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T

S Theoretical foundation |

O Probe transverse proton spin structure using high-energy polarized p+p collisions

O Important new insight into the transverse proton spin structure at STAR in polarized
p+p collisions at high energies using well established processes both theoretically and .
experimentally involving jets / hadrons

O Transversity-related measurements: Important insight into transverse spin

structure - Need coupling of transversity (hi) to chiral-odd fransverse spin
dependent fragmentation function (FF):
O Collins TMD FFs: Azimuthal single-spin asymmetries of charged pions in jets

1/ Da ] 1 h/k
N hy P () 17 () Hy M (2 )
1,9,k

O Di-hadron FFs: Azimuthal correlations of charged pion pairs

Z hi/pa (wa) 2 ff/pb (xb) 2 H1<{ hlhg/k(z’ Mh) long-range short-range
1,5,k

A
A
A 4

FF Review: A. Metz and A. Vossen, Prog. Part.
Nucl. Phys. 91 (2016) 136.
O Deepen our understanding concerning universality, factorization and evolution!
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Theoretical Foundation I
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O Proton spin structure in terms of parton distribution functions (PDFs)

O Three leading twist collinear PDFs, integrated over parton transverse momenta k:
9 f,(X) = Unpolarized PDF
J g,(x) = Helicity PDF
a hlq(x) = Transversity PDF
O Motivation: Measurement of observable to constrain hlq(x) in collinear framework in polarized

p+p collisions employing chiral-odd di-hadron fragmentation function (DiFF)!
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O Transversity

Correlation between nucleon transverse polarization and
transverse polarization of quarks - no gluon transversity!

O First transversity global
analysis by M. Radici and
A. Bacchetta (Phys. Rev.
Lett. 120, 192001
(2018))

O New global analysis by
JAM global analysis

(arXiV 2308.14857) 010/
—0.15¢

O Important connection to
Lattice QCD!

Low-x workshop 2023
Leros, Greece, September 3-8, 2023
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T
S Theoretical Foundation

0O Observables for transversity - Theoretical formulation

O Di-hadron channel: p 1 +p = hth ™+ X

H(Mh,PhT,n) ]_5(1’ Sa
D(Mp, Prr,m)

. APP
O Asymmetry: A, =

?* = parton

polarization
i, J,k,[=
parton flavors

H(My, Puryn) = 2Py ) Z/

mln
1 a,b,c,d Ta

dAG
/ %ha (2a) f2(z3) chg_deHf’c(z,Mh)

h < fi, Hf[ < D

O Unpolarized cross-section:

D(Mp, Pur,n) = 2P » > /

mln
1 a,b,c,d Ta

dx dO_a C C
/ —bf1 fUa fl(%)%l) ( 7Mh)
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T
- Theoretical Foundation

O Observables for transversity - Experimental measurement

O Di-hadron azimuthal correlation asymmetry, A, for pt +p > h*h™ + X :

dor do! — dot zi’j’k h{/pa(xa)f{/pb(xb) H1<h1h2/k(z, M,)

AUT -

O Independent measurement of H.® is required from e*e™ experiments (e.g. BELLE!)

a Dlhlh2 is least known, specifically for gluon fragmentation (New constrain from STAR!)
O Unpolarized di-hadron cross-section, doy; , for pt +p — h*th™ + X:

O doyy is crucial for Dlhlh2 providing access to quarks and

gluons

O doy and Ay allow model-independent extraction of transversity, h(x)! —

Low-x workshop 2023 Bernd Surrow
Leros, Greece, September 3-8, 2023



STAR, Phys. Lett. B 780 (2018) 332

O First proof-of-principle measurements at 2006eV and 510GeV

STAR Phys. Rev. Lett. 115 (2015) 242501

Theoretical Foundation I

O STAR observed significant 7z~ correlation asymmetry, A7, using 200 GeV and

500 GeV
O Ayr o hi(X)H ™™ (z, M})

O A, enhanced around p-mass region.

7 Radicl, et al. Vs =500 GeV
e STAR Vs =500 GeV
o STAR ys =200 GeV

[ ] particle ID
[ ] trigger blas

(pT) =13 GeV/c for {s =500 GeV
(p,) = 6 GeVic for s =200 GeV
n>0

-
o
< L

0.05—

4.5% scale uncertalnty

due to beam polarization

M, (GeV/c?)
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Radici et. al. Phys. Rev. Lett. 120
(2018), 19 192001

x h{¥
0.4»_/
0.3
0.2
0.1
0.0
\
-0.1 - STAR, e"e™, HERMES, COMPASS \
-0.2 ete™, HERMES, COMPASS
ignifi ——
Significant o2 o ]
impact on X
X th
hlq(x) from
0.05
STAR data et
at 0.00
/s =200 GeV -0.05

-0.10
B oo nErvEs, O
-0.15 STAR, ee™, HERMES, COMPAS
1072 107" 1
X

Bernd Surrow



O Polarized p+p collider facility at BNL

RHIC Collider and STAR Experiment I
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RHIC Collider and STAR Experiment

O Transverse spin-polarized p+p production runs

Polarized protons

900 , , , , ‘ .
O Di-hadron FFs: 2006 at 200GeV | | | . 2022P=50%
— 250/255GeV . (Lpeak limited
= 800 | 100Gev i Ry SBARY e
and 2011 at 5006eV measurements & |
.; L e S |
2 | | | | 2017 P=53%
and updates presented herel 2 | | g | | _ (Lpeak limited
E 600 [ S o By STAR)
, | | j 2013 P=53%
O TMD Collins FFs: 2012 / 2015at = oo | .. f 777"
S | | | : s
‘é : : : : : :
2006GeV and 2011 at 5006eV o 400 I e
S ‘ ‘ | ' | | ‘ |
s 300 }V i S
measurements S i | | | | |
= ZOIZP 52% 20151> 55%
2 200 b NG o TR TR 2009 P=34% B —
. o | ‘ ; |
O Large data samples in 2015 at 5 : | . 2012 P=59%
e 100 A e 2011 P= 48%7 2006 P =55%
- o T --2009 P=56%" 5005 P=47%
2006eV and 2017 / 2022 at . ‘ , T,
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5106GeV! Time [weeks in physics]
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RHIC Collider and STAR Experiment

O Overview of STAR experiment

Low-x workshop 2023
Leros, Greece, September 3-8, 2023
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RHIC Collider and STAR Experiment I

O Polarized p+p data samples and kinematic coverage

12

Collision mode proton-proton
Polarization type transverse
Year 2006 2011 2012 2015 2017 2022 2024
\/g (GeV) 200 500 200 200 510 508 200
L. (pb7h ~1.8 ~25 ~22 ~52 ~ 350 ~400 ~190
(Pream)( %) ~60 ~53 ~57 ~57 ~58 ~58
e e \_7 e N, ) =

/STAR Preliminaries

Published IFF Ay

STAR, Phys. Lett.
B 780 (2018) 332

STAR, Phys. Rev. Lett.

115 (2015) 242501

Low-x workshop 2023
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s =200 GeV
Unpolarlzed ntmr STAR IFF
Cross Section Preliminary @
(2012) 5 =510 GeV
IFF Asymmetry
(2015)

Planned IFF and
Cross Section
Measurements
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O Kinematic coverage

13

RHIC Collider and STAR Experiment I

Collision mode

proton-proton

Polarization type transverse
Year 2006 2011 2012 2015 2017 2022 2024
\/g (GeV) 200 500 200 200 510 508 200
L., (pb™) ~1.8 ~25 ~22 ~52 ~350 ~ 400 ~190
(Poeam? (%) ~ 60 ~53 ~57 ~57 ~58 ~58
%‘ 1042
‘% 35 % STAR {52500 GeV :ndovv;l:,f,:f;al:if:: STAR Kinematic Coverage:
:.'2' 10 ? Y STAR Vs =200 GeV x ook ke k )
° — 2B 4o O Covers larger Q- values compared to HERMES
102 = |
. |+ coueass . and COMPASS.
10 = . A
x S . O Intermediate x coverage, probing
1=
10_13 o N predominantly valence quark region.
102 10"
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T : :
L Analysis details - 777~ Asymmetry |

O Kinematic variables and selection cuts n
§T Py
Polarized parton fragments to 777z~ : EEe— <Z > P
Pbheam ﬁhz ot R

Two crucial vectors: p;, = ﬁhl +5h2 and R = 5(13}11 _13h2)

O Access to the quark polarization via correlation: S - R X py,

O Pion identification by measuring the

ionization energy loss (dE/dx)
with p7 > 1.5 6eV/c and || <1

O Oppositely charged pion pairs, 71z~

O Direction of R always points from

14

7~ ton" Ayr gets otherwise

. n¥m” reaction plane
diluted

Low-x workshop 2023
Leros, Greece, September 3-8, 2023
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T : :
L Analysis details - 777~ Asymmetry

O Asymmetry determination P= A;verage beam polarization hpolB
9000>:<1° Entries 1.276977e408
(o) . . .. . . 80003 RMS o.o.3753
Cross-ratio formula: @g¢ binning in Ay extraction - S—
7000 [f] hpolY
E JJJHjj Entries 1.274526e+08
6000: 1
) 1 \/NT(¢RS)NL(¢RS + 7[) - \/Nl(gbRS)NT(gbRS + ][) 5000; :—_r];L R:sn o.t;aanz
Ayr sin(Prs) = P 000 I
VN GrIN Bogs + 1) + [N RN (s + ) s I
2000; f, i Iy
O Free from relative luminosity terms (cancels out in 1000k [ J ﬂiﬁﬂ
- iy
symmetric detector systeml) 300 DU OO T SO OO OO0 S DO
8.3 035 04 045 05 055 06 065 0.7 075 08

Corrected Polarization

O Two transverse polarization states: 1, |

O 16 ¢hp¢ bins of uniform widths over [— 7, 7].

O Symmetry between [—x, 0] and [0, 7] hemispheres.

O Count zt7~ yields in each 16 ¢hg¢ bins for each

polarization states: N'(¢hps), N (¢hrs).

¢rs binning scheme

Low-x workshop 2023 Bernd Surrow
Leros, Greece, September 3-8, 2023
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O Systematic uncertainties

Analysis details - 777z~ Asymmeftry

O STAR PID relies on the measured ionization energy loss (dE/dx) by the TPC at low p;.
O Time of Flight (TOF) helps to

improve the STAR PID, in conjunction with the TPC via dE/dx

O The fraction of proton, kaon, and electron (backgrounds) in the pion signal region

estimates the PID systematic uncertainty

0.75 = | G 3 K -8% I70| 2, ,| IRLIYR
LB ‘R -; K +8% 170 T e

TPCPID | _ce%mo

—e +8% 170

log, (dE/dx)

1 IIIII-
—h
(=]
=

‘ : —p -8% 170

Gk V9 _—1—p+8% I70
S ‘ o — 1 8% 170

‘ 1 : ‘ — 7 +8% 170

ey
(=]
W

045

035

————————— —

1 11 I 1 11
1.5 2 2.5 3 3.5 4

2
log,4(P) p (GeV/c)

Bernd Surrow
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_|_ —_
=t~ Asymmetry Results |
.. +—
O  Asymmetry vs. pseudo-rapidity 7 at 2006eV and 510GeV
- — 0.03
) [ STAR Prellmlnary 2015 ~ STAR Preliminary 2017
¢ 003 p'+p - n'r +Xat Vs=200GeV i ;
& pl+p — 'm+ Xat Vs =510 GeV,L,_ =350 pb
E e ” [J Syst.Error ; B . T
@ 4: B i 9<p) " (GeV/c)<25,02 <M " (GeV/ch)< 4
0.02— 0.02 <p. ">=13 GeV/e, <M’;"> =1.02 GeV/c’
B é - \:I Tot Sys.
0.01F g i
Ll & L
N _ & i
I ® 5 )
L @ @ © < 0.01—
O 3% scale uncertainty from beam polarization (not shown) | B
111 | 111 | 111 | 111 | 111 | 111 | 111 | 111 | 111 | 111 I~ Ié'
0.6— B
- [ ] u ] n m ] [ | u [ | B [+] l#
04—
o B<Z> e<X> 0_++ """"""""""""""""""""""""""""""""""""
0.2 __ ° () ® ¢ = + 1.4% scale uncertanity from beam polarization (not shown)
C o ° ° o ©
0 111 | 111 | 111 | 111 | 111 | 1 11 | 1 11 | 111 | 111 | 111 —I 1 1 1 1 | 1 1 1 1 | 1 1 1 | | | | | | |
-1 . 6 0. 2 0 02 04 06 08 1 -1 -0.5 0 0.5 1
nn*n' nn*n‘

O A,y increases with n at 200G6eV (Run 15) and 510GeV (Run 17) - Sizable hlq(x) expected for n > 0, i.e. large x!

O Improved PID treatment for 510GeV (Run 17) using TPC/TOF, whereas 200GeV (Run 15) based on TOF PID
only so far
O Systematic uncertainties: PID and Trigger bias

Low-x workshop 2023 Bernd Surrow
Leros, Greece, September 3-8, 2023
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mtx~ Asymmetry Results

O  Asymmetry vs. invariant mass M*.” integrated in p; at 200GeV and highest p; bin at 510GeV

mv

gg ~ STAR Preliminary 2015 [ Radici et. al. 2 - [ Radici et. al., v!§ =500 GeV
> ~ - ) _ . 0.08— —&— STAR 2011, Vs =500 GeV,L,_ =25pb"
& _ pl+p 7t + X at Vs =200 GeV —e— Run 15, Cone < 0.7 g i T8 STAR2UT, 510GV, L™ 2380 pb?
£ 0.08— ( P, )=5.25GeV/c 35 i STAR 2011 PID Sys.
2 <D - e Run 06. Cone < 0.3 < STAR 2011 Trig. Bias Sys.
- ’ B STAR 2017 Tot Sys.
B (p, )=6GeVic 0.06 |¢:I o Xys
0.06 I - P + p = T +
- [ S):S_t - Error - <p"">=13 GeVie, 7' > 0
B n">0 | T
i 0.04— STAR Preliminary 2017
0.04— ° . y
L i % ] ?
- B éﬂ §
0.02— * + B H E 0.02_ i 8 * .
B e . 5 - ) + .
- ‘ -
0 [ =" T T[T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T TS TS TS ST TS s s e 0 — +1.4% (STAR 2017), +4.5% (STAR 2011) scale uncertanity from beam polarization (not shown)
o | + 3% scale uncertainty from beam polarlzatlon (not shown) - | | | | |
04 0.6 0.8 1 1.2 14 16 18 05 1 1.5 2 25
Mﬁls‘ (GeV/c?) MP™(GeV/c?)

myv

O A,y asymmetry is enhanced around Ml’fw” ~ 0.8, consistent with the previous measurement and theory

prediction

O Theory calculations overshoots the new measurement beyond the p resonance peak

O Statistical precision is significantly improved by the new result

Low-x workshop 2023 Bernd Surrow
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mtx~ Asymmetry Results

O  Asymmetry vs. invariant mass M”. "

inv
g oosl [ TT0 |<p,>=34GevVic | <p,>=4GeVic | <p,>=47GeVie
= L |- " "<0
z<:> [ [ Syst. Error
0.04 o
0.02-— - m
: : gaBe [ﬂ&]ﬁag
Loy i
3T LT . SiLAVCE N SR ¥ LTS I S
[ $ ®
1 ! ! 1 PRI IR R N IS ST SRS ST SN NS N
& L 0.5 1 1.5 2
2: H0'06 - <p,>=57GeVie [ <p,>=83GeVic M.... (GeV/e?)
E<:> : + 1
o0af - f H STAR Preliminary 2015
[ p'+p — w*w +Xat fs=200GeV
0.02 O El El - + 3% scale uncertainty from beam
[ @ E @ l}] lg @ polarization (not shown)
OF.+;-++.-+..¥.--.§ ............ S
1 Il Il 1 PRI I S RS SN R
0.5 1 15 2 05 1 1.5 2

M.,... (GeV/c?) M, (GeV/c?)

o Ai}r%("sl‘s) vs MZ 7" in different prand n™ ™ bins

Sin(®g-dp)

uT

Sin(g-dy)
uT

A

0.02

0.04

0.02

in p; bins at 200GeV and 510GeV
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L L +N"T>0 |
4077 <0
[JTot Sys.
<pI">=4GeVie <pI">=5GeVie <p;'”'> =6 GeV/c
af]
8% 0 e e

88 0 . L % s
B X L PSP L S S - AT bl TP

1 1 1 1 PRI RPN BN B B A e o oo by vy by v v by oy
B | 0.5 1 15 2

MI™(GeV/c?)
]
<P77> =8 GeVie g g <>=13Gevie | STAR Preliminary 2017

B g @ % p'+p — w'w +Xat ¥s=510 GeV, L =350 pb*

gg g g g + 1.4% scale uncertanity from beam

g @ 2 ° * é @ polarization (not shown)

® ¢ $%e $
____éé_é.é_f __________ .‘,_..._._.§_§.?_ _____ $---T - &

1 1 1 1 e by b by by

05 1 15 2 05 1 15 2

ML (GeV/c?) ML (GeV/c?)

O Signal grows stronger at higher py in forward 7™ ™ region / Resonance peak around MZ 7 ~ 0.8 GeV/c? ~

M,

O Backward 17”+”_signa| is small, mainly from low x quarks from polarized beam

Low-x workshop 2023
Leros, Greece, September 3-8, 2023
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mtx~ Asymmetry Results

O  Asymmetry vs. transverse momentum p;in MZ.* bins at 2006eV and 510GeV

mv

2 [ <M, >=039Gev/@ [ T >0 |[ <M_>=058GeVict <M, >=0.76 GeV/c? 0.04 - +ur>0 L
€ 006 - rT<0 | L L™ L 4+ <0
5 [ Syst. Error ¢ | <M¥> =039 GeV/e? <MT> =057 Gev/e?  [JTot Sys. <MET>=0.75 GeV/c? B
004 L i . i
% 002 - + B g
. : g B Ha!
002 @ . L Eﬁ'] B < | 8 . p °° 0 8 LT
2 i . L :
2 % # U ; RR AN £ LA
& $ % YT L S S HIYP SR PO I3 20 S
oF- @'} +--,F -------------- T tetg T L FLr SRt . SR S I 1 i AL
1 1 1 | IR ST R PRI (TS NS T W NS S S NI '”|IIIII|I 1 ..III.I.I.I.II..I..I......I....I....I....
2 L 4 6 8 10 5 10 15
& 2 2 Y. - - .
< oosl < Minv >=10.96 GeV/c < Ma..v >=142GeV/e P (GeVe) 0.04 prT(GeVic)
5 t | <ME™> =0.99 GeVi/c? i <ME> = 1,61 GeV/c?
0.04 i H STAR Preliminary 2015 - r STAR Preliminary 2017
[ EI pl+p — 't +Xat s =200 GeV ;-E' [_0'02 __ 8 B H p'+p — w'w +Xat ¥s =510 GeV, L, =350 pb?!
0.02 L H - E = 3% scale uncertainty from beam 23 [} + 1.4% scale uncertanity from beam
B E E El 1 ( h ) # § ¢ § é @ polarization (not shown)
@ polarization (not shown F ‘ F
: @
e @ PR £ 34 4L BRPYY 30 S R S
AT LI thaggs t o * . it
1 1 1 1 PP B SR B | P R L 1 1 1 M B T B
4 6 8 10 4 6 s 10 5 10 15, 5 10 15
Pr(GeVio) P (GeVio) P} " (GeVic) Py (GeVie)

O Large asymmetry signal at higher py in forward 17”+”_r'egion. Stronger signal when (M, ) ~ M

O Backward 7" " signal (" * < 0) is small, mainly from low x quarks from polarized beam.

Low-x workshop 2023 Bernd Surrow
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2 Analysis details - 7*7~ Cross-Section |

O Selection criteria

+
7 T
O Di-hadron channel,p +p -zt~ + X : h _
Phream 3 R
O Inclusive 7* 7~ differential cross section: Phy - =

. . . + - .
5 As a function of invariant mass, M ™, in |n|<1.

21

w -
T C - o 2E _ 2
O Much needed for the D""2 extraction. @10 0 Noon = 346407, <M>=0.52 GV
1 > E — JP1,N'7 = 1.96+08, <M> = 0.55 GeV/c®
"F 6 i Tt 2
hihal 10 & —JP2, N =9.1e+07, <M> = 0.58 GeV/c
0 11218 E events
Access to D "%, z f
10 &
O — =
STAR Run 2012 dataset @ /s = 200 GeV b
O Tr'igger's: JPO, JP1, JP2 103é—
O Lower trigger threshold provides better gluon 102E
sensitivity than Run 2015. 10
_ _ : : 1L
O ztx~ construction is same as in the IFF analysis, N T T TR |
0o 05 1 15 2 25 3 35 4
M;." GeV/c®
except for the track p; > 0.5 GeV/c.
Low-x workshop 2023 Bernd Surrow
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Analysis details - 7*7~ Cross-Section

O Cross-section determination and systematic uncertainties

a3 : : : : © 1
10 51075\::....: ...... :......:...DRawData % 10
= . . . . 10
> F >l; o . . D Bkg. (from Embed.) c,: 10
107 *10° > 10°
E Corrected Data = s
10° _ 10
: 107
107 .
............................................... 10
107 10°
— Data 4
6| 4 10
107 - Embed. oy s
@ [l mwypr ORI dhoooodhoooodonoood R, . . . . . .
EE 023 w 70“0429‘)191:0‘00359 ﬁ*&f, +]L~'f ﬁ l’”hll 10°
P SEAEORRAE A0 AAAAA (AN VOV U AL T S-SR ) Y IR 10
E = -\l; ‘ . . ‘ 0
° b s 15 2 25 3 35 4 05 1 15 2 25 3 35 4 1
hMinv_JP2 M,,, GeV/c? M,., GeV/c?

O PYTHIA simulated events, reconstructed through GEANT package embedded with real collision
events to effectively reconstruct STAR detector responses (Embedding)

O Unfolding accounts for the bin migration effect and backgrounds

O Unfolding is performed for each trigger, allowing independent measurement of triggered cross-

section

Low-x workshop 2023 Bernd Surrow
Leros, Greece, September 3-8, 2023



mpl 23
i Analysis details - 777~ Cross-Section
. :l T TT LI LI | LI | LI | LI | LI LI | T I:
O Cross-section result oF STAR Preliminary 2012 -
107 5 gomem E
. - S om p+p — mw +X at Vs =200 GeV E
doPP B frake * Tloss . dN{. & 10° & re. MTI<1,1<p"" <15 (GeVic), 0.02 < cone < 0.7
dM*7 L.ert.en . et dMEE - 027 <M, <4.0 (GeV/c*), L =26 (pb)" E
k- ke 10° - —4— Pythia 6.4.28 @ Perugia 2012 E
E ythia 6.4. erugia , 3
. . = e PARP(90)=0.213, CTEQ6 PDFs .
O Corrections: = 10" & —.— —}— Measured =
f) = =
— . . 2R C ]
O 7%z~ Purity Fraction (fi,.) 3 10° & —— g
E - —— ]
+._— - b
YU 777 Loss Fraction (f)yg) $2 10 3 E
D . o« . T 4 ;_ _;I
Tracking Efficiency (€;,) 10°¢ —_—
+_— 3L i
0 | ici ' 107 & E
Trigger Efficiency (e, ) - —
. . 10’ & -
O First cross-section measurement: E :
_I 111 | | | | | | | | | | 111 1 | 111 1 | 111 1 | 111 1 1 I_
Provides needed constrain of 0.5— & MY - Raoe —22 — 05
h.h, £ C ] 2
D1 for gluons. Sp O et 10 3
"~ - ——t -
0 _i - o , :
Path to model-independent 5[ ity sy sttty 0 s
: 05 1 15 2 25 3 35 4
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2 Analysis details - 7*7~ Cross-Section
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10°F - STAR Preliminary 2012 3
ES p+p — wr+X at \§=200GeV E
10° ¢ 1< 1,1<p]" <15 (GeV/c), 0.02 < cone < 0.7

O New measurements of IFF di- wp oo TR,

—4— Pythia 6428 @ Perugia 2012,

Y = T ]
1 H -‘JE 10° - b
pion asymmetries at 200GeV o -
10’; R ,
(2015) and 5106GeV (2017) T
EICE —— 0 5
it o]0

O First di-pion cross-section S e
measurement at 200GeV (2012)

O Improved PID systematics (Combination of TPC+TOF) for Run 17
data at 510GeV, to be applied to 200GeV measurement

O Publication of 200GeV and 510 di-pion measurements: Input to

global analysis for transversity extraction!
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== Summary and Outlook
O Outlook
O Precision measurement of IFF asymmetries for pions / Kaons from 2015+2024 at
2006GeV and 2017+2022 at 510GeV
O Planned cross-section measurements for pions at 5106eV and Kaons at 200/510GeV
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