Measurements of Transverse Spin Dependent 777~ Azimuthal
Correlation Asymmetry and Unpolarized 7"z~ Cross-Section

in pp Collisions at \/E = 200 GeV at STAR
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Leading Twist Parton Distribution Functions (PDFs)

Quark polarization

* Nucleon spin structure 1s described 1n terms of parton
distribution functions (PDFs).

Longitudinally polarized Transversely polarized
(L) (N

@ - @

Boer—Mulder

* Three leading twist collinear PDFs: o| (%)
f;(x) = Unpolarized PDF
g,(x) = Helicity PDF

hl‘](x) = Transversity PDF

Nudeon polarization
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Nucleon Quark
spin spin

. hlq (x) gives net transverse spin of parton 1n transversely polarized nucleon.
. hlq (x) 1s chiral-odd, less known from experiments than f,(x) and g,(x).

o [ts extraction requires coupling to another chiral-odd object, such as
Interference Fragmentation Function (IFF) in dihadron (A*h™) production

01 03 05 07 @

channel 1n polarized proton proton (pp) collisions.
C. Cocuzza et. al., arXiv:2306.12998 [hep-ph]
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Observables for hlq (x) in pp via h"h~ Channel Pn i D

X

h*™h~ channel offers convenient access to observables constraining
h/(x) in the collinear framework in polarized pp collisions.

Dihadron Channel: pT +p - h“th—+ X >

Pas Sa Pbp
Bachhetta & Radici #¥ = parton polarization
Phys.Rev.D 70 (2004) 094032 i 7. k.| = parton flavors
Polarized Cross Section:
.T. le X
rn r r Al']—
. . .
PaPp—(hyshp)X - ilp, i/p <hhylk 9)
doliP =X o sin(ghg — ) D | dx, | dx, | dz hPe(x,) £1P(x,) —— H" M) < )
i)k, * N -
Unpolarized Cross Section:
- q g
Pa < Po hl Hfl’ Hl HDI
- § § § | . dgzj—ﬂd
dPaPs= ()X dx, | dx, | dz fl/p“(xa) f]/pb(xb) _ Dhlhz/k(z, M}%)
UU I 1 d1 !
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Observables for Transversity /(x) in pp

e Dihadron Azimuthal Correlation Asymmetry, A;;7, in pl+p—>hth +X

doyyr do' —dot Qi Iy PO ) P HE 2 (2, M)

Apyr = — X . .
doyy — dol+dot ¥, ST 0Dz M)

- Independent measurement of H;® is required from e e~ experiments.

-Dlhlh2 1s least known, specifically for gluon fragmentation.

« Unpolarized Dihadron Cross-Section, do,;,inp +p — h™h™ + X

e doyy; 1s crucial for the Dlhlh2 , which provides equal access

to quarks and gluons.

e doy;;; and A allows model-independent extraction of /2;(x).
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Magnet

Solenoidal Tracker At RHIC (STAR)

PID at STAR
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Detector Acceptance Use
TPC -1<n<1, 0<¢p<2m Tracking, PID
BEMC | -1<n<1,0<¢<2mr | Event triggering
TOF -1<n<1, 0<¢<2m PID K by Maria & Alex Schmat
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IFF Studies at STAR

Collision proton-proton
Polarization transverse
Year 2006 2011 2012 2015 2017 2022 2024

Vs (GeV) 200 500 200 200 510 508 200
L, (pb™) ~1.8 ~25 ~22 ~52 ~350 | ~400 ??

<Pbeam>(%) ~60 ~53 ~57 ~57 NSS NSZ ??
e e \—\,—_J - T - \—-\/ﬁJ

» Published IFF A e STAR Preliminaﬁeg * STAR IFF Preliminary  ¢Planned [FF and Cross

STAR, Phys. Lett. B 780 (2018) 332 B -
STAR, Phys. Rev. Lett. 115 (2015) 242501 (@ \/_ =200 GeV ~ @+/s=510GeV Section Measurements

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

<'5 . Radicl, et al. Vs =500 GeV o 10%e
B ® z‘Tr,ﬁg ? - ggg gez NQ - STAR values span broad
n é pa rtIcIele— € % L | % STAR Vs =500 GeV and overlapping regions
[ trigger blas O 10° =
B (p.) =13 GeV/c for Vs =500 GeV Y = | ¢ STAR Vs =200 GeV k Folok Mk
0.05— (p.) = 6 GeVi/c for Vs = 200 GeV - ¢ T
150 1 02 — ® HERMES
B 4.5% scale uncertalnty - A COMPASS
B due to beam polarization B A
10 £ N
i % 5 R .
B A
STAR, Phys. Lett. B 780 (2018) 332 1¢
O STAR Phys. Rev. Lett. 115 (2013) 242501 -
_l | | | | | | | | | | | | | | | | | | | | | 10_1 I —— I I I I I —— | I I I
0.5 1 1.5 2 107 107 X

M __ (GeV/c?)

Ayt Proof-of-principle in pp STAR Kinematic Coverage
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STAR Run 2015 77z~ Asymmetry Analysis
pl+p— mtn™ + X aty/s =200 GeV

77~ Formation and Azimuthal Angles

* Polarized parton fragments to 7™z~

— 1

» Two crucial vectors: p, = ﬁhl + ﬁhz, R = E(ﬁhl — ﬁhz)

e Access to the quark polarization~ S - R X p;, .

* Pion 1dentification by measuring the ionization energy loss (dE/dx)
with p7 > 1.5 GeV/c and || < 1.

» Oppositely charged pion pairs, 777

e Direction of R points from 7z~ to z™ (or the other way);
otherwise Ay gets diluted.

« 777~ Azimuthal angle, Dps = Pg— Pr

Babu Pokhrel Sixth joint meeting of the APS-DNP and JPS, Nov. 26- Dec. 1, Hawai, 2023



STAR Run 2015 77z~ Asymmetry Analysis
| p! +p—>7r7z +Xat\/E=2OOGeV
° Ai}lr},(quS) extracted as a function of Mﬂ & . pT and 7] : pT bin 4, Minv bin 5, BLUE, 1> 0 | [ 1/nat 7.3@8

an 0.08 : : : : 1{ 0.05071 £ 0.004771
* Cross-ratio formula: i N R
| | \/N T(¢RS)N l(¢RS + 71') _ \/N l(gbRS)NT ( ¢RS n 72') gz_oz ;_ ............................................................................................................................................
AUT Sln(¢RS) — b :5 OE
VN @rIN (s + 1) + [N (hrg)N' (s + 7)
*Free from relative luminosity oot

terms (cancels out 1n symmetric detector system!)

oT 5in 4, Minv bin 5, YELLOW, 1>0 Jms
-Amplitude of the fitin [~ 0] gives the Aur. o 2
« A7 extracted for both* beams ;00: : o o
separately. Final Ayt 1s the weighted average of both. —:-ozg
*Both beams (Blue and Yellow) are polarized at STAR. ::: JURS FUUUS FUUTS TN PO I

Each beam can be treated as polarized independently while analyzing. s
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STAR Run 2015 77z~ Asymmetry Analysis
pl+p— 2727 + X at+/s =200 GeV

STAR Run 06, Phys. Lett. B 780 (2018) 332

_ _ STAR Preliminary 2015 = ~ STAR Preliminary 2015 Radici et. al.
g 0.03— p'+p — x* +Xat Vs =200 GeV ] Z” _ p'+p — n'n +Xat Vs=200GeV —o— Run 15, Cone < 0.7
& i % 0.08— (p. )=525GeVic
g Syst. E = T
EE{S - yst. mrror o m<ﬂ i o —e— Run 06, Cone < 0.3
0.02— ntn” . ntn” [ ] — < P > =6 GeV/c
B e <d - U é || E atn— 0.06 B | T SyTst. Error
i Z = >0
0.01— . Equark 0.04— o
B @] 0 —> :
oo ® T P quark 0.02- + e
| + 3% scale uncertainty from beam polarization (not shown) x — el |} + E @ @ )
1 | 1 | [ 1 | | [ | 1 | [ 1 | | [ 1 | | [ 1 | | [ 1 | | [ 1 | | [ 1 | | [ 1 | —> |
0.6 P proton - 9% . .
— n u O o 2 m | a | OF—----f--mmmmm
04— — : I + 3‘7|o scale unlcertaint)ll from beam polarlization (nlot shownl)
- RS> e<x> o 04 06 08 1 12 14 16 18
0.2 N ° °® (] o g
SR I TR T My (GeVie)
0 | | 1 | | 1 | | 1 | | 1 | | 1 | | 1 | | 1 [ | 1 | | 1 | | 1
-1 8 06 04 02 0 02 04 06 08 1 . +, - .
Top Panel: W o Asymmetry 1s enhanced around M * ~ 0.8, consistent
+ - with the previous measurement and theory prediction.

e Ay increases with the n* * .

o Sizable h9(x) is expected in the 7 > 0 region e Statistical precision 1s significantly improved in the new
i .

result.
Bottom Panel:

e Mean x and = from simulation e Systematic uncertainty is dominated by the PID,
| which is expected to improve significantly when
* 0.1 <{x) <0.22, (2) ~ 0.46 including TOF PID.

Details in SciPost Phvs.Proc. 8 (2022) 047
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https://inspirehep.net/literature/1897214

STAR Run 2012 Unpolarized 777~ Cross-Section (da{%” ) Measurement
p+p-oan +X at\/g = 200 GeV

at
/V T
P
Polarization integrated ~ Unpolarized
e Inclusive 777~ differential cross section:

« As a function of invariant mass, M l.’f;”_, in |n|<I . S107 |- — JPO, <M>=0.52 GeVic”

.: £ — JP1, <M> =0.55 GeV/c?

« Much needed for the Dlhlh2 extraction. $10° = — JP2, <M> = 0.58 GeV/c?
= F
. Access to Dlhlh2/ s, T10°
10°E
« STAR Run 2012 dataset @ \/E = 200 GeV - g
* Trigger on high energy clusters in STAR calorimeters 2
10" &
with varying threshold (JPO, JP1, and JP2) -
10 &=

» Lower trigger threshold provides better gluon MM
sensitivity than Run 20135. 15_ L

» 777~ construction is same as in the IFF analysis, | M-" GeV/c?
except for the track pr > 0.5 GeV/ec.

Babu Pokhrel Sixth joint meeting of the APS-DNP and JPS, Nov. 26- Dec. 1, Hawai, 2023



£
A
e
FER
e
s;,‘i",:ea,
S A T
e = .
Sk = ] »
=
£ T ow S
54 “tf\:"!?.:.; c
Sl ) o
e R ?
er 0 ) N
B fv‘t e 4 ;‘13 k1 b ¢
T e DR
L i
j 2N

STAR Run 2012 Unpolarized 777~ Cross-Section (d(f{%” ) Measurement
p+p— atan” +X aty/s =200 GeV

D;ta Untolding

*One can extracts underlying hadron-level

properties from reconstructed pairs using a regularized

unfolding, as implemented 1n TUnfold.
o [t takes migration matrix as input, which is derived

from PYTHIA and GEANT simulation.
* Small shape change in the unfolding output than

the input.
PID Corrections

o f;... accounts for the 77z~ impurity (due to other particle contamination).

«f,.. accounts for the 777~ loss due to restrictive PID cuts.

__Unfolding OQutput

Migration matrix 2
i : : 10™ g , . . —— Raw Data
__________________ 10" ;g 10°E "
R : ' - — Raw Data - Bkg
10° i i
10° ] —— Unfolded
7 10 ' ' ' :
10 s 5 5 s
10°
10° i i § §
4 105 = S e Hey A
10 5 5 : 5
10° ; é
. 5 5 5 s
10 10% i A S A
10 5 5 5 5
1 i i i B
MrecGV/2 llilllllllllilllllllllillllllllllllll
o 05 1 15 2 25 3 35 4
M., GeV/c?
Efficiency Corrections
+ —_
1.05 - - — : : '
‘Tracking Efficiency (¢ ” Trigger Efficiency (¢, )
- rk oyl R
;"% 1__ ............... - JPO | ..............
w |
0.95 ‘qg’ -
9 = S 08f '
E oo !iggﬁif-ﬂir EEiE%__.__. =t
Ll g ~
i R #T 0.6
= 2 —— N
0.85
0.8
0.75- 1 1 1 I I 1 I
1 2 3 4
<I\,Iin\l>

__n"zn~ Purity Fraction (frake) , 7ntn~ Loss Fraction (fioss)
o B o -
3 - 8105
£ 0 s 18E
.g 0.9__ _+_% .g 1.85—
O — —_ o 1.7
2 P % S =
I_o.alg—f:‘:“"—':t : T8
* 1.5
_._
0.7— 1-4?""_‘_
1.32— +:¢:4::*:—+—4+::+: ¢
s JP2 4+ JP1 4 JPO 12
4B JP2 ¢ JP1 ¢ JPO
0_5T|0|||||||||||||||I||||||||||||||||||| 1|||||||I||||I||||I||||I||||I||||I||||
D 1 1.5 2 2.5 3 3.5 0.5 1 15 2 2.5 3 3.5 4
Min , true (GeV/c) Mi nv (GeV/CZ)
Babu Pokhrel
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STAR Run 2012 Unpolarized 777~ Cross-Section (dg{%” ) Measurement
p+p— atan” +X aty/s =200 GeV

STAR Preliminary NEW RELEASE!
fop panel: T SEAR Pretmmany
» First unpolarized cross-section measurement in pp qi p+p — 7w +X at \s=200GeV
_ L 10° 1< 1,1<p"" <15 (GeV/c),0.02 < cone < 0.7
via 77~ channel. T 027<M7" <40 (Gevicd), L_ =26 (pby!
o . . . 108 ] - -t -+ Pythia 6.4.28 @ Perugia 2012,
* The measured cross-section 1s 1n gOOd agreement with .= PDXRP(90)=0-213,CTiQ6 PDF's
. B 107 R — asta nc
the cross-section from the PYTHIA simulation and JAM 23 B e JAM DIk predition

DiFF prediction.
Bottom panel:

d OJ'E JT
dM™ ™
[
&
N

-
)
=N
BLRRLLLL IR LI B L B R L R LI IR L B AL N I R RLLLL R L I
X
X
X
c ool ool v vl sl vl crowl vl vl 1A

* Systematic uncertainty (green band) 123 ---------
» Measured cross-section compared with PYTHIA (dashed e s
black) and with JAM DiFF (Blue) cross-sections e
* Statistical uncertainty (red band) P, mer me DBy D05
- BT e 1. &
» This measurement provides access to Dlhlh2 for gluons. SO e o

1 1 1
(R ' 1 -
1 : IFILF+q 1 T . o |
1

"B | 1 1 1 T ' 1
* 0% NiminoSity Jdcertkinty Rot shown.
-0.5 A A L

« Together with the Belle measurements, A, and do;;;; in pp s T 1;;”*3«; v%g) 35 T q
inv ev/c

opens up a path for the model-independent extraction of transversity.
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Summary and Outlook

h -Premsmn 77z~ IFF asymmetry measurement g [ STARPreliminary 2015 e,
= 0.08 (p, )=525GeVie
* Probes valence quarks (u and d) transversity. 5 . o e G
. . . . 0.06 ] Syst Error
* Dominant PID systematic uncertainty expected to shrink >0

comparable to the statistical uncertainty, including TOF.

S

=

=
I|III|III|III|III|

®

0.02
i/p, J/p <h hylk 2
doy;r do' — do? Zi, ik h"e(x )10 ) H |2z, M) % . v .
Ayr = = X g st ety tom e poaaton (ot o)
doyy do! + do! Z ’/pa(x )f]/pb(x )Dh h2/k(z M2) 04 06 08 1 12 14 16 18
i,].k b ’ M ™ (GeV/c?)
\—\,—_J
b me STAR Preliminary ]
= - p+p — mtrw+X at Vs =200 GeV

10° & L hI<1,1<p " <15(GeV/e), 0.02 < cone < 0.7 -
: . + __— . . s ' 027 <MLT <40 (GeV/c), L_ =26 (pb)" -
e First unpolarized 7™ 7~ cross-section measurement in pp WE B e
‘ fyh 5 F T :
» Provides access to D, for gluons. 3 T e
: : £S il o E
» Path to the model-independent extraction of /,(x). o S :
. . . + - . : —
- Planned double differential cross-section in M? ™ and p7 ” . L :
10> & _

e ./ e i

BTE 03 ﬁ"-*r-%jhr SRS 30 é
_05:._. .lf)%.h:.ln.iél?s}ﬁy.ugc.ﬂ.“}l"?y. .t.hl V.V. T I ..I.-...I ._.: -0.5
0.5 1 1.5 2 25 3 35 4
M. (GeV/c?)
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Summary and Outlook

—~ 0.008
@ u — e r*r-IFFSTAR Run15J-Ldt=52 pb™ (prel.)
LU’ L
5 - — e n*r-IFFSTAR Run15+24det=190 pb™ (proj.)
e Precision IFF asymmetries @ \/g = 200 GeV probing 7 00er e kST R 8 [ Lo 5050
transversity beyond valence quarks " ooal
e Precision 77z~ IFF asymmetry from Run 2015+2024 i
Proposed K™K~ IFF asymmetry, sensitive to the 0002 o
T: 99 . - | |
strange quark™ transversity. oL .+ + .+ + ‘+ + + il Il
—0.002_—
_0-00TllllllllllllllllllllllIIIIIlll

2 04 06 08 1 12 14 16
M™ (GeV)

nv

Thank you for your attention!

Babu Pokhrel Sixth joint meeting of the APS-DNP and JPS, Nov. 26- Dec. 1, Hawai, 2023



Babu Pokhrel

Backup

Sixth joint meeting of the APS-DNP and JPS, Nov. 26- Dec. 1, Hawaii, 2023

15



Unpolarized 77z~ Cross Section Measurement
p+p— atan” +X aty/s =200 GeV

Corrections (Bin by bin)

— . . - = STAR Preliminary
1.z 7~ Purity Fraction (fj; ) 3 100 oo p+p — o +X at 1s =200 GeV
+ - : 2 o e "< 1 -5- Comb.
2. n™xm Loss Fraction (f.,) - o - jp2
. . ng; = 8 ; o . IP1
3. Tracking Efficiency (€)) S 210 - — jpO
y -
. . 7Z.+]Z.— ;F 23107§ M=y
4. Trigger Efficiency (e, ) L .
Triggered Cross Sections A '@ims? —
H = S
doPP=7' 7" fo, of dNZ 7 <0 b
o _ fake = “loss true 10 .
ar P S R o Ttm = 10°L
dM L €trk €trk trg dM U = Tricoors P P o ©
e F riggers JPO JP1 JP2
S 105 [I(pb ) | 016 | 7.68 | 1880
. . = —
.GOOd agreement between trlggered CrOSS_SeCthnS; § - L 111 | IR A AN AN B A AN | Lo v v by L
. . . . . = - ip2  +jp1  +jpo
dlsagreement 1S COIlSldeI'ed as “Trlgger InefﬁCIency,’. b§% 02: __________ ....................... ___—-—_'_ ........................
o | e e BT T S S SN O S SR
. . . . = |2 i ; !
* Final cross-section (“Comb.” 1n the figure) 1s the S N U O I N U R W
weighted average of triggered cross-sections. E L v Ry S Ry S
MLT (GeV/c?)
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