

0.05 0.15

0.10

0.00

Q% =10GeV? 0.05

0.00

—0.05 —— DSSV 14
BN (EICDIS /s = 45GeV —0.05

Hl +EICDIS /s =45 — 140 GeV

107° 1074 1073 1072 107! 10° 107° 10~* 103 1072 1071 100
X X

Q*=10GeV?

—0.10 —0.10

Figure 7.12: Impact of the projected EIC A;; pseudoda on the gluon helicity (left panel)
and quark singlet helicity (right panel) distributions as a function of x for Q> = 10GeV>.
In addition to the DSSV14 estimate (light-blue), the uncertainty bands resulting from the fit
including the /s = 45 GeV DIS pseudodata (blue) and, subsequently, the reweighting with
v/s = 140 GeV pseudodata (dark blue), are also shown.

EIC Yellow Report arXiv:2103.05419
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Construction Timeline

FYI9  FY20 FY2l  FY22 FY23 FY24  FY25 FY26 FY27  FY28 | FY29 FY30 FY3l @ FY32 | FY33

* * * CD-4a CD-4
Approve start Approve proj.

3 X
Critical
Decisions CD'O(A) CD-l CD-2 CD-3 of operations completion
Dec 2019 June 2021 Jan 2023 Mar 2024 Jul 2031 Jul 2033
| |
[ [
Accelerator | p
esearch & Development ‘—‘ Early CD-4a Early CD-4
Research & Systems ) P : Completion Completion
[ Jul2030  Jul 2031

Development ‘ |
Detector | Research & Development

Concep.
Des.P
Infrastructure
I -
Accelerator |
Systems
| |
Detector | |
Infrastructure ’4 Conventional Construction l v/777)
[ | | | [ [ |
Constructi 1 ’
onstruc ‘Ion Accelerator Procurement, Fabrication, Installation & Test Full RF Power Buildout
& Installation Systems %7777777]
| ] | | | |
Detector Procurement, Fabrication, Installation & Test L 77777
| [ I I
] |
Accelerator . //// /) Full RF Power Buildout
Commissioning Systems Commiss. & Pre-'Ops I
& Pre-Ops Commiss. [,
Dletector ,J—‘ & Pre-Ops %
[ | [
Data Level 0 Critical [} / Schedule
Key (A) Actual - e GELCS Date Milestones Path / A Contingency
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Participation in ECCE consortium

A CCE

Design/Engineering Activities and Integration

Electron Endcap EMCal Barrel EMCal Support
* Initial concept (Josh Crafts, CUA) * Various options EMCal (Josh Crafts, CUA)
* Frame and cooling system (1JCLab-Orsay) * Impact on support structure and frame (MIT)

Evaluate available
space and detector
placement and
supports

/o’ ’, Forward ) WOrk st? rted on
' integration of

Qeteﬂrf b .
& and barrel MPGD between Si
Nminelave and DIRC (e.g.

tlmln layer .
(ORNL) https://userweb.jla

b.org/~jfast/EIC/Hy

Si BareJand disks medhahical § brid ECCE/Hybrid
S PANL and LBNLi colfabbration with JLaby/ JERUEHCIE e A1l

"

DIRC
* Re-use concept (CUA, GSI)
* Support structure (GSI)

EIC Project :
* Support for barrel EMCal and a universal frame that holds the

DIRC and detectors "within" (backward EMCAI, mRICH, etc.)
* support of forward Hadron Calorimeter, and how to split it foP
maintenance mode, looking at similar for the backward HCal side.
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ad I‘X]_V > hep-ph > arXiv:2202.11631 e e

High Energy Physics - Phenomenology

[Submitted on 23 Feb 2022]

Production of P.(4312) state in electron-proton collisions

n Woo Park, Su Houng Lee, Sungtae Cho, Yongsun Kim

We study the cross sections for the electro-production of P.(4312) particle, a recently discovered pentaquark state,
in electron-proton collisions assuming possible quantum numbers to be J¥ = %i, %i.
future Electron lon Collider at Brookhaven National Laboratory, in order to asses the possibility of the measurement
in this facility. One can discriminate the spin of P.(4312) by comparing the pseudorapidity distribution in two
different polarization configurations for proton and electron beams. Furthermore, the parity of P.(4312) can be
discerned by analyzing the decay angle in the P, — p + J/y channel. As the multiplicity of P, production in our

calculation is large, the EIC can be considered as a future facility for precision measurement of heavy pentaquarks.

\/E is set to the energy of the

Comments: 7 pages, 6 figures
Subjects: High Energy Physics - Phenomenology (hep-ph); Nuclear Experiment (nucl-ex); Nuclear Theory (nucl-th)
Cite as: arXiv:2202.11631 [hep-ph]

(or arXiv:2202.11631v1 [hep-ph] for this version)

https://doi.org/10.48550/arXiv.2202.11631 o

Submission history

From: Yongsun Kim [view email]
[vl] Wed, 23 Feb 2022 17:07:42 UTC (557 KB)
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Heavy penta-quark discovered by LHCb

Pc (4380), P¢ (4450) observed in 2015 arxiv:1507.03414

(a) C

> 2200 e o
= 2000 * —e— total fit
la :l (] )
* 1800 ¢+ @ LHCDb - ga&'fgg;lnd . )
a8 y —=— P,(4380)
© 1600 @ - A(1405)
Q B - A(1520)
e S A(1600)
1200 P A(1670)
-~ A(1690)
1000g- 3%~ A(1800)
' !¢‘ ---3-- A(1810)
e ~see- A(1820)
600 ; %, —-v--- A(1830)
i -~de-- A(1890) (e) (d)
400 -~ A(2100)
A(2110)
200
92 16 1.8 2 2.2 2.4 2.6
my, [GeV]
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Update by 2018 data

0

D st D*°

1200~
[ — data :
- — total fit
. — background

—
o
o
o

Weighted candidates/(2 MeV)

LHCb

P ,(4440)" PC(4457)*

4200 4250 00 350 445 500 4550 4600
m .o [MeV]

State M [MeV | I' [MeV ] (95% CL) R (%]
P.(4312)* | 4311.9+0.7758 | 98+27+37  (<27) |0.30+0.07+0%
P.(4440)* | 4440.3 +1.3741 | 206 £4.97 37  (<49) | 1.11+0.330%
P.(4457)" | 44573+ 06741 | 6.4+2.07 %7  (<20) |0.53+0.167013
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Production of Pc in some other place?

Nucleon
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Production of Pc in heavy ion collision?

—p Decay of Pc
—p Production of P

J/y

b —

proton

Creation of pentaquark by coalescnece?
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Production of Pc in EIC?

Photon
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Production of Pc in EIC?

Electron (k')

Electron (k)
| y(g=k-K")

J/y

/

pl‘OtOI’l Vector meson
(', w(28), ...)
p, Pb p, Pb
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Production of Pc in EIC?

Electron ( k) Electron (k")

Vector meson dominance model
Z.Phys. A356 (1996) 193-206, Klingl et al.
PC Currents and Mesons (1969), Sakurai

—0 wt 0
proton z.D L
1200-—
[ —data LHCb
Carn p b1+ %‘1000- — total fit
9JpPe MVF J5 == = [ — background
™M/ Upo VP, 2 7 A "
i’ﬁi/ﬁ ¢p7 ot F JV¢PC JP = % ’ é 800~
Eint = < ngPCw wy JP — §+ % 5
B s FL O, ;- .
gJipPc v JP _ 3~ o i i bl
_= = (0] Ya'h Al
L M/ wpfy /JJ/ch 2 =, 400 W | M
2
200:-
JFP 1+ 1= 3 3~
2 2 2 2 m — W N\
GinP. 0.379 0.169 1.47 0.599 4200 4250 #850 4400 4450 4500 4550 4600
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EIC capacity

10 b per month!

e p 3He2+ 197Au79+
Energy, GeV 15.9 250 167 100
CM energy, GeV : 81.7 63.2
Bunch frequency, MHz 9.4 9.4 9.4 9.4
Bunch intensity (nucleons), 10" 0.33 0.3 0.6 0.6
Bunch charge, nC 5.3 4.8 6.4 3.9
Beam current, mA 50 42 55 33
Hadron rms norm. emittance, um 0.27 0.20 0.20
Electron rms norm. emittance, um 31.6 34.7 57.9
Beta*, cm (both planes) 5 5 5 5
Hadron beam-beam parameter 0.015 0.014 0.008
Electron beam disruption 2.8 5.2 1.9
Space charge parameter 0.006 0.016 0.016
rms bunch length, cm 0.4 5 5 5
Polarization. % B( ' 70 none
2.8 7
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Unpolarized beam

Electron energy = 16 GeV
Proton energy = 250 GeV

— (1/2)*
mannn (1/2)°
— (3/2)*
mannn (3/2)°

<& =3 =2 =

TABLE II. Expected number of P.(4312) produced at the EIC with 10 fb~".

JE of P.

1+

1

3T

3—

Yield

2
5.09 x 10°

2
1.01 x 10°

2
4.51 x 103

2
7.46 x 107

Millions of P. produced in a year.
EIC being a penta quark factory?!
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Polarized beam

----= (3/2)* RR
—— (3/2)*RL
----= (3/2) RR

s (3/2)"RL
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Polarized e+p beam

Beam Spin Asymmetry

_ do/dn |[RL] — do/dn (RR)

BSA ~ do/dn [RL] + do/dn [RR]

0.8} ..‘0 — (1]2)*

0.6 F e GREY
< — (3/2)*

0.4‘ :: ... (3/2)-

0.2} ..’

s’ . — n
-4 -3 -2 -1 1 2 3 4

The spin can be unambiguously determined

by measuring BSA

51



How about parity?

IM]? of JIp—e+e*

0.0012
0.0010
0.0008 ) : Iy T
0.0006 N s gL
0.0004 i L

0.0002

-
R

05 10 15 20 25 3.0
(a)

J/y has spin-1 and its polarity can be measured from the decay kinematics
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How about parity?

IM]? of JIp—e+e*

0.0012
0.0010
0.0008
0.0006
0.0004 % *
0.0002 o ‘.

-
P R

05 10 15 20 25 3.0
(a)

proton

—_— (32T
=eeum (312)*L
— (32) T
masem (32)°L

Parity can be experimenally

05 10 15 20 25 30
(c)

determined by measuring the angle

between the proton and P, |
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Summary

«  Proton spin, WE KNOW NOTHING

« EIC will be the synomym for spin research

- Great opportunity for breakthrough in QCD

« Lots of phenomenology studies are available at EIC
« Local Collaboration is very imporant
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Separation of initial state and final state effect...

before collision

participants

after collision

Initial state effects
« nPDF
« |sospin effect

Final state effects

Comover effect
Nuclear absorption
Elastic collision inside nucleus

pP+PDb collision

Debye screening
Recombination

Pb+Pb collision
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Spin Physics at RHIC

‘ W = Measurements in PHENIX

TN
PH:-<ENIX Detector

PC3

=PC3 Central
,  Magnet

p+po>W—>e +v

Central arm spectrometers:

* 2 arms: |n|<0.35, each A¢ = n/2

* Electromagnetic Calorimeter (EMCal: PbSc,
PbGl) with fine segmentation ApxAn~0.01x0.01:
triggering

* Drift Chamber (DC) and Pad Chamber (PC):
tracking charged tracks and charge separation

* VTX detector (commissioned in 2011)

|
>

w gL

U9t

West Beam View East

RPC3 i i
RP(.;H__J_J & : ﬂ p.'.p%W %ﬂ +V

\ %,
% Central Magnet e

Forward (Muon) arm spectrometers:
* 1.2 <n <24 (North)
-2.2 <n <-1.2 (South), Ap = 2n
0 Nt * Muon Tracker (MuTr): tracking, triggering

ZDC South

il 7 IQ‘”‘/F M * Muon Identifier (MulD): particle ID,
= .Mu'l'J; RPCI ~ triggering
V. ~ * Resistive Plate Chamber (RPC): particle ID,
1 gl triggering
iy South Side View North

185m= 60 ft : 57
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Spin Physics at RHIC

Year \s (GeV) JLdt (pb™1) Pol. (%) LP2 (pb-)
2009 500 8.6 39 1.3
2011 500 16 48 3.7
2012 510 30 55 9.1

Wed Apr 18 11:55:14 2012 (Note: recorded luminosity

- within |z-vertex|<30 cm)

PHENIX Integr. Sampled Lumi vs Day

[

35

L1

- | BEEEE 30 cm vertex - 30.03 pb"
B 15 cm vertex - 14.81 pb™

-

N RS

30

1 | 7
1 wide vertex - 49.56 pb" i_\ )

In Run 2012 510 GeV
longitudinally polarized
p+p collisions, PHENIX
recorded larger data
sample with improved
polarization in comparison

to Run 2011 and Run 2009

25

Integrated Luminosity (pb™" )

il

20

15

10

5

llll!lllllllllllllllll

111 ll lJll 11

(9311 T 03/24 0331 04/07 04/14
Navs Sinca AMAM2
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hep-ex > arXiv:2202.08158

— We present the measurement of the cross section and double-helicity asy:
photon production in p'+ p collisions at /s = 510 GeV. The measurement
— PH EN IX D t midrapidity (|| < 0.25) with the PHENIX detector at the Relativistic Hea

ala photons are dominantly produced by the quark-gluon scattering at relati

— O O 2_ ................................................................................................. g photons are produced from the initial partonic hard scattering and do not
L] force. Therefore, this measurement provides a clean and direct access to the

- DSSV1 4 With DSSVMC uncertalnty proton in the gluon-momentum-fraction range 0.02 < z < 0.08.

FIG. 2. Double-helicity asymmetry Ar; vs pr for isolated
direct-photon production in polarized p+p collisions at /s =

510 GeV at midrapidity. Vertical error bars (boxes) repre-
T Y S — 510 Ge st midrapidity. Vertical eror bars (bores) repre-
y 3.9x10~* shift uncertainty from relative luminosity and 6.6%
scale uncertainty from polarization. The NLO pQCD calcu-

lation is plotted as the solid curve with 1o uncertainty band
5 1 O 1 5 20 via MC replicas [11, 38, 39].
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Spin Physics at RHIC

Run 2012 Measured W™ and W~ Spectra (Mid-rapidity)

* 30-50 GeV/c — Signal Region * 10-20 GeV/c — Background Dominated
N ) * Background estimation:
W* and W signal: Fit region 10 to 69 GeV/c with a power law
. Fit region 20 to 50 GeV/c with a power law + Jacobian peak (simulation
Jacobian peaks 8 P peak ( )
< 10%F < 10°F
3 - ) =
S : —i8 Positive Charge pT spectrum for p+p s=510 GeV Run 2012 ({ye[<0435) S — Negative Charge pT spectrum for p+p 1s=510 GeV Run 2012 (|ye|<0.35)
8 L 4'7 EMCal cluster associated with track 8 : % —‘— EMCal cluster associated with track
~— L Jacobian peak (PYTHIA+GEANT) with background fit ~—" | Jacobian peak (PYTHIA+GEANT) with background fit
Q_)g_'_ . :’ Background uncertainty estimation a:gl_ | [: Background uncertainty estimation
< 10°c < 10°c
= C zZ C
© C © C
i PH “ENIX B PH “ENIX
i preliminary i preliminary
10 10
1= 1=
Lol boiabov o b L0 I N N N N Ll
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
p> (GeVic) pS (GeVic)
* After all cuts, we have 25% background in * After all cuts, we have 42% background in
the signal region for W* the signal region for W-
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Coupling of J/psi + photon -> Pc

_|_
-

1-
JP =
2

3+
Jr =2
2

3-
p_ °
J 2

(
M7
IMIZ
\
(
M7
M
\

4
M7

IMIE

(
M7

(ML

3293 m> R L -
= S 2a-p)a-p) + =T D)) =y (BpBy +myme,) )
(A6)
16g> 2m . L=
= %ﬁfc _mj/w(p p +mme)+2m3/¢E E qé/w( P)(q p'))
3242 m>2 o
= S 2a-p)a-p) + =T )@ ) =3 (BpBy —myme,) ).
(A7)
164> 2m>2 -
= S (-~ e+ 20 BBy~ YT DT ),
_89JpP62 9 _9 302 2 (N2
= 33, mJ/ mp (q¢-p)(q-p)+2(p-p)(q ) = 2mpymp m7,, —mp (p-p)m7,
+J“gf(q P')? 4 —tmy (- P) (G- p') =m0 (p-p') —mp EpEﬁm?}/¢)a
897pp, 3 2 2 N N 2w (48)
= 3mZm? —mpmp, m3,, —mp (T P)(T-p') = (p P )T P)* =
=2
+m2j/¢p/ (p-p')+ m%?cEﬁEﬁmg/w)a
89Jch2 N9 a2 -2 3,2 .
= Bzt q-p")+2p-p)g- P+ 2mympmy,, —mp, (p-p)my,,
e "/“’pp (@ p)?+ ‘”‘” my, (§-P)(q-p') —m7,, 0 (b D) —mp EpE,;/m?,/w),
(A9)
8g . 5 5 - m? o = m>
3mPJ”PJ/¢ (mpmp m3 .y —mp, (@ PP )= — (p-p)(q P)* =

+mJ/¢p (p-p ) +mPCEﬁEI;,m3/w>.
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Proton spin mystery Probe for exotic partices
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