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Outline

» TMD and collinear twist-3 (CT3) functions
» Sivers and Collins effects & A, in pp collisions

» Toward a global analysis of transverse spin observables

» Summary and outlook
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TMD and Collinear Twist-3 Functions
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For CT3 observables, QCD equation of motion relations (EoMRs) and
Lorentz invariance relations (LIRs) are necessary to guarantee

» EM and color gauge invariance of the cross section

» Frame independence of the cross section

(Kanazawa, Metz, DP, Schlegel, PLB 742 (2015); Kanazawa, Metz, DP, Schlegel, PLB 744
(2015); Koike, DP, Takagi, Yoshida PLB 752 (2016); Koike, DP, Yoshida PLB 759 (2016);
Kanazawa, Koike, Metz, DP, Schlegel, PRD 93 (2016); Gamberg, Kang, DP, Schlegel,
Yoshida JHEP 1901 (2019))

They are known for both twist-3 PDFs and FFs in the quark sector

EoMRs are known in the gluon sector but LIRs have not been derived
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Sivers and Collins Effects & 4, in pp Collisions
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SIDIS Sivers effect ( sin(¢p,- Ps))
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Anselmino, et al. (2017)
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Hadron in a jet Collins effect

D. Pitonyak

STAR (2017)
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Z-axis

lepton plane
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Ayinpp->y X
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(Kanazawa, Koike, Metz, DP — PRD 91 (2015))
(See also Gamberg, Kang, Prokudin (2013))

Test of the process
dependence of the
Sivers function

Qiu-Sterman term is the main
cause of Ayinpp ->y X

dAc™ ~ H® fi ® Frr(x, )

N\

Qiu-Sterman function
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Ayinpp->y X

Anselmino, et al. (2013)
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GPM predicts a positive asymmetry while twist-3 predicts a negative one
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Ay in pp -> 1t X — PUZZLE FOR 40+ YEARS!
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Ay in pp -> 1t X — PUZZLE FOR 40+ YEARS!
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For many years the Qiu-Sterman/Sivers-type contribution was thought
to be the dominant source of TSSAsin p'p — 7 X
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(Kang, Qiu, Vogelsang, Yuan (2011); Kang and Prokudin
(2012); Metz, DP, Schifer, Schlegel, Vogelsang, Zhou (2012))
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We now believe the TSSAsin p'p — 7 X
are due to fragmentation effects as the partons
form pions in the final state

(Kanazawa, Koike, Metz, DP, PRD 89(RC) (2014);
Gamberg, Kang, DP, Prokudin, PLB 770 (2017))

S};L + HC( ) St

(Metz & DP - PLB 723 (2013))



@ .
Ltunanvitey ot S

HS
dAo™ ~h1®5®< L(1)17[/dzl FU )

(1/2 —1/21)?

0o | STAROB svi | TOTAL — sv2 |
| <n>=37 ﬁ ——

(Kanazawa, Koike, Metz, DP, PRD 89(RC) (2014))



@ .
Ltunanvitey ot S

s
dAG™ ~h1®5®< “”H/dzl FU )

1/25—1/2’1)2
FoMR & LIR Fdzr 1 a6
OMR & 2z/ z%l 1 Hip (2,21)
z z Z1

dAG™ ~h1®S®< HW H)

dActT29(ST)

FE - = hoT d:L’ da:5s+t+u7
Rt >y k

v a,b,c

x h(a) f’(ﬂ?'){[Hf(l)’c(z)— aH, - ”]S;Iﬁ[ 2 (2) + G >] 5 |

J

KK & i Qi
~ . _ HlJ— HFU ~ . SH SHFU

—x't — xu

(Gamberg, Kang, DP, Prokudin, PLB 770 (2017))



@ .
Ltunanvitey ot S

s
dAG™ ~h1®5®< “”H/dzl FU )

1/25 — 1/2’1)2

EoMR & LIR

¢(1

dAa”~h1®§®

1H

0.15 STAR

o P'P= n° X, /s =200 (GeV), (y )=3.7

Fragmentation term is the main cause of
Ayinpp->n X

0.05 The Ay data from RHIC can be used to

constrain transversity at large x!

-0.05 —

(Gamberg, Kang, DP, Prokudin, PLB 770 (2017))



&

D. Pitonyak
[ ebanon Valley College
015 STAR STAR
0.5 —e— P"P- 1°X, {s=200(GeV), (y )=3.68
—— p'p> ¥X, {5=200(GeV), (y )=3.7
01—
Z. Z.
0:1—
< <
0.05 0.05 —
0 I - 1
T [} e ) 0 '
—0.05— | | | | | | | -0.05— | | | | | | |
-0.6 0.4 -0.2 0 0.2 0.4 0.6 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
0.15
STAR 015~ STAR
01 —e— p'po X, fS=200(GeV), (y )=3.3 —eo— p'p 2 X, {5 =200 (GeV), (y )=37
Z Z 0.1 T
< <
0.05
0.05—
0 | aiia y
-0.05 | | l | | l | —0.05— L L L L L L
-0.6 -0.4 -0.2 0 0.2 04 0.6 -0.6 -0.4 -0.2 0 0.2 04 0.6
XF XF

(c) (d)

(Gamberg, Kang, DP, Prokudin, PLB 770 (2017))



@ °
Ltunanvitey ot A

0.15 0.15
BRAHMS BRAHMS
P P— m X, IS =200 (GeV), ( 6 )=2.3° P' P 1 X, Vs =200 (GeV), { 6 )=4°
01— —e—r 01— —e—r'
—— X —_—— T
Z. 0.05— + e Z. 0.05— )Lf/
< + + < 1 l
0 0+
s ¢ 1 I I
0.05- g ~0.05— L 1
0.1+ —0.1—
—-0.15 | | | | —0.15 | | | |
0.2 0.25 0.3 0.35 0.2 0.25 0.3 0.35
X X,
© J ) ¥

(Gamberg, Kang, DP, Prokudin, PLB 770 (2017))



&

Ltunanvitey ot A

Z-axis

lepton plane

4
fiT



@ .
Ltunanvitey ot A

feolonz o/rz7/7e

Z-axis

lepton plane



@ °
Ltunanvitey ot A

Toward a Global Analysis of
Transverse Spin Observables
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Recall the current phenomenology of TMD observables...

~ 4
fir (@, br35Q% 1)~ [Frr(@, 5 . )|exp [~Spert (b (b); 6., Q. 1) = S35 (br, Q)]

9 (@, br)|+ g (br) In(Q/Qo)

ﬁf-(l) (Z, bT; Q2, H’Q) ~ HlJ_(l) (Z; MUy, ) €XP [—Spert(b* (bT)7 ,U'b*aQa :U’Q) _ S]I\_/'I}D (bT? Q)i|

9ut(2,07)|+ gk (br) In(Q/ Qo)

The CT3 functions (along with the NP g-functions) are what get extracted
in analyses of TSSAs in TMD processes that use CSS evolution!
(Echevarria, Idilbi, Kang, Vitev (2014); Kang, Prokudin, Sun, Yuan (2016))
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feolonz o/rz7/7e
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Ayinetee> hX

E, dO‘(Sh) B (1 B 2@) SM;, ll P, S, Z Df (Zh)
d3 Py, Zh 32 feq.d

(Boer, Jakob, Mulders (1997); Gamberg, Kang, DP, Schlegel, Yoshida JHEP 1901 (2019))

NLO calculation 1s available => evolution of D;
(Gamberg, Kang, DP, Schlegel, Yoshida JHEP 1901 (2019))

Note that this observable probes the intrinsic FF D, and NOT the
polarizing FF D1
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Ayinetee> hX
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lepton plane
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(Kanazawa, Koike, Metz, DP, Schlegel, PRD 93 (2016))
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EOMR | HY(z2) = _22H1L<1>,q(z)+22/

LIR

(Kanazawa, Koike, Metz, DP, Schlegel, PRD 93 (2016))
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(Kanazawa, Koike, Metz, DP, Schlegel, PRD 93 (2016))
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ALL transverse-spin observables are driven by
multi-parton correlations!
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» What follows are very preliminary results of a global fit of
1) Collins effects in SIDIS and e*e
2) (Integrated) A?}r}(’bs in SIDIS
3) Sivers effect in SIDIS
4) A, in proton-proton collisions (fragmentation + Qiu-Sterman terms)

» The plots only show the results of a single max likelihood fit. The final
analysis will eventually include Monte Carlo sampling to determine the best
parameters and the error bands. For now, we use a simple parameterization:

TMDs: Nz%(1 — z)Pe —kr /(K ) (or with z and p; for FF)

Collinear: Nz%(1 — x)” (or with z for FF)

» We have found solutions for the relevant non-perturbative functions that
describe simultaneously a non-trivial amount of observables.

(Gamberg, Kang, DP, Prokudin, Sato, ..., on-going work)
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Collins effect SIDIS
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A3 S in SIDIS
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Sivers effect SIDIS
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Sivers effect SIDIS
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Summary and Outlook

 TMD and collinear functions are highly interconnected, especially for
reactions involving transverse spin, and we should treat both types of
observables on the same footing.

* A global analysis can be performed of TMD (Sivers and Collins effects ) AND
collinear twist-3 (4 in pp, A32?+in SIDIS) transverse-spin observables.

* In addition to the Sivers and Collins effects that will be measured at a future
EIC (with improved statistics needed for deuterium), we must also include
measurements of 4, in electron-nucleon collisions.



