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e [eading twist parton distribution function
(PDF), which provides transverse spin

structure of the nucleon.

e Chiral-odd quantity, less known from
experiments than f(x) and g(x).

e [ts extraction requires coupling to
another chiral-odd object, such as
Interference Fragmentation Function
(IFF) 1n dihadron production channel.

Motivation: Measurement of observables
in 777~ channel to constrain /7(x) in the

collinear framework in polarized pp

collisions.
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Transversity, hlq (x)

Transversity:

P’ = Nucleon polarization

p = Nucleon momentum

C. Cocuzza et. al., arXiv:2306.12998 [hep-ph]
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STAR Observables for Transversity h1 (x)in pp B ,

X

Dihadron Channel: pT +p - h“th—+X

Bachhetta & Radici
Phys.Rev.D 70 (2004) 094032

Pp

= parton polarization
I, J, k, [ = parton flavors

Polarized Cross Section:

X
f hi,h,)X ~ n n / / 8iTj_}le hh,lk
doliP =X o sin(ghg — ) D | dx, | dx, | dz hPe(x,) £1P(x,) —— H™"G, M?) < )
i,7.k,0 * - -

Unpolarized Cross Section:

- q g

Pa < Po hl Hfl’ Hl HDI

hi,h,)X n r' P / / 5U=H h h,/k

dggall;bﬁ( )X Z dx, | dx,|dz fll Pa(x ) f{ Po(x,) — Dll o/ (2, M}%)

1,j,k,l * - -
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Observables for Transversity /(x) in pp

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

doy;r do' — dot Zi, jik h{/pa(xa)f {/pb(xb)H ) (2, M)

A, = — X . .
o doyy dottdot S PGP 0)DY G 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

Phys.Rev.D 70 (2004) 094032

Bachhetta & Radici

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

to quarks and gluons.

 do;;;; and A, allows model-independent extraction of /2;(x).
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Relativistic Heavy lon Collider (RHIC)
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STAR Detector at RHIC
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IFF Studies at STAR

Collision proton-proton
Polarization transverse
Year 2006 2011 2012 2015 2017 2022 2024
Vs (GeV) 200 S00 200 200 510 S08 200
Line (pb™") ~1.8 ~25 ~22 ~52 | ~350 | ~400 ??
< Ppeam > (%) ~ 60 ~53 ~57 ~ 357 ~ 535 ~ 52 2?7
)~ —x — —_—

 Published IFF Ay

STAR, Phys. Lett. B 780 (2018) 332
STAR, Phys. Rev. Lett. 115 (2015) 242501

e Planned IFF and Cross

Section Measurements

*STAR Preliminaries *STAR IFF Preliminary
@+/s=200GeV ~ @+/s=510GeV

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

Babu Pokhrel

<|5 - i Radlcl, et al. Vs =500 GeV o 104 =
B e STAR Vs =500 GeV NQ - STAR values span broad
n é s::t\l?:llgl[)— 200 GeV % L | % STAR Vs =500 GeV and overlapping regions
[ ] trigger blas (.2, 103 = -
i (p.) =13 GeV/c for Vs =500 GeV Y - | ¢ STAR Vs =200 GeV Kk ook ek
0.05 (p,) = 6 GeV/c for {s =200 GeV - ¥ ¥
a0 102L-| ™ HERMES
B 4.5% scale uncertalnty E A COMPASS
u due to beam polarization - A
10 = N
% Lt
| % 1 4 . )
STAR, Phys. Lett. B 780 (2018) 332 =
0 STAR Phys. Rev. Lett. 115 (2013) 242501 -
| | | | | | | | | | | | | | | | | | | | 10_1 I —— I I |
0.5 1 1.5 2 102 10°

Ayt Proof-of-principle in pp

M, , (GeV/c?)
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STAR Run 2015 77z~ Asymmetry Analysis
pl+p— mtn™ + X aty/s =200 GeV

77~ Formation and Azimuthal Angles - > N
S Ph, T

*Polarized parton fragmentstoz™~~. = —o————pm———meeeeye Ph

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

« 777~ Azimuthal angle, Dps = Pg— Pr

Babu Pokhrel SPIN2023, Sept. 24 - 29, Duke University



STAR Run 2015 77z~ Asymmetry Analysis
pl+p— mtn™ + X aty/s =200 GeV

: : +_— +_— +, —
.A%I%(gbRs) extracted as a function of M” ” , p7. ™ , and " ” .

pT bin 4, Minv bin 5, BLUE, 1> 0 || x2/nat 2364/7 pT bin 4, Minv bin 5, YELLOW, 1 >0 |/ndf 5.874/7

* Cross-ratio formula:

SN RN NN NN N R B 006

| \/ NT ( ¢RS) N l ( ¢RS n 71') B \/ N | ( ¢RS) NT ( ¢RS n 71') 004_ ....................... ....................... ....................... ...................... 004_ ....................... ....................... ....................... ......................

. 171 7 S S—— — —— [SRTER— — — 0.02-
Aursin(rs) =

P \/NT(CbRs)Nl@RS + ) + \/Nl@RS)NT(QbRS + 1) i

P an\
o
o

0.05071 + 0.004771 0.08— : ; ; s 0.04741 £ 0.004747

& Aur(@rs)

02

~0.04

* Free from relative luminosity

~0.06]—

—0.08—|

terms (cancels out in symmetric detector system!)

 Two transverse polarization states: 1, | » Amplitude of the fit in [—7, O] gives the Ay .

¢ 16 ¢p bins of uniform widths over [—z, 7].

, « Ayt extracted for Blue and Yellow beams
e Symmetry between [—z, 0] and [0, #] hemispheres.

» Count 77z~ yields in each 16 ¢, bins for each
polarization states: NT(gbRS), Ni(gbRS).

separately. Final Ayt 1s the weighted average of both.

Babu Pokhrel SPIN2023, Sept. 24 - 29, Duke University



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
& B % 0.08— (p, )=525GeVie
E%{S - Syst. Error o m<ﬁD i o —e— Run 06, Cone < 0.3
0.02— ntn” . ntn” [ ] — < P > =6 GeV/c
B e <d - U é || E Tt 0.06 B | T SyTst. Error
i Z = >0
0.01— - Equark 0.04— o
B [] & N i
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% . e
— n u O o 2 m | a | OF—----f--mmmmm
04— — : I + 3‘7|o scale unlcertaint)ll from beam polarlization (nlot shownl)
- RSZ>e<x> . 04 06 08 1 12 14 16 18
0.2 B ° °® o ® +_- 2
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 7+
p+p o>

i~ Cross-Section (d(f{%” ) Measurement
+ X at4/s =200 GeV

]Z'+

=

Polarization integrated =~ Unpolarized

-

P

e Inclusive 7zt~ differential cross section:

. . . +
e As a function of invariant mass, M’ *

« Much needed for the Dlh 2 extraction.

. Access to Dlhlh2/ 5.

+ STAR Run 2012 dataset @ /s = 200 GeV

* Triggers: JPO, JP1, JP2

* Lower trigger threshold provides better gluon
sensitivity than Run 20135.

» 777~ construction is same as in the IFF analysis,
except for the track p, > 0.5 GeV/c.

Babu Pokhrel SPIN2023
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STAR Run 2012 Unpolarized 777~ Cross-Section (dgga” ) Measurement
p+p— atan” +X aty/s =200 GeV

Input _,_Migration matrix
» Unfolding accounts for the bin migration effect. %” . T e s §35 E |
 Embedding (PYTHIA simulated events, reconstructed :: ) 3
through the GEANT 3 package embedded in the zero-bias ______ 2'25
events) are used for the unfolding. 10 ------ ------ ------ 15
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* Backgrounds are subtracted before unfolding. 3

Unfolding Using TUnfoldDensity 05 e E s e e GOV
» TUnfoldDensity is based on least square fit with __ Unifolding output

—k
o
=5~
o
N

* Migration matrix transtorms the “detector” yields to 1o -.__

Tikhonov regularization. = i T L
3 3 k — - Raw Data - Bkg
Input = Background corrected data. I s I

the “true” yields.
e Output = “True” yields

* Small shape change in the unfolding output than the input.

» Unfolding is performed for each trigger, allowing independent I B - R Y- B Y
: . M., GeV/c?
measurement of triggered cross-section.
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* All the corrections are embedding 7t~ Purity Fraction (frake)

driven. 2
PID Corrections el +%+
S L _ +- !
4 o8-~ * 40
et accounts for the 77 x o
impurity (due to other particle o
L. s JP2 ¢ JP1 ¢ JPO
contamination). - ! | +l -
L 0'5"0.5""1'"'1.5""2'"'2.5""3""3.5""24
;.. accounts for the 77z~ loss M, e (GEV/)
due to restrictive PID cuts. "*FTracking Efficiency (7.7
1
0.955—
Efficiency Corrections = o oF e S
- ®
X ilﬂgi ' -
Tracking Efficiency (¢7;% osof f
» Tracking Efticiency (¢, CJP0 M1 IP1 a JP2
0.8
 Trigger Efficiency (et,,g ) :
075y

<IVlinv>
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STAR Run 2012 Unpolarized 777~ Cross-Section (dgga” ) Measurement
p+p— atan” +X aty/s =200 GeV
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STAR Run 2012 Unpolarized 777~ Cross-Section (dU{’JB” ) Measurement
p+p— atan” +X aty/s =200 GeV

STAR Preliminary
Top panel: T AR pratmimany
. . . . SHR S E
» First unpolarized cross-section measurement in pp e p+p — ' +X at Vs =200 GeV -
. 10° & | 1< 1,1<p"" <15 (GeV/c), 0.02 < cone < 0.7 —
via T +JZ' ~ channel. - ' 0.27 < M;,; <4.0 (GeV/c*), L_ =26 (pb)" -
. . . . 10° 3 ] --+-. Pythia 6.4.28 @ Perugia 2012, E
» The measured cross-section is in good agreement with z — PARPOU=0213, CTEQS PDFs -
” T 107 3 | RERR — asta nc E
the cross-section from the PYTHIA simulation and JAM 23 © = ) JAM DIFF Prediction z
— 10 by =
DiFF prediction. SO — z
3% 10°E — E
Bottom panel: R T :
10" & =
» Systematic uncertainty (green band) (Details in backup!) . E
107 & =
 Relative difference between PYTHIA and measured N E
cross-section (closed circle). -
. . . — O, Syst. 0.S do,,, - dOmes Ojam =~ Q0mes
e Statistical uncertainty (red band). CE L men men - g e
oélxs 0: i-—?;_,_,_;_:";"’rtm - ZLIr-—-" :
- : hyh R S e o S I e el -
« This measurement provides access to Dl1 2 for gluons. B
. . . 0.5 1 1.5 2 2.5 3 3.5 4
* Together with the Belle measurements, IFF and cross-section 1n pp MY (GeV/c?)

opens up a path for the model-independent extraction of transversity.
Babu Pokhrel SPIN2023, Sept. 24 - 29, Duke University



Summary and Outlook

h -Premsmn 77z~ IFF asymmetry measurement 2 [ STAR Preliminary 2015 e s
% 50'08__ (pT y=525GeV/c
* Probes valence quarks (u and d) transversity. < . o e G
. . . . 0°06__ ] Syst Error
* Dominant PID systematic uncertainty expected to shrink : >0
. . . . . 0.04— °
comparable to the statistical uncertainty, including TOF. : E
0.02—
ilp, ji/p <hyholk 2 - +@ o ¢
dUUT dGT —_ dUi Zl,],k hl (xa)fl b(xb)Hl b (Z’ Mh) 0%* ____________________________________ E ____________________ @ __________
AU T — — X [, L, 1, 7% seale mjcertainty from bepm polarjzation (not shown) |
doyy do! + do! Z ’/pa(x )f]/pb(x )Dh h2/k(z M2) 04 06 08 1 12 14 16 18
i,j.k b ’ M ™ (GeV/c?)
b me STAR Preliminary = E
109 é— '-“'__. II:]:“II) <j, :: p%jialts (‘@Ge\f/t()), f)}(:)‘; <cone<0.7 —;.
- : — o o - 027 <Mj,7 <4.0 (GeV/c?), L_ =26 (pb)’ g
First unpolarized 777~ cross-section measurement in pp WE B e
- hyh S W e 2 S T
- Provides access to D™ for gluons. 3 S i
: - 55wl ""“ -
» Path to the model-independent extraction of /,(x). o i :
: : : : + - + o ; A
e Planned double differential cross-section in M * and p7 * . L 3
10 & _
O'S_I_I o I|£|I(i)I | I;I(%)I 'I' | l A | o dL"IdI(IlI - 0.5
BIE Oi ﬁ"-*r-%jhr SEE 20 é
_05:._. .lf)%.h:.ln.iél?siﬁy.ugc.ﬂ.“}l"?y. .t.hl V.V. I I ..I.-...‘I ._.: -0.5
0.5 1 15 2 2.5 3 3.5 4
M. (GeV/c?)

Babu Pokhrel SPIN2023, Sept. 24 - 29, Duke University



Summary and Outlook

—~ 0.008
@ o — e r*m-IFFSTAR Run15J-Ldt=52 pb™ (prel.)
LU’ L
5 _ — e n*r-IFF STAR Run15+24det=190 pb™ (proj.)
e Precision IFF asymmetries @ \/g = 200 GeV probing S0 e kST R 8 [ Lo 5050
transversity beyond valence quarks S o004
e Precision 77z~ IFF asymmetry from Run 2015+2024 !
Proposed K™K~ IFF asymmetry, sensitive to the 0.002- o
¢ 99 . i - |
strange quark™ transversity. o ‘+ + .+ + .+ + + il Ll
—0.002_—
_0-00TllllllllllllllllllllllIIIIIlll

2 04 06 08 1 12 14 16
M™ (GeV)

nv

Thank you for your attention!
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p+p— atan” +X aty/s =200 GeV

STAR Run 2012 Unpolarized 777~ Cross-Section (d(f{%” ) Measurement

o o ° (1
Simulation and Embedding Sample o
. . . 107
* Stmulation and Embedding sample needed for: 10
 Data unfolding -
* PID corrections 10°

el A5 P PO PO PTTRY CATY FORT P WO P

. . _g 'E L - wdl 11 4 4

* Efficiency analysis | et B e

1 1 8 + K 8 B 4

o Systematlc studies bosTTTis TS R bosTTis 2 R,

(a) .-\I,’;‘:.”* companson for JPO trigger.

 PYTHIA simulated events, reconstructed through the

GEANT 3 package embedded in the zero-bias events -

(b) .-\I|’;,'l,’*mmparison for JP1 trigger.

- —
-

to effectively reconstruct STAR detector responses (Embedding). 09

- —

* Good agreement between the data and embedding. -

— Data
- Embed.

NN NEN] L1l
-
h-]l" 9

L4
AT T L

“t

-
':: e SRR T axaaa l L
L

)05 1 i5 2 25 3 35 ¢

hMinv_JP2

l

(¢) M.~ comparison for JP2 trigger

Babu Pokhrel SPIN2023, Sept. 24 - 29, Duke University
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STAR Run 2012 Unpolarized 777~ Cross-Section (da{%” ) Measurement
p+p-oan +X at\/g = 200 GeV

JPO JP1 JP2

« Unfolding accounts for the bin migration effect N
and backgrounds. kN
m 3 104 ...............................................
yl=2Aljxi+bl,1<z<n,n>m S T T
j=1 ML TR W
y — dCtGCtOI’ leVGI, X = truth level 05 1 15 2 25 3MinvéG.E;w;;1 05 1 15 2 25 3MinV3G.iwc;1 05 1 15 2 25 3M:;2wc4
A= Migration matrix , b= background b = Backgrounds y = Raw yields y — b = Raw yields — Backgrounds
Unfolding Using TUnfoldDensity Aspo | |MAJPM1 | Ayp |
igration Matrix igration Matrix igration Matrix

* TUnfoldDensity 1s based on least square fit with N R
Tikhonov regularization. A 3 g 1

N
a
T

J 10
10°
1'<10°

N
[$)]
T

10°
1+410°

| 107 . 3
6 C | s
10°

 Input (y) = Raw detector yields.

* Migration matrix transforms the “detector” yields to o b ST 132
S A ST 10 T ’w |I ........ 10 YA et 1 S N 10
. i 1 0.5 I-H R ! o 1
the cctrue” y1€1ds. 05 1 15 2 25 ?VI g:wc4 05 1 15 2 25 ?\n ?;:v/c‘l 05 1 15 2 25 ?\n :C;;:V/c‘l

e Output (x) = “True” yields

Babu Pokhrel SPIN2023, Sept. 24 - 29, Duke University 19



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

Systematic uncertainties

04 -
: 6SYS‘» §§§§6fake “ 6Ioss 6stat 6embstat T 6trg 'i'ébias
1. z#7z~ Purity Fraction (&) onl
2. mzm~ Loss Fraction () >
3. Trigger Dependence (J,,) '% I
. . T 0
4. Trigger Bias (0;,) Y .
5. Simulation Statistics (5. ..) S [
-0.2—
> > > > > _OA]IINIIH‘IHI‘HIIMIINIIINIIH‘IHI‘H
5sys = \/6fake T 51033 T 5trg T 6bias T 6embstat 0.5 1 1.5 2 2.5 3 3.5 4
IVlinv

Babu Pokhrel SPIN2023, Sept. 24 - 29, Duke University
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Unpolarized 77z~ Cross Section Measurement
p+p— atan” +X aty/s =200 GeV

Corrections (Bin by bin)

— . . - = STAR Preliminary
1. z#7z~ Purity Fraction (f;,.) 3 100 oo p+p — m'r+X at s =200 GeV
+ - : 2 o e "< 1 -5- Comb.
2. n™xm Loss Fraction (f.,) - o - jp2
cEvE O F - jp1
: - n Z = 10°¢ e P
3. Tracking Efficiency (¢, ) == TE — — jpo
. . 7Z.+]Z.— ;F 2”107% M=y
4. Trigger Efficiency (e, ) v* F
: : , OE i
Triggered Cross Sections LT —
g = 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 = Triooors P P o ©
e F riggers JPO JP1 JP2
S 105 [I(pb ) | 016 | 7.68 | 1880
. . = —
.GOOd agreement between trlggered CrOSS_SeCtlonS; § - L 11 1 | AN ER AN BN RN B A | M R N AT N S A N N S A A
. . . . . = - ip2  +jp1  +jpo
dlsagreement 1S C()IlSldeI'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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