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Why p+p and p+A to access Cold QCD

Complementarity
QCD has two concepts which lay its foundation
factorization and universality

To tests these concepts and separate interaction dependent phenomena from
intrinsic nuclear properties
different complementary probes are critical
Probes: high precision data from ep, pp, e+e-

Factorization Universality
Example: Measure PDFs at HERA at /5=0.3 TeV:

=
=Ty 10 GeV
10 ——— — Q ¢

10
Q2 (GeV?)

Predict pp andpp measurements at /s=0.2,1.96 &7 TeV

(un)polarized cross section ~

CMS preliminary, 60 nb’ s =7 TeV

PDF ® hard-scattering @ Hadronization 3" )
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: : g rarerieil
nard-scattering : calculable in QCD g LHe 1
)Fs and Hadronization: need to be determined experimentaly
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Hadron-Hadron:

[ probe has complex structure

[ no simple access to parton
kinematics:
n > X p2 > Q% > x-Q?
strongly correlated

[ Gluons can be accessed directly
> q9 & 99

> gluon fragmentation

Different Processes

Ultra-Peripheral Collisions:

Al — Au
-
t -+
P/ oy ¢
An=" m——An

Electron-Hadron:

J Photon induced process
0 no simple access to parton
kinematics:
n 2> x; M?> Q2 can only be
varied by VM
[ access to initial state
[ Point-like probe > resolution
[ High precision & access to
partonic kinematics through
scattered lepton

> Xp, Q?
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RHIC@BNL Today

Polarized protons
600 T : ;
‘ - ‘ 2017P=53%
—— 250/255GeV | ([ peak limited 013 b 839
. . . s = -— by STAR =53%
Heavy ions - comparison of species combinations = 109 GeV Y / /
= 500 7/
2016AUFAU e Ay+Au reference 'i //
- m—— symmetric; species g
2 P S 400 /
= = = asymmetric species = /
% 200 E / )
z £ / /
§ 42012 CutAu g 300 /
- -
E 150 /- 2
= / = 2012P=529 / 0
. 7 -E ,, 2015 p+Au % 200 / P 2015 P=55%
small mud-r‘apu‘rn‘y £ g % & % L202009 P=34%
= s p—
g 2015 p+Al 7 ¢ . 2 2272012 P=59%
-0.35¢n<0.35 s 100 Pt P=54%, 2 m"i: . £ 100 / e 2011 P=48%
= ’ ’ :
LINAC fOI“WGr‘d p—_C(r'm_S "e .,a-. = d+Au '," 018 Zr+Zr +Ru+Ru o % ”a’ ?C 2009 ‘P=56‘T/o/2006 P=_55':.A:
LIN/ LW \ ) B I e b
. ;)\W; | 50 '9‘ 2014.h+Au é/’)ﬂﬂ(f‘-u.r‘u 0 e msppeEmm=SS=y i : .B ot
—
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> . z
{ - //ff =% Time [weeks in physics]
T . 0 - a2 . IR
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Heavy ions - time evolution of Au+Au
1200

What do we collide ?

20 6A1.Hiu/

1000

// 2014 Au+Au
800
600 //
400 [///
- // 01 AwAu

]
i
!
Ay —~
// _— 2007 Au+Au
/ _— 2004 Au+Au
0 """ 2001 Atj+Au |

QT Polarized protons
24-255 GeV

Light ions (d,Si,Cu)
Heavy ions (Au,V)
5-100 GeV/u

Integrated nucleon-pair luminosity Lyy [pb™]
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SEA Quarks and Flavor Symmetries

" MMHT14 NNLO, Q* = 10 GeV?

T T T T T

af(x,Q%)

1 ;
0.8

0.6 |

0.4 :
DSSV PRD 80 (2009) 034030

T e O

x(Au + Au) b xiAd + Ad

0.2 |

1

T

005

0 RRRR, Ax'=1 (Lagr. multiplier) ]| 1
2 2
d_ ; 1L - eV =
o004 |- [ ;_:.;( =1 m:mlmz I @ =10 GeV -0.1
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W-Production

— Ws naturally separate quark flavors

ye ud - W' o> rapidity: sea vs. valence quarks

- . = d— —— w - . . . .
| 4\3_, ﬁ} U Ws are maximally parity violating
g~ e > Ws couple only to one parton
proton proton -
collision zone hel IClI Ty

longitudinal polarized protons:
0" -0 _ Ad(x Ju(x,) - Au(x )d(x,)

A - 0" +0° d(x,)u(x ) +d(x)u(x,)

L

unpolarized protons:

Complementary to SIDIS:
very high Q?-scale 6400 GeV?
extremely clean theoretically
No Fragmentation function

- stringent test on theory approach
for SIDIS
UNIVERSALITY of PDFs

IWHSS, Aveil ane 2019 : " E.C. Aschenauer



W+/- cross section

RNV P e R
N -

N
PH- ENIX

PHYS. REV. D 98, 032007 (2018)

o(pp—W')x BF{W_} F) total cross section g 10° STAR Preliminary Includes 9% luminosity uncertainty
w w - =
RHICBOS I I
& ameen -_‘_T.'-'—'—""'-I' -
PYTHIA :3; - e
——— CHE ° T CT 14 (NLO):(60 GeV <m, < 120 GeV)
e s 10° PP '“i-’*_.-" PHENIX (W->u}
* STARW > e pp> WL A PHENIX (W->g)
PRDB8S (2012) 092010 10
PHENIX W e g
A & A PRL 106 (2011) 062001 5 1 -
1 —
® PHENIXW > p 2 7 FE [iemspr'  G=se0st0Gev
; N &
2013:det: 285 pb” R B
s E e
Gl e
L 1 I1 I L 1 1 L I 1 L 1 L I 1 L 1 1 I 1 L 1 L I 1 1 L L I L 1 ﬁ;ﬁ 1025? PP_)Z.“?"—"'\-"—'-
50 100 150 200 250 300 o ¢ o STAR oy 2011412415, (70 oV < m < 110 GoV)
o ATLAS: GeV<m < GeV
o(pp—W*)x BR(W— F) [pb] = - . B GeV<m t120Gey
1 al 1 I
O Measured at forward and backward 10 00 15(Gev)

rapidity and averaged over arms
[ Good agreement with previous

O 2013 W— p systematic error is dominated measurements and theoretical predictions.
by the large uncertainty on the signal-to-
background ratios.

b e _.t.._jl);%.
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Can be used to

W+*/- cross section ratio

O-W+
constrain sea — >
quark PDFs! w
12_
— ———.—-—- STAR Preliminary (2011+2012+2013).[ L=345pb"
10 - % Systematic Uncertainty
_ | | mcrmcTiO
. e P+p—oW +X—e*+X
8—— CHE-CT10
e RHICBOS-CT10 Vs = 500/510 GeV
e 345 pb?!
4 e ) ::"’ ‘:“1“:\
o[- - 2011+2012+2013 m
- | Prellmlnary ““"""‘"“I |
Q950 05 T s

n

o u(xy) d(xz) + u(xz)d(x;)

d(xq)u(xz) + d(x)ulx,)

2
5

N W A O N 0

; p+p — W+X - e"+X _‘_ sunf L= 102pb”
— STAR Preliminary ] Systematic uncertainty
-~ 5=500/510 GeV I RO
I S RHmBos.ass
:, RHICBOS-CT10
E 2011+2012
- 102 pb o
: Preliminary

l " e 1 s v i A

05 0 0.5

Theoretically extremely clean

Yw

Run 17 wull double the statistics of run-11, 12 and 13
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N
PH-<ENIX

W+/- - A.: Helicity PDFs

"

(a)

LR oy mov b L B IEM Bt

PHYS. REV. D 98, 032007 (2018)

v ST
WH+Z-oute!
p4p at ¥s=510GeV

o

|

v v . T

Al (2012)

3 Al (2013)
| PHENIX A? (2011-2012),

| PHENIX AY (2013), p' >

First muon channel W A |

p. >30GeV ]

S Theoretical curves use the polarized

NLO generator CHE with various
global fits implemented.

Backward p- are at upper limit of
uncertainty bands indicating Az is
larger than fits without RHIC data
indicate.

; S NNPDFpol
B --= GRSV STD
-0.5F - DSSV
- = DNSKKP
i == DNS Kretzer

L " "
T + +

* STARAT(PRL 113 (20

w DSSV E>25 GeV

t 0

-

Forward u is below DSSV08 — could
be explained by sign change in Ad for
x>057?

14) 072301)

Backward u* show smaller than
predicted asymmetries. Possibly due

«+=+ DSSV06 == DSSVOS

to under-estimated error bars in
unpolarized sector.

0" -0 _ Ad(x,)u(x,) - Au(x )d(x,)

w+
A =

ppl—tae oo

IWHSS, Aveiro, June 2019
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Phys. Rev. D 99, 051102(R)

p+p—> W+ X >et+X

25 < E% < 50 GeV

\s =510 GeV

YR ’4’“‘. See
N .?j:.g;;‘.-;: 5
e (DA
X ot
O

¢ o STAR2011-2013
"""""" BS15 CHE NLO
- DSSV14 CHE NLO
- DSSV14 RHICBOS
====== NNPDFpol1.1 CHE NLO
"""" NNPDFpol1.1rw CHE NLO

.

W+/- - A.: Helicity PDFs

0 F0é3e dadlt show aosigjsifentiiith
prefaensd AR antiPHENIOS results

0.05 <x < 0.25 at Q? = 10 GeV.
O 2013 ronfirme enhanced A1 firet

0.08— Sea Asymmetry
- X(AT - Ad)
0.06—
Ot
0.04[-
0.02
0 oo
002 @° =10 (GeV/cy
- -=--== NNPDFpoli.1
_0.04[. #¥#5¥% NNPDFpoli.1rw
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AG STATUS Circa ~2015

DIS + SIDIS mmm RHIC projection
90% C.L. constraint data < 2015
o0 band — R
D Based on DSSV14 and inCIUdeS PHENIX 1.5 LI llll\:\llIt LI ?ll‘lll‘l ar: LI} llllll LILBLI ll_llll |e LILBLILI
inclusive 10, t*, ™ and STAR inclusive [ i
jets and forward n°® at 200 and 62 GeV. - -
<) 1 B 7]
O AG saturates at ~10-3 and 70% of proton 2 -
spin H'<>Z<5 P ]
O Uncertainties increase dramatically 0.5 7
outside kinematic reach of existing data. ]
[ Two approaches to reduce uncertainties: oS 1
» Measure correlation observables to
help map out shape of Ag(x).
> Measure asymmetries sensitive to 05
lower x R 4 i i
10° 10° 10° 107 107 1
Xmin

Phys.Rev. D92, 094030 (2015)

P
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200 GeV Mid-Rapidity Dijets

Apr~ —
LL™ ;44— 3 5Fit
0.08 MNSEN Di-JetA, s 1
C DSSV 2014 =] E 2 - —
C  — NNPDEPol 11 E 0.9?19.O<M<23.0 GeVic Slgn(hl) Slgn(hz)
0.06~ 7 scale Uncertainty S ogfF 84<p;<1l7Gevic
. - X3 PDF Uncertainty g 07E
- — Rel. Lumi. Uncertaint sz CE e
f 0.04— EEEE y g o6 g
X C S o5 0 =]
- - z E
ra) 0.02: 04E
CD( 0.3; .........
B 0.2 g
L Sign(h) = Sign(h S
_0.02 gn(h) g (2) 0L o
L ! ! (i
0.08— _ _ 3 oob T Di-jet x, sign(h) = Sign(h))
: STAR 2009 Slgn(hl) # Slgn(hz) > “7F —— Di-jetx,
0,06 p+p— Jet + Jet + X § O-BE Inclusive x (/20) Ih,h | <0.8
T Vs = 200 GeV = 0.7 R .
4t Anti-k;, R =0.6 £ 06 " : (s = 200 GeV
< 004__ o 0.5 -
— B =2 =
2 L 0.4
a - | R
e 0.2 g
: 01
C + 6.5% scale uncertainty N N B e S i ——
—0.02_— from polarization not shown 1072 101! 1
ool b e L L ‘ X
20 30 40 50 60 70 Gluon

Di-jet Invariant Mass [GeV/c?]

Phys.Rev. D95, 071103 (2017)

o,
T
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STAR + 200 GeV Forward-Rapidity Dijet

0.5

0.4

0.3

0.2

0.

=

16.0 <M < 19.0 GeV/c?

STAR 2009

p+p— Jet + Jet + X

(s = 200 GeV

-0.8< h3 <0;0.8< h4 <18

|
bm ey

0.5

0.4

0.3

0.2

Normalized Yield

0.

=

0< h3<0.8; 0.8 < h4<1.8

.....

0.5

0.4

0.3

Can push to smaller x by using endcap
calorimeter in forward region.

0.8< h3l4<1.8
- X,
— X,
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WSTAR % 200 GeV Forward-Rapidity Dijet A,

. u: = pijetA STAR 2009 0_5:_ 16.0 < M < 19.0 GeV/c? STAR 2009
- ---- DSSV 2014 p+p—> Jet + Jet + X - +p—> Jet + Jet + X
005 __ \NpDF Pol 1.1 s = 200 GeV : ?gtzooeev
[ -08< h,<0;08<h <18 04— 08<h <0:08<h <18
0.04— C s !
- 03
o.oz:— -
d First forward jet I s
analysis - oaf-
-0.02:— :
D UTiIized mGChine E [ scale Uncertainty 0.53— 0<h <08;08<h <18
learning techniques to  oosf— [ PoFuncenany - 3 4
. A B - Rel. Lumi. Uncertainty 0 4—_
deal W|1'!1 qropplng ] 0'04:_ 0<h <08 08<h <18 § . :
TPC CffICIenCY < r T o03f-
:{% 0.02— ‘_E C
N 5 o2
O Incorporated o =k
underlying event - e S .
. -0.02— C :
SUbTPGC*Ion I R B PRI AR Rl ISR S : ----- | t-
[ o08<h <18 4 05F
. r 34 % E 08<h, <18
0 Asymmetries sample ~ °™t E e
both low x gluons and oo - —x,
) T s e 3 03f
high x quarks! ool + g
- 0.2
0 C
U Phys. Rev. D 98 (2018) " o
32011 -0-02_— + 6.5% scale uncertainty from polarization not shown C L
' P TR M I . PR e Pl s}

ol e e L
20 30 40 50 60 70
Parton Level Dijet Invariant Mass [GeV/cZ]

=
==
Y
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Monte Carlo sampling variant of the DSSV14 set of helicity parton densities

Daniel de Florian®
International Center for Advanced Studies (ICAS), UNSAM,
Campus Miguelete, 25 de Maye y Francia (1650) Buenos Aires, Argentina

Gonzalo Agustin Lucero’ and Rodolfo Sassot
Departamento de Fisica and IFIBA, Facultad de Ciencias Eractas y Naturales,
Universidad de Buenos Aires, Ciudad Universitaria, Pabellén 1 (1428) Buenos Aires, Argentina

Marco Stratmann® and Werner Vogelsang¥
Institute for Theoretical Physics, University of Tubingen,
Auf der Morgenstelle 14, 72076 Tibingen, Germany

O New paper implements reweighting
with STAR 200 GeV mid+forward
rapidity dijets .

O Moderate increase of gluon
polarization in the range 0.05 < x <
0.2 - change is within uncertainty of
the DSSV14 replicas.

O Sizable reduction of width of 1-sigma
uncertainty band, especially for x >
0.2.

7
W)

A theoretical interlude

0.2 . T ' .
2_ 2
xAg(x,Q"=10 GeV")
0.15 | ¥ 1
GemrTCEeee
0.1
0.05 Fil
0 o, S ——
A STAR 2009 dijet impact
g — sign(n) = sign(n,) .
005 B g E S e sign(,) # sign(,) e o [ 1
S A iy e east barrel-endcap M -rep 1cas
f" ------ west ba_n-e]-endcap Combmed anact e
Rrgy o A endcap-endcap and 1-c contours
_O 1 L 1 1 1
0.01 0.03 0.1 03 05 1
X

W
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500 GeV Mid-rapidity Inclusive and Dijet A,

c 06
O Measurements at higher /s g ag
access lower partonic x R
B g
~ +n — 2PT 47 8 oaf
X~ XTé Vs e g - pp—jet+X
S 03 NLO CTEQ6M
? F \ Anti-kT R=0.6
O Optimize R; = 0.5 to 02 i<1
accommodate increased UE F
and pileup at higher center of F Soa: Vedon dev
mass ener‘gles lﬂ":lI I I'DI(IJSI = I1:l.|1I I I'I:IP1|5I . IO.lzl I Ié‘;sl = ID.ISI I 035 I 0.4 ) 045 IV_Q
Jetx, (= 2p /\s)

[ pp > Jet+X

L Anti-k; R=05 |h|<0.9

I Syst. 7z
[ UE/RL Syst. Z
= = = DSSV'14
NNPDF1.1
NNPDF1.1 - rep

0.02 = STAR 2012 @ 510 GeV + .’

[ Excellent agreement with
theoretical expectations

0.01

Inclusive Jet A |

 Data-driven event-by-event

UE subtraction developed for 0 -
this result. |
: +6.6% polarization scale uncertainty
arxiv: 1906.02740 not shown
-0.01
1 1 1 I 1 1 1 I 1 1 1 I
0 20 40 60

Parton Jat P, [GeVic]


https://arxiv.org/abs/1906.02740

Normalized Counts

RUN-12 510 GEV MID-RAPIDITY DI-JET A,

arXiv: 1906.02740
Topology A — Dijet x
Forward - Forward !
- - Dijet X,

Topology B
Forward - Central

Topology C
Central - Central

Topology D
Forward - Backward

0.06

0.04

LL

Dijet A

0.02

-0.02

0.06

0.04

0.02

-0.02

0.08

0.06

0.04

0.02

-0.02

0.06

0.04

0.02

-0.02

[ Topology A
[ Forward - Forward
- L L L L L | | | |
Topology B STAR 2012 @ 510 GeV
[ Forward - Central prp®Jet+Jet+X
- Antik R=0.5
= £ J__M___-; H ;
ET T+ + T | ‘
L 1 L 1 1 ! ! ! [
Topology C
Central - Central
-F ==

= =DSSV 2014

== NNPDF11
1 1 1 1 1 1 1 1 1
Topology D
Forward - Backward
-
| maleo===-

+ 6.6% polarization scale uncertainty not shown

1 1 1
20 3N 40 50 60 70 80 90 100
Parton Diiet Minv [GeV/c?4]



https://arxiv.org/abs/1906.02740

Run 13 510 GeV Mid-rapidity Inclusive and DIJET A,

INCLUSIVE JET | DI-JET

2 004 . 0.08
= s e ~ STAR 2012 & 2013
0.035)— STAR Preliminary < B p+p— Jet + Jet + X
—  p+p—oJets + X [a} = {5 =510 GeV
0.03— Vs=510GeV 0081 ATk RS bi AT <0:0
E Antik, R=0.5, Il <0.9 g i iy A=0.5, 9] <0.
= e [ 2013 Data (Preliminary)
0.025C-  _.pssvi4 s "
=" ey 0.04\— [[] 2012 Data (Preliminary)
g.02— <NNPDF1.1 XX ~ [ Relative Luminosity & UE Error
— = 2013 (Preliminary) [~ << NNPDFpol1.1
0.015— = 2012 (Preliminary) 002l— ---Dssvi4 I P
0.01— L.
0.005— Y
SR b R T —— -
= -0.02— +6.4% scale uncertainty
-0.005— + 6.4% scale uncertainty = —
— from polarization not shown ) - from polarization not shown
— 1 1 1 1 1 1 1 1 1 1 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 e
0-010 10 20 30 40 50 60 -0.04 PR Y SN AT SN SN TR N T N N NN SO UMY S NN S SN SN S S S SN N1
Parton Jet Py (GeVrc) ] 20 40 60 80 100 120

Parton Invariant Mass [GeV/c’]
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PH.ZENIX 510 GeV Inclusive midrapidity m°

Phys. Rev. D 93, 011501(R
y R) - pp — °+X |n|<0.35 Ys=510 GeV
0.02
10 i Rel. lum. uncertainty
1 pp — n°+X |n|<0.35 (=510 GeV | 6.5% pol. scale uncertainty not shown
;ir" MSTW, DSS14:u= pr2, Py 2P, L —— DSSV'I4 with 90% CL band
> 4 001+
@ 10% [~ < . ]
= B PHENIX
ﬂ% -
s 10°F PHENIX
mP n 0
uJ =
10°
-— I L L 1 L I L L L I I L L L 1 I L L L
10% 0 5 10 15
i P, (GeV/c)
" 10% scale uncertainty o
10" not shown | | ~ PP — 14X [n[<0.35
=) E S W 510 GeV: Runi2-13
8 0.5 ,:_ ] b 0.02 510 GeV: rel. lum. uncertainty
2 . . ® 200 GeV: Run6-9 (PRDY0,012007)
=] oF - 200 GeV: rel. lum. uncertainty
H C ' ' - 510 GeV'/ 200 GeV pol. scale uncert. 6.5% / 4.8% 7
o - b
2 -05E g y - 1~
s F . , < 001} )
2 10 20 30 - PHENIX N T
P, (GeVic)
_Excellent agreement between data and theory! 0

Theory curves: LSS10p (dashed), DSSV I (solid) and NNPDFI.1 |

0.05
X7 (=2p_/Vs)




PH.ZENIX 510 GeV Inclusive Midrapidity m’-

Sensitive to the signof AG - A "> A"

- -
o = L
< N <L N
- pp - *+X Inl<0.35 PH--ENIX - pp > ©+X Inl<0.35 PH- -ENIX
0.2 o #510GeV preliminary 0.2— o 510GV preliminary

- ® mw:510GeV L .
- O w200 GeV (PhysRevD.91.032001) = e Tm:510GeV
B m] m: 200 GeV (PhysRevD.91.032001) B o 7200 GeV (PhysRevD.91.032001)

0151 DSSV"14 for x*: 510 GeV 015 772 200 GeV (PhysRevD.91.032001)
I —— DSSV'4forn: 510 GeV - o ) Y e
[ ==== DSSV'14fora*: 200 GeV = 510 GeV rel. lum. uncertainty
- - - - DSSV'14form: 200 GeV I 200 GeV rel. lum. uncertainty

011 [ 510 GeV rel. lum. uncertainty AG 011 ]

C [ 200 GeV rel. lum. uncertainty ] C o

0.051~ 0.05
S - . [ -SSPV L S ] #% 4

Op-msmmmmmad TN 0 *ﬁ #
: Data points for n* slightly shifted horizontally for legibility : Data points for n* slightly shifted horizontally for legibility ar
-0.05— 510 GeV /200 GeV pol. scale uncert. 6.5% / 4.8% -0.05— 510 GeV /200 GeV pol. scale uncert. 6.5% / 4.8%
C | | | | 1 | 1 | 1 | 1 1 | | | | | | 1 | 1 B | 1 I 1 | | I | 1 | | | 1 | | 1 | 1 | | |
4 6 8 10 12 14 0.02 0.04 0.06 0.08 0.1 L
p, [GeV/c] x(=2p/ (s)
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What can transverse polarized pp tell us

Objectives:

[ Establish transverse momentum
dependent PDFs survive at low x
and/or high Q?

- critical input to make a TMD
program at EIC successful
- high precision data to test
factorization and universality of TMDs
pp € > DIS@EIC

Advantages to access TMDs in p+p

Gluons:

One of the driving motivations behind an EIC is the study of gluons. Strong
interactions access gluons directly (qg & gg) and are well suited for studying TMD
observables like Gluon Fragmentation Functions and Gluon Linear Polarization.
DIS: F, tag PGF (di-jets, heavy flavor)

Evolution:
TMD evolution is area of active theoretical researchl!
Proton colliders routinely access higher Q? and p; than fixed target experiment

g S DS TOI @ ()
Iw“ Y e AT )
< . 4 /) ¥
S NS

Ul
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TMDs at RHIC

lllllll L] L] lllllll Al Al lllllll L] L] T T rryy T T Urryy
[ current data for Collins and Sivers asymmetry: )
4
10 -
- O HERMES  p%, K:P,.<1GeV .
- ¥ JLab Hall-A p* P,;<0.45 GeV 1
225 JLab 12 (upeoming)
— 3
N> 10"F e STAR500GeV -1 <h <1 Coliins E
(<)) E O STAR 200 GeV -1 < h < 1 Collins ]
©, [ = RHIC500GeV 1<h <4 Colins ]
Noo [ v STAR W bosons 1
10%F - STAR-ppDY Vs =500 GeV -
10 F E
1 'I== 'l I ll =|:'
-4 3 -2 1
10 10 10 10 1

X
Till today TMDs came only from fixed target data > high x @ low Q?2
need to establish concept at high Q2 and wide range in x

polarised pp at RHIC

DI 1IOW O nigri
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The objectives for TMDs

O Constrain TMDs over a wide x and Q2 range (valence, sea-quarks & gluons)
- need 2 scale processes (DY, W, Z°, Di-jet, ht in jet)
- different /s > different p; at the same x; > evolution
- Test non-universality of TMDs €< > SIDIS
[ observables as transversity can be accessed also in collinear observables (IFF)
- test of TMD factorization & universality
O observables purely sensitive (1-scale (n%/y/ jet)) to the TWIST-3 formalism

- different /s = evolution

Initial State

Final State

- Ay for W=, Z0, DY

-~ Sivers
d Ay for jets

- g-Sivers in Twist-3
[ direct photons

- g-Sivers in Twist-3

— r'ela‘rT through

dz

k
1

_dekJ_

1 2 _
M i k) g pe=T, g (%)

\_/ e i/

IWHSS, Aveiro, June 2019

3 Ay n*/-n° azimuthal distribution in jets
—~ Transversity x Collins

4 Ayrin dihadron production
-~ Transversity x Interference FF

Q Ay for n+/- and =©
- Novel Twist-3 FF Mechanisms

e related through

. L g2 .
H(z)=z*[d%k, 2’;;2 Hll(hz,zz,kf)
h

" E.C. Aschenauer



A GoldeN Observable: “"Hadrons in Jet”

Observable: Hadron distribution inside jet h jf’r

O Study a hadron distribution inside a fully reconstructed jet

_ dGh dG <\ _ dO’h dO’ — pth
@dydmdz ' dydp fzspodi)= dydp dzdj, /dydpt i

W. Vogelsang et al. arXiv:1506.01415

Js. hadron transverse momentum with respect to the jet direction

O The 1st observable is collinear, while the 279 observable is a TMD

Cross section for hadrons in jet
> High sensitivity to Gluon FF
> Unique to pp

Nuclear dependence of FFs
> Seems to follow the feature of p+Pb at LHC
> Will see how energy loss picture will compare

 W. Vogelsang et al. PhysRev.D92, 054015 (2015) Laf Kang, Ringer, Vitev, Xing,
—_ U +
fg:l, B - 200 Ga, 5 GoV < pif < 40 GaY  -een- T
£ 408 S = 510 Gav, 10 Gav = pl = 80 Gev —_— L2
]
= 7
..u 10f %T_‘&
-y = 08f
x 107 R
‘E E 0.6 | Vs =200 GeV |y| < 0.4
? 0 anti-kT R=04
& 1 pp 8t X 04} 10 < p'f* < 15 GeV
=1
A h=
\ 5 anil k. R=08
\‘ f’- 19 CT10, DS314 0.2
I

01 02 03 04 05 06 07 08

Zy

0.9

HSS, Aveiro, June 2019
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http://arxiv.org/abs/arXiv:1506.01415

Jets to access Transversity x Collins

DMP: PLB 773, 300 (2017)
KPRY: PLB 774, 635 (2017)

T
- _ STAR arXiv:1708.07080
f;11 X kT)f;Z ('xz’ kT)SUUDql % r
=
+
%)

- pl+p—jet+a + X ¥s=500GeV

0.05 |— O<1r1jet <1 (pleet)= 31.0 GeVic

£
c — | @ STAR 2011 x*
n 2 | .
< [O]STAR 2011«
B - |Q o or Ty
0 "-'- ‘:ﬁ" T \'A’ O Q’A“AAM
B =~ /79‘/7‘%//' '-”"’P 3 &“t“ X R N
— ‘ \d
1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1
0.2 0.3 0.4 0.5 0.6

First\. ; effect measurements in pp collisions are reasonably described by two

recent calculations that convolute the transversity distribution from SIDIS with

the Collins FF from e+e- collisions

0 Tests the predicted universality of the Collins FF

» Kang et al, JHEP 11, 068 (2017)
,evoiuhon e ~

IWHSS, Aveiro, June 2019
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Collins effect vs jr in separate z-bins

p'+ p—jet +1t + X

Te: 0_05—_ STAR Closed pointsx*; Open points:t
=4 = - o
‘w2 - -
< 4 A
n 1500 GeV pp results hinted the
- X Ayt peak shifts to higher j; as
- Z increases
0.05 » 2017 data factor 14 more
o statistics
T Z O New preliminary 200 GeV pp
N w results provide confirming
oo | evidence
200 GeV: Preliminary
0.05- 500 GeV: PRD 97, 032004 \ .
ST
- 9 % © + t% é‘)
-0.05— {] o
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Sat

Interference Fragmentation Function (IFF)
p'+p > w'w+X > transversity x IFF

survives in collinear framework

AUT sin (qus) =

1 dot —do?t

Pol dot + doV

®rs = Or — Ps
?h = 7}1,1 + 7};,2
ﬁh - ?h,l - ?h,z
& 1'045
L = STAR values span broad
> L | * STAR /s =>500 GeV and overlapping regions
g 10°F
g E| % STAR (5=200GeV & ook W K
- Yor
102| ® HERMES HOHK
E 4 COMPASS R
10 N i
- . i u
1 _— & - 4 . s B -

Radici, et al. Vs = 500 GeV
® STAR Vs =500 GeV
‘ O STAR Vs =200 GeV
- i [ particle ID
‘ b [ ] trigger bias
'p.[1=13 GeV/c for \s = 500 GeV

'p_= 6 GeV/c for s = 200 GeV

-
)
< L

0.05—

0>0

4.5% scale uncertainty

due to beam polarization

(GeV/c?)

|nv

Q Significant di-hadron asymmetries both at
/5=2006eV and /s5=5006eV (arXiv:1710.10215)

A Increasing with pt

0 Access to transversity with a collinear observab

IWHSS, Aveiro, June 2019 " E.C.. Aschenauer



What Do We Know about Gluon TMDs

un-integrated gluon density
9(x,Q? ky) important for
physics at small x

> CGC

- applications at LHC,
i.e. Higgs production

: ))))

1\((;_' e S
((‘ (R

IWHSS, Aveiro, June 2019

L linear
lg
hi
g 1lg
9IiL hit

E.C. Aschenauer



Collins like Effect

EI B p' +p —jet+ p*+ X Vs =500 GeV
Lo o002 Mel<t @=0.18 Until now, Collins-like
55 [ K asymmetries completely
< I t S\ﬁ \\k P unconstrained
0 World's first ever limit
] \ \ on linearly polarized gluons
- \\\ in a polarized proton
-0.02 — DMP+Kretzer
- [¢]|STAR 2011 [ DMP+DSS
5....é....%....é....é....1|O....1|1....1|2....1|3....1|4....1E
Particle-jet p_[GeV/c] | smarzom2
T v.02— =m
& L an ¥7° -
Shaded bands represent maximal predictions from gL
D'Alesio, Murgia, and Pisano, arXiv:1707.00914 T b b4
utilizing Kretzer and DSS FF O +*H+#{:P++ """ <li’+ """"""""""""""""
| 01<z<08 =
00d— 005 <;.<4.5 GeVic o
N p' + p—jet +a° + X atys = 200 GeV Preliminary
New preliminary results from ! ' ' ' '
200 GeV pp collisions will provide ood— oy ¥
much stronger limits i 1
I S L T {’ ............................
o~ 4 Gty f +
—0.02_—
| 4.55% Scale Uncertainty Not Shown !
5| I1IOIIIIIIIIIIIIIIIII 30

IWHSS, Aveiro, June 4

15 20
Particle Jet P[GeVlc]
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"Twist-3 Sivers” through Inclusive Jets

°++++*H++++ |
e T

" pl+pojet+X

| {s =500 GeV

- —'+++++#*-+—_+_+ -------

— -05<h <0
| jet

=
H=o
il
.
-
-
*
-
——
—+
——

Particle-jet P, [GeV/c]

(200GeV: Solid line / 500GeV: Dashed line)

0.01— p'+p—jet + X at\'s = 200 GeV Preliminary
o 50
2 L
£5 L
] )
T g +
-0.01—
S R TR T T RPN T SR I S S
| STAR 2012
0.01— xF<0
B + =
0_ & +
T e
CEEETEEY
0.01_—
L 4.55% Scale Uncertainty Not Shown
C PR T S T T | | I T W T N S S S |
5 10 30

!
Particle Jet R [GeV/c]

No sign of sizable azimuthal asymmetry in jet
production at /s = 500 GeV & 200 GeV

Consistent with expectation from inclusive

jets, di-jets, and neutral pions at /s = 200 GeV
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What Will Come




STAR Physics program after BES-II

Mid-rapidity -1.5<n<1.5 Forward-rapidity 2.8<n<4.2

]

A+A . prpéprA

: Beam:
—E elflrEn' AUA 500 GeV: p+p
ult thergy AuAd 200 GeV: p+p and p+A

Physics Topics:

a deep look into the

properties of the QGP:

y & e+e- pairs

= chiral symmetry
restoration

= temperature and
lifetime of hot, dense
medium = Measurement of GPD E,
through UPC J/¥

* First access to Wigner
functions through di-

Precision measurements|| Jjets in UPC

of direct photonyields || * Gluon and quark vacuum
and v, fragmentation

* Gluon and quark
fragmentation in nuclear
medium

* Nuclear dependence of

Collins FF

'*‘-—W' T &
[AS e

Physics Topics:

= Improve statistical
precision

> TMD measurements,
i.e. Collins, Sivers, ...

» Access s & As through
Kaons in jets

Hypertriton Lifetime
Measurement

U

A ‘:1 “ _'L
i

(i



RUN-17: A goldmine for TMDs@STAR

Collected:
350 pb! > 14 times Run-11 for -1<n < 1.8 > Ay W+~ & Z9, Collins, ......
1
< 15 STAR p+p 500 GeV (L = 25 pb™) < 0 sg_smn p+p 500 GeV (L = 25 pb™)
0'8:_0_5<P;,"<m GeVi/c Pro.5<P) <10 GeVic
0.6 0.6
0.4;— _ T 0.4;— T
0.2 ] '_I_' . 0.2+— —
OF~ B—— o L
0.2+ -0.2-
W STy _043_-W'—)|'V
_0'4:_ ¢ run 17 proj. (L=350pb”’, P=55%) “* 4 run 17 proj. (L=350pb™, P=55%)
—0.6F — KQ - no TMD evol. —0.6- — KQ-no TMD evol.
- —— EIKV - TMD evolved - —— EIKV - TMD evolved
—0.8-3.4% beam pol. uncertainty not shown _0'8:_3-4% beam pol. uncertainty not shown
qb
135 0 05 05 0 0.5
yW A
< [ STAR p+p 500 GeV (L = 25 pb™) .
(L0.5<PZ <10 GeVrc > Z9 very clean channel no corrections
o5t | Will provide data to constrain
0 —#—‘”_%_““"——-——— - TMD evolution,
L ) - sea-quark Sivers fct
_05C T . - . . .
0 T run17 proj. (L=350pb", P=55%) - through rapidity distribution > neg. n
| — KQ - no TMD evol. ' 5
_f T Ka-noTMDevol. > till now no constrain from SIDIS
r 3.4% beam pol. uncertainty not shown ' penlve o ; NoOn Nive r<
_IIIIIIIIIIIIII|IIII|IIIIIIIII
15 1 05 0 0.5 1 1.5

z’
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Mid-rapidity observables
At 500 GeV in 2017

Transversity x Collins

p' + p(Au) - jet + p* + X : :
;10.05%-p+p,G:ZOOGeV(PreIiminaryZOIZ) Slver's funCT|on Thr'ough TWIST—3:
t"’ | | I o+ 15= 200 Gev (oo} stat. 201242015) ‘ —~ - -
c = ptp, {5=500 GeV (Preliminary 2011) = r L pT tp _)j6t+ X
m<3 [ .p+p,E:sooeev(pmj.stat.zmn %<|5 . STAR [ @: 510 GeV
| C i
o LUIITE B [CUESITY T |
L IWH (LITRET (LIELTE
| of” o i C C
i | :H H -001- -
r o - -1< hjel <-05 - -05< hjet <0
STAR m ~ — : : : : e =
L Jet X; ® 0.13 i-f - E | Sta’F. Uncert. 2011 E
-0.05 TC‘Dsedwimsrp;Opswﬁcintsp'1 | ” o '5{3 0.01:— \—- Proj. Stat. 2017 :
0.2 0.4 0.6 [ C
| . z T R I [ETIT R |
linearly polarised gluons *+++++ "t + : i
- could be an explanation for O ch <os -
. . F jet o t
The r'ldge Seen ln pp Gnd pA N 1I02I03IO4I05I0- lIO HZIOH ‘ ‘3I0H‘ 4IO 5I0 ‘
o F T epojet+pteX Particle-jet p_ Particle-jet p_
(}‘w 0.01; 62500 GeV
E - L i<l (p,)=106GeVic
"’<3 STAR

To have high precision data at
different /s

[ - constrain TMD evolution
]| g S e - fixed x and Q? > p; different
L Proj. Stat. 2017 e

:

i
.
-
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Fragmentation Functions in pp and pA

Observable: hadron in jet
- pp best way to measure gluon PDFs - direct access through qg and gg scattering

+D: - : -
P P: m+ _ T fragmentation functions

g 10 g 10
QEE; F 360 pb’ pp (=200 GeV' QEE; F . A / O 4
u —+— pe'= 6.0 7.1 Gevie u l n p+ p+p aT 77 < .
_+_ pe'= 117 - 13.8 GeVie
i —4— p=19.2-227 Gevie 1 12k 360 pb™ p+p ¥5=200 GeV
F o » 180 pbj} p+A V5=200 GeV L P =6.0-7.1 GeVic
wE r
[T
Eol 44as 4 HIEEE
B L L
107} 107 - L
08|
Lisiil Lovealins 1ol
- | - L L pf‘:n}-mﬁ@eufc
2 2 B r
b *‘ : e | [
[T
dat : Sl b idy IR
||||||||||||||||||||||||||||||||||||||||||||||||| = B B

p' + p(Au) - jet + p* + X

;IE 0.05 [— | [ p+p. Vs = 200 GeV (STAR Preliminary 2012) 12 i : F’? 189997 GaVie
7 Il o+ V5 = 200 Gev (STAR proj. stat. 2012+2015) i [
== [ o+Au. V5 = 200 GeV (STAR proj. stat. 2015) ta
= 5 ) . stat. B I
Only GT RHIC: w( [ | [l p+2u. Vs = 200 GeV (proj. stat. 2023) ;I:%m - + A +
3
- & - L
measure nuclear I [

effects for
polarized FF

‘\évrq;llins e

o
I

- Jetx; ~0.13

_0 05 |__ Closed points: p*; Open points: p
’ |

0.2
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STAR Physics program after BES-II

Mid-rapidity -1.5<n<1.5 Forward-rapidity 2.8<n<4.2

) )

A+A APRSptAN,  A+A . PrpdprA
: Beam: ) Beam:
E el?? — J00 U8 7% E elwan ergy AUA 000 GeV: prp
Uit Energy AuAd 200 GeV: p+p and p+A ult tnergy AuAu 200 GeV: p+p and p+A
Physics Topics: Physics Topics: Physics Topics: Physics Topics:
a deep look into the = Imbrove statistical = Temperature
properties of the QGP: r'epcision dependence of = TMD measurements at
y & e+e- pairs > 'ﬁ'MD measurements viscosity through high x
= chiral symmetry : : : ‘ flow harmonics up transversity > tensor
storati i.e. Collins, Sivers, .. to 14 h
restoratrion > Access s & As through onvr charge .
= temperature and Kaons in iets = Longitudinal = Improve statistical
lifetime of hot, dense J decorrelation up to precision for Sivers
medium = Measurement of GPD E, Tli“4 | Lambd through DY
: P through UPC J/¥ = Global Lambda
Al—/i\yper'fr'lfon Lifetime « First access to Wigner B . Ag(x,Qf)DqT.low X
easurement functions through di- > strong rapidity through Di-jets
Precision measurements||  jets in UPC dependence = Gluon PDFs for nuclei
of direct photonyields || ® Gluon and quark vacuum > Ry, for direct photons &
and v, fragmentation DY
" Gluon and quark = Test of Saturation
fragmentation in nuclear predictions through
medium di-hadrons, y-Jets
* Nuclear dependence of
Collins FF

¥

AT



STAR * 2021+ : Forward Upgrade

Objective:

unique program addressing several fundamental questions in QCD

- essential to
O the mission of the RHIC physics program in cold and hot QCD
O fully realize the scientific promise of the EIC

ts
ST. Project is fully approved and funded =
locc |
-4
cov| on schedule for first data taking with 500 GeV polarized pp in fall 2021 |
con
Ele
Wl'rm UC T 1T gyger muoauares r ;th = EHELHV |/,
with Tracking 4 L - “4 _, @} 1
Silicon detectors and /( \ o
small-strip Thin Gap Chambers (sTGC) MO ,J
Operation: §
pp, pA and AA data taking in FY2021/22 and

parallel with sPHENIX data taking period

IWHSS, Aveiro, June 2019 ; " E.C. Aschenauer



Forward rapidity pp Physics

Goals for TMDs:

O Increase statistics for Ay DY
> TMD evolution world best constraint € > Ay (W*/-Z9) T
—> Sivers sign change wl
O Unravel the mystery what is the underlying process of Ay o
- measure Ay, for h*/- and n° z
- clear prediction of importance of special Collins like FF
Q flGVOf‘ TGQQIHQ Of the Twist-3 ZQUiVGIBHT Of the Sivers fCT -01s'  Kanazawa et al. PRD 89, 111501 (2014)

- Observable h*/- with z> 0.5 in jet

II‘||\||||\Il\||||\Il\llllll\ll\llll\ll
Pythia Anti-k_R=0.7 p_>4 GeV/c, 1 = 1.7-3.3, P=60%, 97 pb"
0.01— e A alljets
e Aj: jetsw/z>0.5 leading h*

0.005— © Awletsw/z>0.5 leading h

\II\‘I\II‘III
\II\‘IJII‘III

Ay for jets with tagged h*, h- .

- stringent test for opposite sign < ° .
but equal magnitude of
u and d quark Sivers fct.

-0.005

-0.01

\\I‘I\\\l\l\\
\\I‘I\\\'\IJ\

%

/

{(“'(l\\‘\\\'\‘{‘



Forward rapidity pp Physics

Transversity x Collins FF through hadron in jet

201 - E
= L L L + - 3
E 5 10n, < 20 E 10<n <20 b 10<n <20 " Torino 2007 h*/
@.05:— 3.0<P,, <40 5 40<P,, <50 a 50<P,, <70 | * Soffer Bound
U e e e aE . T

B B B 7" Torino 2007
005F me b e i —— F ok e b e ——ae—— Fore b b e —a— -

i : R n- Soffer Bound

- e N S - s

. <x,> = 0. — <x,> =0 [ <x,»> =0, - -

0.1 2 I 2 r 2 . h 268 pb1 \

R EPETE FETEE FRTT RNUNE FRTRE ERNE1 RETEL FRTE N | 1) NS PN RETR FRRNS RN FETL FRETH FRRTE N6 (A FRRT) SURWI FRRT RN R NIRRT RN RTRTE A

Z o - C -

2 [ C [ [

E . 2.0 <T|ial < 3.0 F 20 ‘ﬂial < 3.0 . 20 <n|al < 3.0 x 2.0 <1'||!.I < 3.0

D051 3.0<P,, <40 - 40<P, <50 - 50<P, <70 E 7T0<P, <9.0
s —z_ﬁ R | e | S N

e —— . ———— — o F- =

L C [ e [ Lt L e A A4 S A e

B C C B T [ current data for Collins and Sivers asymmetry:

005 Ho Hd HA —h— s e e SR ] —— i e e e ] —— - H R R —h— i

L C [ L ® COMPASS h':P, <16GeV Yvvyvrvvy E|

N <x> = 0.1353 C <x>=0.1500 r <x>=0.1830 N <x,> = 0.2665 [ O HERMES Df’rK"PleeV ]

o4b <x,> = 0.0073 L <x,> = 0.0082 L <x,> = 0.0104 L <x,> = 0.0168 [ JLabHalA p* Py <045 Gev 1
F - F = R JLab 12 (upcoming)
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UPC: Access to G6PD E,

Roman Pot acceptance

p' detected in RPs

= = = = = =
= ~ 5 = &> = =
=37 T e AL B AR e e
,0
=F 7
SE 2 =
= e =
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=0 +* =
oo O Ad |
o0 =
o =
= - . |
+* &5 F 7
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S = E 2 & -
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Forward rapidity gives access to the large asymmetry region

world widq
> J/VY pri

STARlight pTAu, vpT
—— BB

—— BE+EE

—— BF+EF+FF
— all

o (arb. units)

A, (L,1) ~

5 10 15 20 25 30

35 t;ﬁ
W,, (GeV
T e— —— wﬁ
pTW) =0.48 GeV/e
0.2 stat. uncert.
—— Lansberg et al.
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Summary

Unique RHIC forward and midrapidity pp/pA program addressing
several fundamental questions in QCD

[ essential to the mission of the RHIC physics program

O pp/pA program essential to fully realize the scientific promise of the EIC
> inform the physics program
> quantify experimental requirements

0 Recent RHIC pp/pA result triggered a lot of new theory work
> dedicated workshops on the RHIC pp/pA program

[ Forward upgrade also important to RHIC A+A program

E.C. Aschenauer
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LAMBDA Transvese Spin TRANSFER D1
_ doPTP=ATX _ 4 ;0Tp—ALX _ dApo a_ﬁ" _

T 4gPIP-MX L ggPTPoAX T gy -

A= prr

If the A spin direction is highly
correlated with the strange
constituent quark spin
orientation, |A) = (ud)gps’,

then D+t is sensitive to both the
strange transversity PDF and
the transversely polarized A FF.

L]
: 1< P, < 8 [GeV/c] .

dE/dx [keV/cm]

global track momentum [GeVi/c]

oA (p)
| *A (pY)

o
=3

.
%¢

(MeV.it,:z)

counts /
(=3

o

— T
L ]

L]
.
B L.
e T T OO e i i e o o s e
fos 108 11 111 142 113 114 115 116
mass [GeV/c?]
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Lambda D,

Phys.Rev. D98, 091103 (2018)

005:_ (@ 0<n<1.2
- 3 ,.--»é-""’ -
O First extraction of Dt £ F ¥ g ]
from 18 pblin/s = 200 GeV A N
p+p collisions. 005~ A A
- - XLS, A, Sué
T e XLS, A, SU6
O Lambda asymmetries are
consistent with model o[ ® t2<n<o
predictions by Xu, Liang and § ﬂ 4.
Sichtermann, PRD 73 L — ok J______+____, -
(2006) 077503 s T ° +’F + 1 l
—0.05:— A
R R S

7
((“H\\\\\'\{'
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Sensitivity to Gluon "TMDs"

Phys.Rev. D95 (2017) 112001

0'15: (a) p+p — 1 +X at Vs =200 GeV —— Twist-3 model 1 (D—) ]
0_1E_PHENIX 1.25<pT<5.D GeVie --e-- Twist-3 model 2 (D—NJ-)_E
n.usf— —f
qz Of ) ’_L ------ Eﬂ ------- :
oosl | t =
P i veinzmton seaieanceramy notsnowey | 1 Heavy flavor asymmetries most
187505 506 004 002 g 003 004 005 008 0 sensitive to Twist-3 counterpart
- of Gluon Sivers and tri-gluon
0'15: (b) p+p — ut+X at Vs =200 GeV — Twist-3 model 1 (D—y) ] Corlr-ela'l-or
0_1f_PHENI)( 1.25<p <5.0 GeVic - Twist-3 model 2 (D—m)_f !
o E A no final state effects expected
i} 1 due to heavy quark mass

d Both contributions poorly known

0.1 <p;>=2.1,15,1.5, 2.1 GeVic

(3.4% polarization scale uncertainty not shown)
III|III|III|III|III|III|III|III|III|III_
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Sensitivity to Gluon "TMDs"

[ opp PH ENIX ° pp PH ENIX
* pAu preliminary o ® pAu preliminary
+ 008
+ + izD 'i.:' #
-0.05f
Backward AL" Forward A,
PR, Pl JE -1 P4B, Pl N
V8 e = 200GY, g - [1.2 ,2.9) B = P0GV, poge [1.2, 28]
A FTTTI FTETI FTET1 YR FYTT1 FEUT1 FRET1 FNTTINETT S FYTTY PEETI ITETY INTTECNTTIINTTI
5 1 15 2 25 3 35 4 45 3 R T R R R
pTlfGeWc) pT(GeWc]
0.15 _
- opp PHENIX
01~ o pAu preliminary
0.05|
E“Tz []_ +
0.05 + +
P+, pHAL — M+ X
01—
{5, = 200GeV, (1.2, 22)
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O Surprising nonzero J/Psi Ays
seen in pAu collisions while pp
Asymmeftries are mostly
consistent with zero

wsseiieel [ Nonzero effect only visible

at the lowest available P,

A Diffractive effects as
cause not very likely due to
coincidence with hard collision
trigger

 pAl data is being analyzed
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Sensitivity to Gluon "TMDs"

p+p— n° + X @ 200 GeV, |<0.35

0'1- 3.4% polarization
E%z.:,: _____ FRE- S q;.--..'_,.--.%,-..}-. [ .
0'05:-E0°1— 2 4 g L T pp pp .
b P, [Gevid i : J O Improved results from 2015!
T S B Q Consistent with O
005 ‘ o to 3~10* precision level at low p;
- a  PHENIX, PAD 90, 012006 i
C « This Resull PHl' EN'XY
- preliminar . .
of 5, constrain of gluon Sivers effect
PrAl> 7+ X @200 GeV, [n[<0.35 Anselmino et al, PRD 74 (2006), 094011
Ec;*’: _____ i "i‘*‘f _________ { u}.;p:i::r;rz:o'fi:l-.muded D:Aleslo e_r all J-HEP 1509 (2015), 119
u.oﬁg-c-.mi. .1 ] pAI
. P, [GeVvic] { pA .
.:gz Op—--t---m---m--- e e B RRCEETEEEEEEE TS . ..
- ‘ high precision test of nuclear effects
_0.05— ] —
- PH ENIX
C preliminary S 0.6F
% S T - "§ -
p, [GeVic] gL N
p+Au— 2° + X @ 200 GeV, |n|<0.35 § B
0'1- 3.4% polarization § 0.4+
:::zw_::_____;_____!____!____1____{ ----- } uncertainty not included _§_ :
005} -consf (9)] pp — p°+X
: ~... PAU ool s
____________________________ L qq+qq ’
B Solid:  {s=200 GeV
- Dotted: {s=500 GeV
PHENIX 0 ' B R X T-R P
preliminary Xt (:2pT/\E)

15 20

E.C. Aschenauer




0.22r
0.2
0.18F

0.16
0.14

0.12F
o~

g 0.1
0.08
0.06
0.04
0.02

0-5% Vs=200 GeV ht

[ = He+Au 200 GeV 0-5% PRL 115 (2015), 142301 -

= d+Au 200 GeV 0-5% PRL 114 (2015), 192301 &
= p+Au 200 GeV 0-5%
[ B== SONIC p+Au
|- B2 SONIC d+Au
[ = SONIC *He+Au
E hys. Rev. C 95 (2017) 034910 B
~ /" arxiv:1600.02894 PHENIX -
0'_‘1\I|\V11|IK\I|I\\I’II\rll\llillr\
0.5 1 1.5 2 25 3 35
pT(GeV/c)

SHe+Au d+Au
Collective flow signatures 2014 2008
seen even in the smallest a® Og
systems and at the lowest [+] '
RHIC energies p+Au
2015 g

TMDs and "QGP” in small systems

TMD formalism in DIS predicts a distribution for linearly polarized gluons in an
unpolarized target. This is reflected in cos(2¢) asymmetries in dijet production

0

1GeV)

valPr, qr

0.

15

Study azimuthal anisotropy as a function
of the rapidity dis-balance of the jets

- Process sensitive to unpolarized and
linearly polarized gluon distribution

xGi =Lgixgn 1l g 2k
— 2 k*

'Phys.Rev. D94 (2016) no.1, 014030

F

- /5 =100 GeV J

- z=1/2

[ =i
10
05

B [ rcu_

D 1 | 1 | 1 I 1 I
0 1 2 3 4
Pr, GeV
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STAR: UPC with polarized p'

EAN 4 world wide only access to GPD E for gluons
p! " before EIC
R > J/¥ production in p'Au /pTp UPC

d WW photon from one beam particle
O Target particle polarized proton p:

» ds/df « (1 + Ayrcosd), ¢ =J/VY azimuthal angle w.r.t. p!

> measure J/¥ transverse asymmetry A

(Unpolarized beam g, Transverse polarized target p')
O Ayrcalculable with GPDs:
[¢ * 2
A, (L,6) ~ t, -t Im(E™ H) = M;,

m | H | S

p

Q /s=500 GeV p+p! 0 /s=200 GeV Au+p!

Q%M (GeV )
a

10°

I I 107
I I 10
1 - 1

-
o
]
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What is measured:

Single-spin transverse asym.
1 No&=-NJ/g
Pi Ni&+Ny2

An

where T (1) are defined with
respect to reaction plane -

left
) .-
o
Stat. Unc. ~ 1/(P,\N )
O Trigger on:
> 2 EM showers STAR calorimeters (J/Y—e+e-)
> Hit in either Roman Pot
> no BBC activity (ensure diffractive)
O RP measures
> 500 6GeV:0.19<|t|<1.9 (GeV/c)?
> 200 GeV: 0.03 <|t]|<0.3 (6eV/c)?
> source of photon (lower |t])
> target of photon (higher |t])
Q J/¥Y —e+e- in STAR EMC:

- 600

p+p': Vs=500 GeV B p+p': Vs=500 GeV

Events per 400 pb
2
o
\

w

o

=}
I

n

(=3

o
\

100 p-src

R PR R I
3 2 0 02 04 06 08
Jhy rapidity

A N e = I R
1 1.2 1.4 1.6 1.8 2
proton [t| [(GeV/c) %]

STAR: UPC with polarized p'

Statistics:

2017 p'+p 400 pb-!

> 1k J/¥s

> 8AyT. +/-0.2 in 3 t-bins

2015 pA: ~300 J/¥

Aut p?: \s=200 GeV

-
o
=
T

Events per 1.75 pb
o

10% £

PRI L IR L IS RS
0 0.05 0.1 0.15 0.2 0.25 0.3
proton [t| [(GeV/c) ]

3 "
Jy rapidity
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Proton structure important for QGP in small systems

Collective phenomena seen in pA collisions, i.e. ATLAS 1409.792

Pb+Pb (60-70%) p+Pb (High-Multiplicity) p+p (High-Multiplicity)
= -1 -
g =
%5 g STAR PHYSICAL REVIEW C 96, 054904 (2017)
2
Ii E |||||| E F T T T Id— I_ IIIIIIII‘.—: |I|||I||I|_-
@) 3L _ 3 ) FS il 2
‘S 10 e XnXn -5' %103:_'- -.—".'-.- 0.9.97
© . STARIight XnXn 3 ) € b
c r Extrapolated dipole FF Q7=0.099 &) 3
e o 1nin ] 3 =
£ j02 — dipole FF c.:=0.099 | £ E ] 0{}00000000{}
o= P ol 102 S
8B : 8T >
06007 0002 0.005 |
-t [(GeVic)’]]
| %o ° 1
E = @ ' 1 OOO f ? -
E 14ty E E OO f T
i S T [ T [
- R 1 [ —e™fitXnn @53 O
i ) 4L —— ™ fit 1nin @ 9 Q Q _
10 & 3 10 E ® XnXn i i
- F 'O"-O-hé E O 1nin %
% e ey e ey ey i 10_2__ ‘ ‘ ‘ ‘ 1
0 0.1 0.2 0.3 0.4 0.5 S s .
— 0 0.05 0.1
-t [(GeV/c)] -t [(GeV/c)]
—
<

TR A wwem svwmn

co by by T Lo b by byv o n by
. X 01 015 02 025 03 035 04 045 05
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How polarized are the Gluons?

(\T\ 1 i T IIIII|T| T IIIII|T| LI T IIIII|T| T IIIII|T| T Illllqg
% pesme =osvae 15— Data till 2009
E'/j 0.8 DIS + projection with  —| 1.0 0 06 2
- RHIC data < 2015: .
5, [ M= ] [ deAg~02+50@ 10 GeV only way

o | » e | 0.05 to constrain low x
© RHIC <2015 ] STAR and PHENIX . » further

reduce uncertainties .
at x ~ 103 by factor 2 Di-Jets@25<n<4.0

0.2 -

tovnnl vl v el v gl

10° 10° 120” 10° 107 107, 1
NLO pQCD, /5 = 510 GeV, anti-kr, R=0.6, —0.8 < v; < 0,2.8 <y, < 3.7 NLO pQCD, /s = 510 GeV, anti-kr, R=0.6,0 < y; < 0.8, 2.8 <y, < 3.7
. P ] ) P v A )
2

min 40002 e s 5 0003 e e e
10_0015 E === NNPDFpoll.1 uncertainty (90% C.L.) = = E m==== NNPDFpoll.l uncertainty (90% C.L.) i
. . ; . E B=== Scale uncertainty 3 0,002 | — B=== Scale uncertainty =
CTi4o® LOpQCD CT14lo @ LOpQCD 0.001 F —4— STAR Projection = o —+— STAR Projection .
2 T = LALLM E 5 o 2
w B! = . 0.0005 = = 0.001 E ]
EQRTERS  F5] E o3 [ NN x E m 3 E | ]
3 = 05 1 - 0 t 1 E
oo - o (l‘(l‘(](]ij : F | ]
) TR E -0.001 =
0 10 -0.001 — = £ .
E k| o F =
" 107 00015 F- E 0002 .
o 10! ooz b b b b b Py b oo 0003 e Lo b b b by b e e @

Ll ) il | ) Ll ) . Ll ) 40 45 50 55 60 65 70 30 35 40 45 50 55 60 65
10+ 10 10! 103 10-2 10-1 1 mjj, GeV mj GeV'

x X

CTI4I0® LOpOCD 14105 LOpQCD NLO pQCD, /5 = 510 GeV, anti-ky, R=0.6, 1.2 < y; < 1.8, 2.8 <y < 3.7 NLO pQCD, /5 = 510 GeV, anti-ky, R=0.6, 2.8 < y; < 3.7, 2.8 < y» < 3.7
= 10 T g_uﬁ B T T ERmEELL — T jO‘OI L LI B B T T T U j0.031\|w|‘uu|u|‘uu|u-w|w|‘|w|u|‘|uwl
o £ 0 = s NNPDFpoll.1 uncertainty (90% C.L.) 4 0= E s NNPDFpoll.1 uncertainty (90% C.L.) 9
g0 E . e 107 E mm. 2 . 4 = =
s 5 B Scale uncertainty ] 0.02 |- B Scale uncertainty =
£ £ 0.005 —+— STAR Projection — E —+— STAR Projection ]

0.01
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-+
—e—

U | L a i
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1 102 -0.005 +
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What about Nuclei?

7

Photon ~ %?777 .

‘.7 o .\\ g’&
o g o
Be |

Fully Formed
Hadron

Answer 3 conundrums of the initial state of Nuclei:

O What are the nPDFs at low-x?

O How saturated is the initial state of the nucleus?

O What is the spatial transverse distributions of nucleons and gluons?
—~> How much does the spatial distribution fluctuate? Lumpiness, hot-spots etc.
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Key Observable for Saturation in pA

small x

Bremsstrahlung

~ s n(1/x pQCD 2->2 process = back-to-back di-jet

/ForwardJeT
e~ UTTO

PH Ele Phys Rev. Lett. 107, 172301 (2011)

0.1_11 16®05075GeV/c__162®05075GeV/c 25®0.5075GeV/c i /
& i Op+p Iby  =0079 by, =0.059
0.08F Ad+Au 60-88 | pascss_ g 157 bZA 088 _ 9,106 .
me | e (®dtAUD20 [ a0 -g63 bt 02 = 0.142
0.06/ % " 1 .
~ 0.06f b =0095 |
g B (2 bgA 60-88= 0 141 T + + T
S i 0 * T 1
= 0.04¢ biA%2® = 0176 T i ]
R T IAE  » S ﬁ ;
=) B T
£ 007 Qo QQ‘? r & 5; é ¢ ob %+ é $+++ | jeld
Z o Segheetiyet 2 gb¢te” g0 [ 9 ot !
v ' N A i ] | | i I e | | il ' S NN BT RS NS N
‘ -1 0 1 2 3 4 1 0 1 2 3 4 1 0 1 2 3 4
A¢ (rad)
dA: alternative explanation through double interactions ?I:




Key Observable for Saturation in pA

2015 Di-hadron correlations: scanning in x > study the evolution of Q% in x
Scan A-dependence: pAu and pAl = study the evolution of Q22(x) with A
Resolve ambiguity what causes the suppression in dAu

trig
1 GeV - - Pr > >3 GeV
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Nuclear effects in initial and Finals STATE

R,a: #° in central rapidity Rep: h* in forw/back rapidity
2 = H|9h pr R<«1 II% 33 C p+Au—h'+X  |s,,=200 GeV
_ af, n|<0.35, |s,, = 200 GeV M . 3F e -22an<-1.2(Au-going)
[ oderate pri RyaRya’Rameay 2 -
F;E;mﬁrl:g?c Global nceriainty 9.7 Proton size flucTuaTuons energy loss in eCNM a5F m 1224 (p-going)
1'5__ P Y mult. scattering, shadowing etc. = H H 0-5% / 60-84%
% No models can yet reproduce a peak at ~5 GeV/c 2 E
:E i II E H
f'a_a . . 1.5 __ PI‘[END(
o | - “‘ﬁﬂt i i ~ P-going: ch<1 - preliminary *
oo peAu 020% prom. | Shadowing? Saturation?  tge-s-zmreremzamerenzaeades 4
"o d+Au, 0-20%, PRL9S, 1?231::2 Au-going: Rep>l o5 =™t ® = o }
[ |3|_Ile+lﬁ:ul DED% El?llln‘: L AHTI-SthOWIng?_ I R R A R B B B
20 1 2 3 4 5 6 7 8 9
P, [(gew-::i pT(GeV/c)

PRC 95, 034904 (2017)

3 PHENIX |5, =200 GeV
gl @ Larger suppression of y' at
ol I —— I hucleus going direction
— | h e ——
< T Breakup due to interaction
E: with co-moving particles
1 0.5~ 3
—— He+A .
7 d ons  orAu comover More data coming: Incl. J/y,
= ¢ p+Al —p+Al co-mover i i
© &d+Au PRL 111 202301 (2013) Upsilon, single leptons

2

rapidity _
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How Does The initial state IN AA Look?

pPA@RHIC: unique kinematics 0 can measure nPDF in a x-Q2 region

S0 SN ===ttt Sk where nuclear effects are large
N';103:_ -V:i'—EELVS:STC?\\A/é/ATLAS — ALICE ] > Q2 > QSZ over a W|de r'Cmge |n X
@ F o DY (E772, E866) == E906 %X RHIC-pA DY ] .

% SeADIS - iLab12 1 0 Observables free of final state effects
2 direct photon 5 T . .

D 2gencas WP cr 3] » Gluons: R, for direct photons

> Sea-quarr(s: R,4 for DY

10 P e

/ Cponecariddic 1 0 Scan A-dependence prediction by

L o b 1 saturation models

0 .1 U can access saturation regime at

forward rapidities

1.6 I BN B AL AL

R,’® Current knowledge including
first LHC pA data

O T T T LHC pA data Q?
it impact small

2,02 F EPPSIG |
= 0.0 Dol vl ol
because nuclear TS e
| effect get smaller %11} ’

= pppsis v with Q2increasing 2wof

: 0.8
------ Baseline I
1

il Baeline > very high precision o
data S
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How Does The initial state IN AA Look?

pA: DY@25<n <45 pA: Direct Photon@2.5<n <45

—+— DY signal E 115
10° QCD bkg. b [ Rl,a, statistical uncertainties ncer am |es .
—+— DY LO signal = = U 1- 1-
f i 11 =2 Vv .
10 —+— DY NLO signal T c Sy = 200 Ge
5 & +0vsgnal E oo 2015 + 2023 ppépA
10 G 14r 1.05F 17618l
£ F o 1.01f
! g F 10051
= | 1F 1
107 ® v« on 11} I [ 0.995
2 ¢ F 0991
5 04} 0.95/— 0.985
102 E : 0.98
s = s r
0 E - 0.9— recorded 20%5 "
) g o4t F Lpwp=100 P L =0.45 pb
10 = ¥ c delivered
0 0.85— L,,,=293 pb™, L =176 pb
s L1 J I £ 2 oA
10 5 B 7 8 E 10 o Ll L L F Hl combined
M,/ GeV 5 & 7 8 ] L] C
- M Gev L

Impact on nPDFs: - sea quarks

0.8
EPPS16 —~
N
0.6 EPPS16 including %
STAR pseudo-data i o 1
| | | o
—
4 6 8 N“
2 o
............................................. o [GeV] <
~ 05
S
<
j=2]
o EPPS16
[ | EPPS16 including
U3 : S‘TAR pseud‘o-data
0 " Conl vl il
EPPS16 - - o i
EPPS16 including

STAR pseudo-d
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Saturation with the forward upgrade

Expand the number of observables:

- rigorous test of theory predictions

- get a handle on the different gluon distributions

- provide variety of high precision data to test universality of C6C <> EIC
- study of evolution/universality of Q.2 with A and x for different probes

arXiv:1101.0715

— ;
DIS and DY| SIDIS|Chadron in pA| photon-jet in pAP Dijet in DIS|(Dijet in pAD
G (WW) X X X X v V
G® (dipole)] v v v x v
CGC prediction for
o 15T Rya direct photon: Q jet-hadron / jet photon correlations
1?: — ; .‘_,i 1} %t o iigjlﬂzﬁ;ﬁ
0.8 r = 1151 |l :<p:"TL[GEV] = M[Q‘I:?:E._mg GeV)
gj: o _ E 1_1; R vt Z%S:C;églgs\r:ainties 14.537: . g L 0005l 1<p}'TS[GEV]<: F_:R:::;Q"cﬁ.:cﬂ\-ﬁ |
0.2_—I | .l| . |,. o .- B Loar 3_<§ '27_. 3 P g 02TeV FRD 86, 034016 (2012)
l.g_-l UL L I2I4I' 1'05?1'](3]6?_: :00-2.5;" !-.. B 55 6;0_004_
12k =244 [ 1.005F = e X
1F _— — N E lgobgggzl I I I I I I I I -3f- G <3 -
LSosk A0 iy 1 osesf-o9ss o i o 0002
= 06F F o ; 1B .
0'4:_ 1 °°F rl_em”fog SL 045 pbt T R S 7 S 7
oy fl. 293 pb, |_pA =1.76 pb! 10810(xa) ! I] : 3 4 5
; b A0
L 1 L L L | I
. b (Govio 9 1M events with for'war'd upgrade
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