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Hierarchy in Nature
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e Quark-gluon physics
e State and structure of matter
* Interaction and symmetry (breaking)

L—e Gap between “quark-gluon” and “hadron”
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Nucleon structure

e Constituent-quark model

e Quarks with the effective mass (caused
by the gluon)

e Explains the magnetic moment of the : ’
nucleons

e But, the quark spin cannot explain the
nucleon spin (“spin puzzle”)
e Quark-gluon model
e Current quarks and gluon interaction
* |nitial state of high-energy hadron
colliders

e Understanding the differences (or
gap) of these models
e Chiral symmetry (breaking)
e Confinement




Nucleon structure

* Nucleon: the simplest multi-body system for studying

dynamics of confined quarks and gluons

e Simple parton picture

e 1-dimensional picture: in “longitudinal” direction
 The nucleon consists of incoherent quarks and gluons
e Described by the parton distribution functions (PDF)
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quark
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RHIC-Spin physics

 Origin of the nucleon spin in quark-gluon
picture
e Quark spin
e Gluon spin
e Orbital angular momenta of quarks and gluons

e Quark-spin contribution is only 20%-30% of
the nucleon spin

e Longitudinal-spin asymmetry measurement
e Gluon polarization
e Anti-quark polarization with W boson

¢ Transverse—spin asymmetry measurement

e Understanding of orbital motion inside the nucleon
and orbital angular momenta of quarks and gluons
from large transverse single-spin asymmetry in the
forward kinematic region
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RHIC (Relativistic Heavy-lon Collider)
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RHIC polarized proton collider
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PHENIX
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e Global detectors

e beam-beam counter (BBC), zero-
degree calorimeter (ZDC)
* Minimume-bias trigger
* Luminosity measurement
* Local polarimeter
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high resolution at the cost of
acceptance
high rate capable DAQ

excellent trigger capability for
rare events

’ e Central Arms

In| <0.35, Ap = /2 X 2

Momentum and energy
measurement, particle-ID

Detecting electron, photon,
hadron

Small amount of material to
reduce conversion background

e Muon Arms

1.2<|nl <24

Momentum measurement and
muon-ID

Hadron absorber (muon piston)
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G/uon polarization

IOP Physics World - the member magazine of the Institute of Physics

* Positive gluon polarization has physicsworld.com
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spin polarization is not zero, suggesting that gluons may have a significant role in the spin of the proton.
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Gluon polarization: rt ° asymmetry measurement

0.5

04§ Ay?=1 Ay?=9 or
: = AXZ/X2=2%
03—
o.zf— ‘
0:_ ...........................................................................
-0.15—
-0_25—
P S 1 | L | 1
'% ) o ™M 3
3o 9o 5w
N N n N O o
S3 283 &5 v
N2 ]2 o O
RS
PRD76 (20 7)’051106 PRL1D3 014) 012007

' Y. Fukao
 (Kyoto/RIKEN)

October 19, 2015 10



Anti-quark polarization with W boson
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Anti-quark polarization with W boson

e RHIC W-boson run performed until 2013

STAR 2012 Results
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PHENIX
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3D structure of the nucleon

e Conclusive understanding of the nucleon spin

e orbital motion inside the nucleon and orbital angular momenta of
qguarks and gluons

e TMD (Transverse-Momentum Dependent) distribution function
e Correlation between transverse-momentum distribution, spin and

orbital motion ll\
u quark d quark
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e GPD (Generalized Parton Distribution)
e Spatial distribution or tomography
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Transverse-spin asymmetry measurement

* Transverse single spin asymmetry (SSA) Left Right

AN _ dGLeft dUnght Z' >~

dGLeft + dGRight """"""""""

e Expected to be small in hard scattering at
high energies

mgQs
pPT

~ 0.001 Kane, Pumplin, Repko

Ay & PRL 41 1689 (1978)

* FNAL-E704 R Y

* Unexpected large asymmetry found in the X ++ | +

-] .p.p.r)g.nx... RUESRN

forward-rapidity region S +

e Development of many models based on




MPC

e Muon Piston Calorimeter
. . . TR T,
e EM calorimeter installed in the ||||||||| Stz e 7 || ||

small cylindrical hole in muon
magnet piston
 PbWO, crystals
¢ 2.2x2.2x18 cm?
e 22.5cm radius
e 43.1 cm depth
e 3.1<|n|<3.9

W60l

ZDC South ZDC T\oﬂl'
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South Side View North NI
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MPC-EX

* Pre-shower detector in front of MPC

 Silicon mini-pad detectors with tungsten plates

e 2015 run

3.1<n<3.8

absorber/sensor/readout
(8 layers)

October 19, 2015
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RHIC schedule

e PHENIX will end data taking after 2016 run
e Polarized proton runs have already ended in 2015

e “sPHENIX" in 2021-22

e Starting as a new collaboration
e There will be polarized proton runs

Years | Beam Species and | Science Goals | New Systems |
Heavy flavor flow, energy loss, Electron lenses
AT thermalization, etc. 56 MHz SRF
2014 Au+Au at 200 GeV - :
JHe+Au at 200 GeV Quarkorl_lum stqdles STAR HFT
QCD critical point search STAR MTD

Extract n/s(T) + constrain initial
quantum fluctuations
Complete heavy flavor studies
Sphaleron tests

Parton saturation tests

PHENIX MPC-EX

STAR FMS preshower
Roman Pots

Coherent e-cooling test

pt+pt at 200 GeV
i p*t+Au, pt+Al at 200 GeV
2015-16 High statistics Au+Au
Au+Au at 62 GeV ?

P Transverse spin physics
— pi+p? at 510 GeV Sign change in Sivers function

Low energy e-cooling install.
2018 No Run STAR iTPC upgrade

201920  Au+Au at 5-20 GeV (BES-2) ggggitlzc;irncgggn(;nncal point and onset Low energy e-cooling

Jet, di-jet, y-jet probes of parton

Au+Au at 200 GeV transport and energy loss mechanism = sPHENIX

pt+pt, pt+Auat 200 GeV Color screening for different quarkonia ' Forward upgrades ?
Forward spin & initial state physics

2021-22

220237 No Runs Transition to eRHIC
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SPHENIX”

* A new large-acceptance jet
and Upsilon detector
around the BaBar megnet

* Probe QGP with precision
measurements of jet
guenching and Upsilon
suppression

e Spin physics and initial
conditions at forward
rapidities with p+p and
p+A collisions
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Forward "sPHENIX”

SPHENIX baseline (barrel only), SPHENIX + f
G

er

,.,_-_....a-.-.--.:?;;?; -

* Transverse spin physics
e Transverse spin “puzzle”
e Large single spin asymmetry (SSA) in the forward region
e Understanding of the orbital motion

e p+A and pT+A physics
e Cold Nuclear Matter (CNM) effects
e Polarization for probe to the gluon saturation

October 19, 2015 19



Summary

e Origin of the nucleon spin in quark-gluon picture

e Longitudinal-spin asymmetry measurements
e Positive gluon polarization has been finally obtained
e Anti-quark polarization with W boson

e Transverse-spin asymmetry measurements
e Orbital motion inside the nucleon
e 3D structure of the nucleon

 PHENIX polarized proton runs have already ended
in 2015

e “sPHENIX“ in 2021-22

e Transverse-spin physics with forward “sPHENIX”
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PHENIX and STAR
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Origin of the nucleon spin 1/2

e Expected to be explained by the quark spin (from
the constituent quark model)

* Experiments
e CERN-EMC experiment (polarized DIS experiment)
e Quark-spin contribution
AY = Au+Ad + As =12 £ 9(stat) £14(syst)%
e Combining with neutron and hyperon decay data
e Total quark spin constitutes a small fraction of the nucleon spin
* Integrationin x =0~ 1 makes uncertainty

e SLAC/CERN/DESY/JLAB experiments

 More data to cover wider x region with more precision

* Based on the quark-gluon model

l — lAZ + Ag + [, Orbital angular momentum

2 2 Gluon spin contribution

Quark spin contribution
October 19, 2015 23



Helicity structure of the nucleon
e Longitudinally polarized experiment - }:’c }L

* Polarized in beam or collision direction

LL

~do,, —do,_
do,., +do,_

Versus

= €=

* f,(x)or q(x): parton distribution function (PDF)

e “universa

|” property of the nucleon — same in all reactions
p+p Collision

Deep Inelastic Scattering (DIS)

unpolarized
structure function

polarized

structure function
October 19, 2015

F(0) = x ) e2fu(x)

a

{

(1) = ) eAf ()

a

Af,(x) or Aq(x): polarized PDF
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TMD and higher-twist

e Theoretical description of SSA
e TMD at low p;and high Q°
e Higher twist at high p-
 Common description at medium p;

e SSA description with initial state effect
il
T, r( fdzkl 7 (kD) |sipis

SSA
A Agep €< Prry, @ Twist-3

Twist-7 =

Aeyvery \ 72
Suppressed by (M)

Prp < 6 Q@

Sivers

Aqep < Prr € Q



High-p- measurements

e Measured SSA

* No significant drop at high p;
* Not only initial state but also final state effect necessary

e Higher twist calculation of initial state and final state

e Good fit with a new twist-3 fragmentatlon funct|on

Kanazawa, Koike, Metz, Pitonyac:
PRD89, 111501 (2014)

0.1

0.05F

0.05f

0
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fransverse-polarization runs

e e

e Muon arm 2001- [, e o
e MPC 2006- )

e EM calorimeter s : g
 FVTX 2012-

e Silicon detector |||||| -
e MPC-EX 2015-

e Preshower detector ” zliem“e:;ﬂ
Luminosity

2001-2 200 GeV 0.15 pbL 15% 0.0034 pb'l
2005 200 GeV 0.16 pbt 47% 0.035 pb'!
2006 200 GeV 2.7 pbt 57% 0.88 pb?
2006 62.4 GeV 0.02 pbl 53% 0.0056 pb'
2008 200 GeV 5.2 pbl 45% 1.1pb?
2012 200 GeV 9.2 pbt 59% 3.3 pbt
2015 200 GeV 110 pbt 57% 35 pbt
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Heavy-flavor measurements

e Gluon contribution

e Quark sector good knowledge

e Twist-3 quark-gluon correlation functions
e Gluon sector largely unknown

e Twist-3 tri-gluon correlation functions

e Heavy-flavor from gluon-gluon process
e No final state effect

e Single muon SSA
e 2012 run preliminary result

Forward Backward
Graph
= 0151 : = 2048 202
< ; p+p — W+X at Vs = 200 GeV < p+p — X at |s = 200GeV < p+p — w+X at |s = 200GeV
- 1.4<n|<1.9 g - ~
- PH ENIX - 2 PH ENIX
0.1 1.0<p <5.0 GeV/c PH EN|X 14<n<19 preliminary 19<n<-14 preliminary
B T preliminary
—— 2012 data
0.05 Syst. Uncertainty -t } F
0 I l l I ol l } | o \ ‘
P -0.05 -0.08] I )
<p;>=24,1.4,1.4,24 GeVic “T <2012 data '+ 2012 data
04 Scale uncertainty: 3.3% (not shown) Syst. Uncertainty Syst. Uncertalnty
015} Scale uncertainty: 3.3% (not shown) .0.15}- Scale uncertainty: 3.3% (not shown)
-0.1 | I | i T .| ] 1 | | | | | i | A | i | | | ‘ |
'508 006 004 -002 0 002 004 006 008 LGOS L UL LU L G ALCLLLLL LU G L L
F 1 1.5 2 25 3 35 4 45 ! 1.5 2 25 3 35 4 4.5
P, P,
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Single muon SSA

 Much improved results

expected from 2015 run with 4

VTX and FVTX

GTMD model

20.3
- Charm A, with FVTX

0‘25;_ P+p—u+X /s=200GeV
0_25_ 21 pb” 1zl < 10cm, P = 60 %
- PHENIX (Runé)
0'15:_ 14<hl<19 .
0.1 f_ 1<p <5Gevic .~
0.055
0.05F
-0.1 Anselmino et. al.
- PRD70(2004)074025
015 p.=1.5 GeV/ic

T

- IAHI, Maximum gluon
S IANI, Maximum quark

IIII|IIII|liII|\[l]llllllllllll[llli\[l

094 03 02 01 0 01
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Forward J/y SSA

e 2012 run preliminary result
e Asymmetry consistent with zero
e More from 2015 run

z op wpoTEEEE @
< T AJ/y) in p+p V5=200 GeV N .
0.08— =
I~ o run 2012 3
0.06 - © PRD 86, 099904(E), 2012 'gw"
- TN 3
- =
. Z
0.04 PH ENIX S
- . preliminary o ;
0.02~ L5 I T I BT ‘ 7
= M. (GeVie)
0 —
(b)
0.021— + :ﬁ‘ W AN
= F
0.04 %
04 }— ' 4
- <|x |>= 0.088 ] } 37 L
- <p.>=1.64GeVic = E ‘?}*ﬁ'*' |
0.06 — T 5 T<|\
N vertical scale uncertainty 3.4% 5 r (
) . . I . | ; B
0.08%3 -0.1 0 0.1 0.2 It | ! . . ‘
1.5 2 25 3 15 4 4
XF My gy (GEVIE)
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pT +A

e Unique capability of RHIC

 Polarization for probe to the gluon saturation (CGC)
e Measurement of Q,

e Projection for 2015 run

p+p

ANY/A

October 19, 2015

0.8

06

0.4

0.2
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_0‘4_I | |

j i
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= /
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-
/ ’,/
= ’,
- .
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Z.-B.Kan and F.Yuan
PRD84, 034019 (2011)
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Forward neutron asymmetry

PHENIX Collision Point ~1800cm *+2.8mrad
I @ - # @ [ | 10cm

SOUTH ZDC D, magnet NORTH ZDC
PRD 88, 032006 (2013
* ZDC + SMD {Z D-1_: 8.0% systematic scale uncertgintg.rnot sthn_
(] ZDC (ZerO_Degree Calonmeter) {]_{]5:— °2 .ﬁptlg:ga?{;?lﬁslgge'ﬁﬁl{ge}nainties not shown
e Hadron sampling calorimeter 1]
. D_ 1 1
e SMD (Shower Maximum Detector) : %EH
* Position measurement ha :Hﬂi
. . . Ot v
* Xr distribution 0806040200204 0608
g
* Significant negative Ay in the forward (& v forieading neuron| —
region Tl e A |
* No x. dependence within the nos| =
uncertainties OEH_I;rHe?\ﬁE:::(
* No significant backward asymmetr s g .
g Y Y oib {%T\" A _’O‘_ef.?":
« \s dependence or p; dependence asef- % .
-0_2E—I .E.St.imuat.ed. pT ‘fa.ria.ﬁ‘.’".(z.RuM.S).i".e?c'.' bln L
0 0.1 0.2 0.3 0.4 0, ((](.?ewq
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Forward neutron production

e Cross section measurement

* Forward peak in the x, distribution
around x.~0.8

e OPE (one-pion exchange) model
gives a reasonable description

* Asymmetry measurement

* Interference between spin-flip and
non-flip with a relative phase

e Kopeliovich, Potashnikova, Schmidt,
Soffer: Phys. Rev. D 84 (2011) 114012

* Pion-a, interference: the data agree
well with independence of energy

e The asymmetry has a sensitivity to
presence of different mechanismes,
e.g. Reggeon exchanges with spin-
non-flip amplitude, even if they are
small amplitudes

a . -~
S
.
(mp,Ep) t N{ mn,En)
0.05 L B B
[ A s=62 GeV ]
of ® s=200 GeV -
¥ B /s=500 GeV ]
-0.05 %%& ]
= L i
< : * 1
04} + W .
015} X Theory y ]
02— 1]

0 0.1 02 03 0.4
d; (GeV)

FIG. 1: (Color online) Single transverse spin asymmetry Ay
in the reaction pp — nX, measured at /s = 62, 200, 500 GeV
[1] (preliminary data). The asterisks show the result of our
caleulation, Eq. (38), which was done point by point, since
each experimental point has a specific value of z (see Table I).



pT +A

e 2015 run preliminary result
e /DC trigger

-0.05

-0.1

-0.15

p'+p — n+X

9

- pT+Al - n+X

Vs= 200 GeV
xF>0.5

0.3<6<2.2 mrad

A

- pT+AU — n+X

Al

[ N
. PHENIX

preliminary

1 l 1 1 1 1 I 1 1 1 1 I 1

l:lllllllllllllll-ll

¢1(rad)
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A-dependence of neutron A,

* |sospin effect?
* Nuclear effect?

* Nucleus size E [
. L0
e Neutron skin 0.2 P *A—>n+X
i [s= e +Au
e Coherent effect L oos Y 1
. _ 0.1 5:_ 0.3<6<2.2 mrad
° Other trlgger Or Offllne 22% scale uncertainty not shown
. 0.1 **
event selection results :
to be obtained 0.05F
* Inputs from theorists O
- ® p+Al _
necessary A =
- PH:‘ENIX
'0'05:_' PP preliminary
i | | | | 1 I | | | | I 1 | | | | 1 1 | | |
017 50 100 150 200

A (atomic mass number)



TMD and higher-twist
Sp

 Two theory frameworks

e “Sivers effect”
e |nitial-state effect

e TMD (Sivers) distribution function \p ?

* Need 2 scales (p; and Q?)

e Drell-Yan, W/Z bosons
e Higher-twist distribution function

* Need 1 scale (py) S

* Hadron, photon, jet production ¢
* “Collins effect” \WN
e Final-state effect .
e Transversity with TMD (Collins) D ?’
fragmentation function

e Transversity with higher-twist Sq Ky
fragmentation function

kT’ p




High-p- measurements
e Forward EM cluster at Vs = 200 GeV
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Direct photon

 Distinguish predicted higher-twist quark-gluon
correlation functions
* No final state effect

_ [ Expected Asymmetries of Prompt Photons |

- 012
< C
U.']_— ____————__________
008 i T = eV =35
F anxiv: 12081962 VS =200GeV, =33 — Totl
006 — TqePP ™ .
e T, SIDIS new == x-¢ 5GP
0.041— T, ¢ SIDIS old === x_0 SGP
- : -.-y_e SFP
0.02
O + - ) ---------------------
0.02
—[].[]4?—
_[]_[]Bf_ {S = 200 GeV, P=60%, Ldt=50 pb™, |z|<40cm
S R R R B
00837 05 0.6 0.7 0.8
X Kanazawa, Koike, Metz and Pitonyak,
Kang, Qiu, Vogelsang and Yuan, PRD 83 094001 (2015)

PRD 83 094001 (2011)
Gamberg and Kang,
arXiv 1208.1962v1 (2012)




SSA at midrapidity

e Hadron pairs e 10 and n

= 0.08 0.1
e ¢ . I (a) p+p—nl+ X
< oet PHENIX Preliminary —®— h'r’ - (@ p+p
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Jet measurements

* Small jet asymmetry measured "
by AnDY _

* Cancellation between u-andd- < °
quarks

e A cut on the charge of the
leading hadron changes the
composition of the jet sample

Jet+ h *" Collins Asymmetry: A JVsZ

e Asymmetry measurement i
|n5|de ijets :_ 10 GeV < Jet E < 100 GeV +
 Transversity (initial state) + i z— L
polarized fragmentation function L ————
(final state) ) Slm;\

.'...|IlII|IIII|.'.J.l|'.|I|IIII|J.J...I.II|IIII|I.I.'.
0 01 02 03 04 05 06 07 08 09 1
z



Drell-Yan measurement

e Establishment of non-universality of TMD
distribution function

e Opposite-sign contribution of TMD distribution function
to SSA in SIDIS process and Drell-Yan process

fir'lstois = =17

17 1SIDIS 17 IDY

 Fundamental property based on gauge invariance of
QCD

e Experimental verification required
SIDIS Drell-Yan

;TS (gh BT
attractive repulsive
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Drell-Yan measurement

e Statistical sensitivities
 With and without Sivers function evolution

e Better S/B (lower heavy-flavor cross section) but
reduced luminosity at s = 200 GeV

e Higher luminosity (higher statistics) but higher
background at Vs =510 GeV

201 z01

Sosl  (s=510Gev Sosr  15=200Gev
0os. 4<M<9GeV oosl  4<N<9GeV
0-04; 0.045—
0-02; 0.02;
-0.025— -o.ozf—
-0.042— -0.042—
-o.oef— -o.oef—
-o.oaf— -o.oaf—
P S NN N NS PSP b ot




Drell-Yan measurement

| COMPASS-IT | fsSPHENIX 200 GeV | fsSPHENIX 510 GeV

October 19, 2015

Lag(cm™ s ") 1.18 10 0.76 x10°* 6.48x10°°
Average L /week 143 pb~1/week | 187 pb~!/week 128 pb~1/week
Accelerator eff. 0.8 (included above) (included above)
Detector up-time 0.85 0.6 0.6
Vertex cut n/a 0.62 0.62
Sampled L /week 97pb~!/week | 6.9 pb~!/week 47.6 pb~1/week
week /year 20 10 15
Sampled L /year 194 pb~!/year 69 pb~1/year 714 pb~!/year
Dimuon trigger eff. 0.81 0.81 0.81
High mass: 4 GeV/c* < M < 9 GeV/c?
Reconstruction eff. 0.8 0.312 0.305
Offline L /year 126 pb~!/year | 17.5pb~!/year 177 pb~1/year
Cross section ¢ 1291 pb 1199 pb 2542 pb
Acceptance () 0.35 0.14 0.19
-0 452 pb 171 pb 478 pb
K factor (assumption) 2 1.38 1.38
Dimuon/year L-0-Q)-K 115000/ year 4150/ year 117000/ year
FoM/year 2230/ year 747 [ year 14600/ year
SAT =1/ oM 0.021 0.037 0.0083
Low mass: 2GeV/c2 < M < 2.5GeV/c?
Reconstruction eff. 0.8 0.285 0.272
Offline L /year 126 pb~!/year 16.0 pb~!/year 157 pb~!/year
Cross section ¢ 6231 pb 2811 pb 4630pb
Acceptance () 0.43 0.22 0.21
-0 2679 pb 610 pb 955 pb
K factor (assumption) 2 1.38 1.38
Dimuon/year L-¢-Q-K | 674000/ year 13500/ year 207000/ year
FoM/year 13200/ year 2430/ year 25900/ year
SAT"? =1/VFoM 0.0087 0.020 0.0062
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Summary

* Transverse-spin properties of the nucleon
e Conclusive understanding of the nucleon spin
e Orbital motion inside the nucleon
e Description with TMD and higher twist effect
e Distinguish between initial state and final state effect
e Forward measurements with MPC and MPC-EX

. pT+A asymmetry measurement
e Unique capability of RHIC
e MPC-EX result to be obtained
* Neutron asymmetry

 SPHENIX forward measurement
e Jet and Drell-Yan asymmetry measurements

e Support from the spin community important and
necessary
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