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Outline

» Motivation
* What are transverse single-spin asymmetries (TSSAs)?
* Collinear twist-3 vs. Generalized Parton Model (GPM) formalisms

» TSSAs in single-inclusive processes
p'p— 71X

* The “sign mismatch” issue between the Qiu-Sterman (QS) and Sivers functions

* Towards an explanation using collinear twist-3 fragmentation

plp - v X

*  “Clean” access to the QS function
* Test the process dependence of the Sivers function (on same footing as 4, in DY)
* Distinguish between collinear twist-3 and GPM frameworks

» A;;: the unexplored asymmetry at RHIC

» Summary and outlook
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Motivation
» What are TSSAs?

- Naive T-odd effect
- Py, is the only scale

plp —» 71X

do! — dot _ dop —dog

Arn = —
NTdot £dol T dop +dog

Data available from RHIC (BRAHMS, PHENIX, STAR),

FNAL (E704, E581), AGS, and ANL
(Figure thanks to K. Kanazawa)
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Motivation
» What are TSSAs?

Plot from Aidala, Bass, Hasch, Mallot (2013)
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Data available from RHIC (BRAHMS, PHENIX, STAR),
FNAL (E704, E581), AGS, and ANL
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Motivation
» What are TSSAs?

RHIC, STAR (2012) RHIC, PHENIX (2014)

=012
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F 01—
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§ 0.06—
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Data available from RHIC (BRAHMS, PHENIX, STAR),
FNAL (E704, E581), AGS, and ANL
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» Collinear twist-3 vs. Generalized Parton Model (GPM)

I Collinear twist-3 I Uses collinear functions (P, > Agcp)

do = H® fayar3) ® foyp2) ® Dejo2)
+ H' ® fa/AT(2) @ fo/B(3) ® Dejo(2)
+ H' ® fa/AT(Q) X fb/B(Z) ® DC/C(3)
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» Collinear twist-3 vs. Generalized Parton Model (GPM)

I Collinear twist-3 I Uses collinear functions (P, > Agcp)
SGP SEP
do = H ® forp@ ® Desc@)  Frp(z,z)  Fep(0,2), Grr(0, 2)
+ H® fa/AT(2) X fb/B(S) ® DC/C'(Q)

+ H' ® fa/AT(Q) %Y fb/B(Z) ® DC/C(3)

QS (Sivers-type) function

Note: Can also have tri-gluon correlators
I at SGPs (Beppu, et al. (2013))

#1.P | xP
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» Collinear twist-3 vs. Generalized Parton Model (GPM)

I Collinear twist-3 I Uses collinear functions (P, > Agcp)
SGP SF

do = H ® forp@) ® Desc@)  Frp(z,z)  Fep(0,2), Grr(0, 2)

+ H' @ fo/a1(2) Deyca) Hpy(x,x) Hpy (0, x)
+ H,/®fa/AT(2)®fb/B(2)®DC/C(3) \

Boer-Mulders-type function

T P I P
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» Collinear twist-3 vs. Generalized Parton Model (GPM)

I Collinear twist-3 I Uses collinear functions (P, > Agcp)

do = H ® forp@ ® Desc@)  Frp(z,2)  Fep(0,2), Grr(0, 2)

+ H,®fa/AT(2)DC/C(2) HFU(xvx) HFU(O7$)
+ H" ® fajar(2) ® fo/Be2) H(z), H(2), Hry(z,21)
N\

Collins-type function
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» Collinear twist-3 vs. Generalized Parton Model (GPM)

I Collinear twist-3 I Uses collinear functions (P, > Agcp)

do = H ® forp@ ® Desc@)  Frp(z,2)  Fep(0,2), Grr(0, 2)

+ H/®fa/AT(2)DC/C(2) HFU(ZU,QJ) HFU(O,Q?)
+ H" ® fajar(2) ® fo/Be2) H(z), H(2), Hry(z,21)

GPM I Uses TMD functions (P, > 77 ~ Agep)
do= H® fiz ® fi ® Dy
+ H' ®hy ®hi ® Dy
+ H' ®h©fi © Hf
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» Collinear twist-3 vs. Generalized Parton Model (GPM)

I Collinear twist-3 I Uses collinear functions (P, > Agcp)

do = H ® forp@ ® Desc@)  Frp(z,2)  Fep(0,2), Grr(0, 2)

+ H/®fa/AT(2)DC/C(2) HFU(ZU,QJ) HFU(O,Q?)
+ H" ® fajar(2) ® fo/Be2) H(z), H(2), Hry(z,21)

I GPM I Uses TMD functions (P}, > 7?7 ~ Agep)

do = H o:«@»:o f1 ® Dy Sivers a
Enter in azimuthal

/
+ H @ @@@) D1 Boer-Mulders asymmetries in SIDIS
+ H @ h ® f1 @@ Collins (@ > Pny ~ Agep)
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» Collinear twist-3 vs. Generalized Parton Model (GPM)

I Collinear twist-3 I Uses collinear functions (P, > Agcp)

do = H ® forp@ ® Desc@)  Frp(z,2)  Fep(0,2), Grr(0, 2)

+ H/®fa/AT(2)DC/C(2) HFU(ZU,QJ) HFU(O,Q?)
+ H" ® fajar(2) ® fo/Be2) H(z), H(2), Hry(z,21)

I GPM I Uses TMD functions (P}, | > Agep)
do=H 0:«@»:4 fi® Dy  Sivers \

L H ® Iy @@@) D:  Boer-Mulders There is no soft scale

+ H @h ® fi @@ Collins




& RB RC D. Pitonyak

RIKEN BNL Research Center

» Collinear twist-3 vs. Generalized Parton Model (GPM)

I Collinear twist-3 I Uses collinear functions (P, > Agcp)

do = H ® foyB2) @ Desc2) Frr(0,2), Gpr(0, )
+ H’®fa/AT(2)Dc/C’(2) HFU(O,QT)
+ H" ® fora12) ® fo/B2) H(2), Hry (2, 21)

Uses TMD functions (P, > 77 ~ AQCD)

Sivers
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» Collinear twist-3 vs. Generalized Parton Model (GPM)

I Collinear twist-3 I Uses collinear functions (P, > Agcp) NO (twy) TMD analogues

do=H ® fo/B2) ® Deyo2)

+ H'® faa1(2) DC/C<2> Hru(0, )
- H//®fa/AT(2)®fb/B(2) Hpuy (2, 21)

Uses TMD functions (P, > 77 ~ AQCD)

Sivers
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TSSAs in Single-Inclusive Processes

I Collinear twist-3 I Uses collinear functions (P, > Agcp)

do = H ® fa/a13) ® foyp2) ® Dejo2)
+ H' @ fajar2) ® foyB) @ Dejo2)
+ H" ® fayar2) ® foyB2) ® Dejoa)

mm) For many years the SGP term involving the QS/Sivers-type function
F., was thought to be the dominant contribution to TSSAs in p'p — 7 X

d*Ao(sr) dz
EzT = Z/ De—n z)/ o ’S+T/ ob/B(2)

a,b,c

esTnn 1 d R
X VAma, ( . ) — [Tap(a: x) — :1:( Ta,p(a:,:v)>] FEp:(8: 1 4)
2U T dx

I Frp ~TEg I (Qiu and Sterman (1999), Kouvaris, et al. (2006))
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» The “sign mismatch” issue
|pr—>hX| ‘KNT—>£’hX‘

CERN, COMPASS (2013)

RHIC, STAR (2012)

Q.% 01" B ®  positive pions B
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» The “sign mismatch” issue

|pr—>hX| ‘KNT—>£’hX‘

CERN, COMPASS (2013
RHIC, STAR (2012) \, N s ( .) Y A
osl. STAR p'+p— 7, n+Xat VS N0 GeV < A nogivrioes
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L 0 = nocenercut, <r=3.7 PRL 101 ( s 8X % N : 045 .
i B o i ;
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< . o —— —_—————
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X
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» The “sign mismatch” issue

|pr—>hX| ‘KNT—>£’hX‘

CERN, COMPASS (2013
RHIC, STAR (2012) \, fichs ( .) Y A
osl. STAR p'+p— 7, n+Xat VS N0 GeV < A nogivrioes
! | RN 4 I ¢
L © = nocemsrcut, <r=3.7 PRL 101 { s 8X % o : 045 .
06k B G o D S B S L . A S,
i ° = canter cut, <n>=3.68 0 * té L b + % 4 653 é 4
=04 -— [l 1 center cut, <n>=3.68 -0.05[- B B
< . A G — 8
- 0.1 — e B E —
0.2 AT BT I I I
L * 10-2 lo—l 0.5 [ 0.5 1 1.5
[ : oi ¢ ° .
oo o o © v + X z Py (GeV/e)
: ' L(1)
Y A A TR R I VO [N Ve Yl YN V| G 0 TN ] O Y Yook A [ —_
03 04 Xo.s 06 07 7 FFT (ZU, CIZ') = 17 (CC)
F
RHIC, PHENIX (2014) “ . . ” X
F ptp >0+ X, 5=62.4GeV __sign mismatch  (Kang, Qiu, Vogelsang, Yuan (2011))
1 ® L =< -
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0.08_ = S ™ i O
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., Kang and Prokudin (2012)

" Proton-proton data from
| osf | + * g bmm BRAHMS for z* (left) and 7 -
a t | e UL ] Gright
. ol o
008~ o Nodes in Sivers cannot
% . . . . % resolve issue
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., Kang and Prokudin (2012)

D. Pitonyak

Proton-proton data from
BRAHMS for z* (left) and 7~

(right)

o+ 0
005 PRLE } { Nodes in Sivers cannot
% . - . i .| resolve issue
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]

A e ———

Neutron TSSA 1n inclusive DIS

G__T_\

005[””]][”3::; ,imm ) - & o
L ) e —memsewn - " Metz, DP, Schifer, Schlegel,
P —— ™ Vogelsang, Zhou - PRD 86 (2012)
-01j f|||||||||||||||||r||||||||||||||||||m||||||||||||IIIIII}IIIIII|||||||||||||||II|II|Il|||||‘m"mm"” ‘
-~ 5 @ 5B =
W (GeV)

Sivers input agrees reasonably well with the JLab data m== FIRST INDICATION on the
PROCESS DEPENDENENCE of the Sivers function (see also Gamberg, Kang, Prokudin (2013))

KQVY input gives the wrong sign == QS function cannot be the main cause of the large
TSSAs seen in pion production
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do = H ® faa1(3) @ foyB2) ® Dejo2)
+ H' ® fo/a12) @ foy83) @ Dejo2)
+ H' ® fayar2) @ foB2) @ Dejos)
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do = H ® faa1(3) @ foyB2) ® Dejo2)
+ H' ® fo,a12) @ fo/B3) @ Dejc(2) | mump ii%{:zg;zfand
4 H// ® fa/AT(Z) R fb/B(Q) 0% Dc/C(3) Koike (2000))




“ RB RC D. Pitonyak

RIKEN BNL Research Center

do = H ® faa1(3) @ foyB2) ® Dejo2)
+ H' ® fo,a12) @ fo/B3) @ Dejc(2) | mump g(i%ialzgalzzeand
4 H// ® fa/AT(Q) R fb/B(Q) 0% Dc/C(3) Koike (2000))
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» Collinear twist-3 fragmentation term: H” @ h, ® f1 @ (H, H, Hpy;)

H(z)=H 1L (1)(2) I Collins-type function I

o0 le ]. ~ S 2
223 / 5 T T Hry; (Z, 21) — H(Z) + QZH(Z) I 3-parton correlator
z

P,? 4o por 202 M, b dz / L da! 1 1
— s = — 2 1% SH PV E : E : F
g CLwrPlihl /zmin 23 v 'S+ T/z —xi— 2't

dzy L ~e/es L
—|—222/ > PV —— Hff (z,zl)gsﬁm}

(Metz and DP - PLB 723 (2013))
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» Towards an explanation using twist-3 fragmentation
(Kanazawa, Koike, Metz, DP - PRD 89(RC) (2014))

Fragmentation + Qiu-Sterman (fix through Sivers function)

x%/d.o.f.=1.03
0_4 T & T T T N T T T N T X T LF 0 e L . I e . T T X T X T X T : T X T ¥ T
STAR 04 T STAR 12 % STAR 08 <n>=3.7 L
3.3<n<4.1 T n=3.68 01F<n>=33 T .
0.2 T
s
<<

llllllllllllllllllllllll

-04 02 0 02 04 -06-04-02 0 02 04 06

XE Xg
| o=4° RO
01l 6=23° il el
= i ——3 M
< o EmenA o S I
— Total 02 025 03 015 02 025 03
Xg Xg
— — NO 3-parton FF
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- 1\/S 500 GeV data from S. Heppelmann (talk at DIS 2013)

STAR 13 (0.16 < x < 0.24) 1(0.24 < X < 0.32)
30mR = Xp=028 — |
70mR =
0.05 | Xp=020 — % 1 —— Theory
| %& i /féﬂ%i | Note: 500 GeV data
0 ' was NOT included
= ; : } ! ; ; | ; ! : in the fit
< O (0.32 < x < 0.40) Xe = 0.50 —
xg =036 — | |
0.05 + \
0
0 5 10 0 5 10 15
P, [GeV/c]

mms)p Our analysis shows a flat P, dependence for 4, seen so far at RHIC =» remains
flat even to larger P, values
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I GPM I Uses TMD functions (P, > 77 ~ Agep)
do=H® fiz ® f1 @ Dy

+ H/®h1®hf®D1

+ H' @h ® fi ® Hy

0.15 : Anselmino, et al. (2013) Sivers S Anselmino, et al. (2012)  Collins
o - | . . :1:col N N N I N N N I N :: I 1 I
0 | 0.1 | I -
0.05 | | it ¥ -
£ F 005 o 1 . ;
: . It o
e : I . i s e | T . nn U i
-0.05 =33 iF =387 : | n=33 I n=37
R R s Y i | T I | | T [ ] 0.05 R T U TN W [ TR T | |
02 04 06 02 04 06 02 04 06 02 04 06
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» TSSA in pr — X
(Kanazawa, Koike, Metz, DP — PRD 91 (2015))

d3 AoX° > OtemasWMN PaSL /da: /— 6(5+1t+

Y d3§
*SGP
X Zea [(E%(a:, z) — mM) h®(z ') — + E%(z, w)h“(:v')ascp]
= dz —t
|Er ~ Hry|
d3A0.X-e,SGP Aemls 7I'MN pnqS'—L d(E’ d.’L‘ " A~ ’
E, 57 = NCF€ ?/?6(s+t+u)
LT N p dG%(z', 2/ "
15 a0 = 3@ [¢ S - chie )

BAcXSTP  aemas TMN (pnas
E, 57 = S N J—/ /—6(s+t+u)
" Z [ZeaebJSFP {63(0,2) + G3(0,2)} £(@)

+ ZeaebaSFP {G“ 0,2') + G% (0,:1:’)} Fo(z)

Tr ~Gp ~ Fpr

+ €265FP $ 3%(0,2') + G%(0,2') ¢ f9(x) - -
’ { ! } ] Tr ~Gp ~Gpr
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» TSSA in pr — X
(Kanazawa, Koike, Metz, DP — PRD 91 (2015))

3 _—
E'yd 33‘:;0 = aemastN FISL /dw /— 5(3+1+1)

geoh — N It from thi k

X Z e; [(E%(a:, z) — m—dEF(’i(;’ 2) ) h®(z ') ; + E%(z, a:)ha(a;')ascp] o TESHT TTOm HiS WOt

’ |Er ~ Hry|
d3Aox-eSGP M de fd2 .. 5. .

E, ads - = — aefgas ;CN PmaSL — /—x d8+t+1) Qiu and Sterman (1992);

q 5 T T Kouvaris, et al. (2006);

i T N dG%(a',2')
2 lo—f )05 — =)0 ‘ [m’ —Fr ] Gy, Gamberg and Kang (2012)j
‘—d [2N @) 2 ()3 dz’ i ) Gamberg, et al. (2013)

Include fragmentation photons

d3 Aax-e’SFP aemas 7rMN
_ ePnasS L EfL
4 d3q S 2N / / 6(@E+i+a)

. Z [zeaebaSFP {63(0,2) + G3(0,2)} £(@)

+ ZeaebaSFP {G“ (0,z') + G%(0, 2’ }fb

Ji, et al. (2006);
— Kanazawa and Koike (2011, 2013)

Tr ~Gp ~ Fpr

+ o7 {G30,2) + G30,2)} £7(2)
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» TSSA in pr — X
(Kanazawa, Koike, Metz, DP — PRD 91 (2015))

7d3Aaj< -0 = aemasﬂ'MN (PnaSi /da: /_ 55 +5+4) —_
d3q
E GSGP — N It from thi k
" Zeﬁ [(E%(a:, 5 22 F(»j(a:::,z)) ha(e) I Sl Bz, a:)h“(a;’)ascp] ew result from this wor
’ |Er ~ Hry|
d3Agx-eSGP QemQs TM de’ [dx -
Ey ads = = efg E ;CN PnaSL rrral e 5 (8+ t+ ) Qiu and Sterman (1992);
9 ) . ) T dG.(2!, o) Kouvaris, et al. (2006);
2 | B N e _fg )& ‘ [m’ i e ) Y (z' m’)] Gamberg and Kang (2012);
‘—d [2N @) 2 ()3 dz’ R Gamberg, et al. (2013)
Note: Contribution from tri-
luon correlators calculated
d3 Aax-e’SFP aemas 7I'MN g . .
E = = ePmnaSL — (5 §+t+1 by Koike and Yoshida (2012)
T d3q S 2N & )

. Z [zeaebaSFP {G;@(O ?) +33(0,2) } (o)
+ ZeaebaSFP {G“ (0,z') + G%(0, 2’ }fb

+ o7 {G30,2) + G30,2)} £7(2)

D. Pitonyak

Ji, et al. (2006);

— Kanazawa and Koike (2011, 2013)

Tr ~Gp ~ Fpr
Tr ~ Gp ~ Gpr
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> TSSA in pr — X
(Kanazawa, Koike, Metz, DP — PRD 91 (2015)) Use Boer-Mulders function
from DY (Barone, et al. (2010))

d3q S
GSGP i
% Zea [(E%(IE, (B) W dep;d(;az)) ha,( I) a(ml)&ng]
a

Use Sivers function from

d3 Agx-eSGP QemCs TMN dz’ [dx SIDIS (Anselmino, et al. (2009))
7 =—= NCFCPMSL ey —6(3+t+u)

/7
T i § L dG (2!, 2!
2% | @000 — 110100 [ EEEE)

d3 Aax_e’SFP aemas 7rMN
— qSL —_—
E, 57 S oN e / / §(5+t+1a)

X Z lz eaebaSFP@O z') + G% (O)fb(m)

+ ) eaey6T G%(0,z') + G%(0,2') b f( Assume  _
Z %= { ) ( }f GF(O,ZU/)+GF(O,$/) = GF(x/,IL’/)

Ey

+ eﬁasgp {G%(O z') + G%(0,z )}fg(a:)]
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S =200GeV,np=3.0 S =510GeV,np =30
Vs Vs
A7 — Total A, — Total
N SGP " X-¢ SGP
2o 5 --x-e = e e -— X
XF Xr
02 0.4 08 I 02 04 3 3 5SGP
—0.01/ -.= Y-¢ SFP —0.005] -.=)-¢ SFP
-0.02}
-0.010}
-0.03;
-0.015;
-0.04;
VS =200GeV,p =35 VS =510GevV,n =35 =
A% A% — Total
07 """ 04 gy e
---- -0 SGP
-0.01} —-0.005}
0.02 bl adid
B -0.010}
-0.03} —0.015!
-0.04}
-0.020f
-0.05
-0.025
-0.06

* Measurements ongoing by PHENIX and STAR at RHIC

» Sivers-type contribution is dominant, others are negligible

mm) Can “cleanly” extract QS function to help resolve “sign mismatch” issue

mm) (Clear measurement of a negative 4, would be a strong indication on the process

dependence of the Sivers function (see also TSSA in inclusive DIS — Metz, et al.
(2012), and in jet production from A,DY — Gamberg, Kang, Prokudin (2013))
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* GPM has been used to calculate 4,, in all of the processes discussed

* How can we distinguish between GPM and twist-3? Which one is “right”?
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* GPM has been used to calculate 4,, in all of the processes discussed

* How can we distinguish between GPM and twist-3? Which one is “right”?

Answer could be found through A4, in direct photon production

y Anselmino, et al. (2013)

sk 4 Kanazawa, et al. (2015)
0.08 | GPM | VS =200Gev,n =35 ol
: AY —To
- = -- x-e SGP
i D 3% - x_0 SGP
0.06 | : -001; X
-.-x-¢ SFP
0.04 | ] -0.03;
-0.04 .
0.02 -0.05¢ Twist-3
' -0.06;
ppoyYX Vs=200GeV n=35
0

0.2 0.4 0.6 0.8
Xp

GPM predicts positive asymmetry while twist-3 predicts negative
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A, : The Unexplored Asymmetry at RHIC

(in conjunction with Xiaodong Jiang)

pl+p—m'+ X

* Ay, A;; 4 Appy A; all measured at RHIC for different final states BUT NOT A4, 1

Inside a transversely polarized proton, could partons respond
differently to probes carrying opposite helicity?

POTENTIAL FOR DISCOVERY OF FIRST
NONZERO 4, IN PP COLLISIONS

Already seen in SIDIS
and en -> hX
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(Metz, DP, Schifer, Zhou - PRD 86 (2012))

C/c 1 dy 1 1 ( )
/_;;"m g S+ T/zzm I

Pldo (S|, A) _ 222M 4
- B, - SLAZZ/

d3Ph i a,b,c Zmin

~a dg” T 1 a i T/ a a i
X { [9 () — = gd( )‘ H; + zg7(z) Hi g, + 5(91 (z) — g3(x)) Hi g,
1

- /dfn

+ Fragmentation term

[GDI'(I z1) + Fpr(z, 1) Hs GDT}



RB RC D. Pitonyak

RIKEN BNL Research Center

(Metz, DP, Schifer, Zhou - PRD 86 (2012))

C/c 1 dy 1 1 ( )
/_,,;nm S+ T[zzm IS

Pldo (S|, A) _ 222M 4
- B, - SLAZZ /

d3Ph i a,b,c Zmin

~a dg®(x 1 a i T/ a a 1
X { [g () — = gdi- )] Hg + z g7 (x) HI,GDT + 5(91 (z) — gT(:I:)) H3,GDT

/da:l 1—5 br(zx, 1) + Fpr(z, =1 Hzgm}

~N

-Very little information
-Potentially large contribution
-Needed for evolution of QS function

+ Fragmentation term
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(Metz, DP, Schifer, Zhou - PRD 86 (2012))

C/c 1 de 1 1 ( )
/_,,:nm S+ T[zzm IS

PRdo(S1,A) _ 2a2M
- Pu-SiA) ) /

d3Ph i abc Zmin

~a dg®(x 1 a i T/ a a 1
X { [g () — = gd;f; )] Hg + z g7 (x) Hl,GDT + 5(91 (z) — gT(:I:)) H3,GDT

/dl'l 1—§ br(zx, 1) + Fpr(z, =1 Hzgm}

~N

+ i . . :
@gmentahon term -Very little information
/ -Potentially large contribution

-Needed for evolution of QS function

-No analytical formula yet
-Potentially significant (like in A,)
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(Metz, DP, Schifer, Zhou - PRD 86 (2012))
Pdo(S1, A) _ 2a2M pCre 1 4 1 1
43P, Pt S‘LAZ:;}C /mm /;m.n  ©S+T/zzmi gl(a: ) T

-Use to give
. I 1
numerical <+ x ) — 22 H > (91(z) — g7 (2)) B
estimate

d:z:ll_§ (=, =1 +FDT-"3 Ty H2GDT
+ 1 : : :
@gmentahon term -Very little information

/ -Potentially large contribution

-Needed for evolution of QS function
-No analytical formula yet

-Potentially significant (like in A,)
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(Metz, DP, Schéifer, Zhou - PRD 86 (2012))
Pdo(S1, A) _ 2a2M pCre 1 4 1 1
PF Pyl - SLAX;;C /mm Lm e gl(aj)—

-Use to give dg () .
numerical €= X * ] H; @ =(gf(z) — g}(z)) @
estimate \/g
d + F H
-Not well constrained = —§ A s> ZGDT}

-Try different inputs \
+ Fragmentation term

-Very little information
/ -Potentially large contribution
-Needed for evolution of QS function

-No analytical formula yet
-Potentially significant (like in A,)
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PHENIX Run16 Projection p' + p — n® +X

0.06
® : E p'+ P — a®+X, Vs = 62.4 (GeV), <> = 3.5, beam polarization = 0.55
< 005 —  Two-weeks beam time, 4.2 pb™ CAD dellvered luminosity
~ 1.3 pb” PHENIX sampled luminosity
0.04f_ Theory Estimations (mostly unknown):
~ arXIv:1210.6555
N WW-max. § = g1
003— ----e- WW. § = Wandzura-Wilczek from g1
G e SV2.{ = - Sivers 2013
0.02F- D T
oof- > {1
oF ———+—H4
_001—||lI-IIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
) -08 -06 04 02 0 02 04 06 0.8x
F

-This effect has never been explored in pp — discovery potential!

-Motivate further measurements (pion, photon) and work by
theorists

D. Pitonyak
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Summary and outlook

Collinear twist-3 and GPM both provide frameworks to analyze TSSAs, but the
underlying mechanism causing 4, remained unclear for close to 40 years

Twist-3 fragmentation could finally give us an explanation

-Describes RHIC pion data very well

-Our analysis provides a consistency between spin/azimuthal asymmetries in
pp (collinear) and SIDIS, e"e™ (TMD); In particular, the “sign mismatch” is

NOT an 1ssue (DO NOT need QS function to be dominant mechanism
causing 4 ,)

-Future work: include SFPs (can help with charged hadrons), proper
evolution of the 3-parton FF; analyze kaons (BRAHMS), etas (PHENIX,
STAR), and jets (A,DY, STAR)
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e e¢N'! — 7 X measurements (both current and future) at HERMES, JLab,
COMPASS, and an EIC can provide further tests/constraints

. pT p — v X (measurements ongoing by PHENIX and STAR) can provide a clean
extraction of the QS function, test the process dependence of the Sivers function,
and distinguish between the twist-3 and GPM formalisms

* Sivers and Collins asymmetries at large P, measured in SIDIS at COMPASS,

JLab12, and an EIC also can give valuable information

* Longitudinal-TRANSVERSE double-spin asymmetry has never been measured at
RHIC! It could lead to the discovery an asymmetry that has never been seen
before in pp collisions



Backup slides



6 RB RC D. Pitonyak

RIKEN BNL Research Center

* Data tells us (if fragmentation mechanism dominates) that
the pions care about the transverse spin of the fragmenting
quark =» fragment in a particular direction (left or right)

* Small and negative x, =» probe sea quarks and gluons in pT

mm) §g — gg channel gives large contribution to unpolarized
cross section, but NO gluon “transversity” =» no such
channel in spin-dependent cross section

mmm) | ittle information on sea quark “transversity” = might
A — dop —dogr speculate sea quarks, on average, are less likely to emerge
N do; +op from pT with a transverse spin in a certain direction

* Large x, =» probe valence quarks in pT

mmp From SIDIS we know u quarks (d quarks) are more likely emerge from pT with
their transverse spin aligned (anti-aligned) with pT => pions more likely to
fragment in a particular direction (left or right)

mm) g — g9 channel dies out in this region = unpolarized cross section becomes
smaller
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* Numerical study (Note: we only use VS=200 GeV data = higher P, | values)

wm) SGP:7 Fpp(x,x) = fT(l) (x), Sivers function taken from
Torino group (2009/2013)

mmp SEP/Tri-gluon: neglect for now

Distribution
term

mm) Transversity: taken from Torino group (2013), but allow S parameters to be free
mmm) 77//4(2): use Collins function extracted by the Torino group (2013)

. R .
HMa(z) = z2/d2]u 2ﬁ2 Hfh/q(z,fkf)
h

Fragmentation
term -

— ] %Jq %(z , 1) =» use the following ansatz:

~at /(u.d).S
Hin/( D (z7z_1) _ Ney
DmH/(wd)(2) D/ (wd) (2 /2)  2Itay Jrav

ZOéfav (Z/Zl)allcav(]_ _ Z)/Bfav (1 _ Z/Zl)ﬁléav

(similar for disfavored, 7~ defined through c.c., 7° defined as average of 7" and 7")

8 free parameters




e RB RC D. Pitonyak

RIKEN BNL Research Center

Unpolarized FF (DSS) Unpolarized

Y, A PDF (GRV9S)
d*Ac(3r) a? ! dz 1 do 1 -
T /Zmi,, 2 / , 7 w5+ TElT)

Distribution ab,c Tmin
term (SGP) AN | d R
X v 471"053 ( ~ ) _ T (_Ta,F(‘T’ (l?))] Hab—vc(SAa ta i]’)
21 T dx

P}?dO'pol 20& Mh "
dg—P’h: S EJ—MVS PhJ_ZZ/

i a,b,c Zmin ©
- dHC/°(2)\ ., 1 .
Fragmentation gi @.

SRR 'fl {- — L+ H

Transvers1ty PDF
— (Torino13)

/ x’ 1 1
o & WS+ T2 —xt — 't

~h 70
HYAS (2, 21)
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8 free parameters: Nyqy, Qfqp = Oz}av, Brav ﬁ}av = Bis

Ndisa ANdis — O/dz's7 5di87 ﬁff — ﬁg

x2/d.o.f. = 1.03
Niw = —0.0338 Nais = 0.216
Ofay = Of,, = —0.198 e = 0.0
fav = Bhis = —0.180 Qgis = Qgis = 3.99
Bais = 3.34 D =B =110

mm) Above parameters are from using 2009 Sivers function (SV1). Using 2013
Sivers function (SV2) gives similar values and y?/d.o.f. = 1.10
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Sl | 74 HEL ||—— Total

0.5+ p T 1] — — NO 3-parton FF
" //-_-\_“ Q

-
-
i g o A ¥

0 02 04 06 08 0 02 04 06 08 1
z Z

mm) Favored and disfavored collinear twist-3 FFs are roughly equal in magnitude but
opposite in sign
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1 : T : T ' T : T X ! T Y T T T 3 T X
| 7 H™ pe2Gey | 74 HE, ||—— Total
0.5+ p T 1] — — NO 3-parton FF
0 A
-05 : ' : : ' ' : :

Note: H(z) is not defined
with 1/(1-z/z,) factor in the

integral

-0.25

u->mntina

ZH(z)
spectator model ----ZH(2) -

_0.50 PR YR ST S T SANNY N WU SN NN ST SN ST SN NN ST S ST S N N S S
0.0 0.2 0.4 0.6 0.8 1.0
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0. | STARO8 svi | TOTAL — Sv2 |
| <n>=37 ﬁ S

A
mmm) // term 1s dominant; Sivers-type, Collins-type, and H, terms are negligible

mm) SV — 2009 Sivers function from Torino group =» flavor-independent large-x behavior

mm) SV2 — 2013 Sivers function from Torino group =» flavor-dependent large-x behavior
and slower decrease at large-x than SV'1

— Including 3-parton FF, one can accommodate such a Sivers function

through the H term

- Without the 3-parton FF, one would have serious issues handling such a
(negative) SGP contribution to obtain a (large) positive 4,
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|z H™ u=2Gev | 24 f%, | |— Total
05 T 1 | — — NO 3-parton FF

Z
0-2 T . T ' T ~. T T b T & -II_OTA'L T
BRAHMS 07 wh 1 g ERY aacs A
01} 0 =4° 1 DIS e )
P
< o} e L
-0.1 * : g

mm) Favored and disfavored (chiral-odd) collinear twist-3 FFs are roughly equal
in magnitude but opposite in sign =» similar to Collins FF

mm) 4, for 7" (z~) dominated by favored (disfavored) fragmentation



“ RB RC D. Pitonyak

RIKEN BNL Research Center

mm)p Flat P, dependence thought to be an issue for collinear twist-3 approach = A, ~ 1/P,

mm) First argued by Qiu and Sterman (1998) and later shown by Kanazawa and Koike (2011)
that this does not have to be the case

01 S = 500 GeV data from S. Heppelmann (talk at DIS 2013)

STAR 13 (0.16 < X < 0.24) (0.24 < x¢ < 0.32)
30mR +—=— | Xp =028 — | —— Theory
70mR =
005} xg=020 — 1 § Note: 500 GeV data
% % was NOT included
g E! : 1 /EE;%L ' in the fit
0 (
= ' : i : : | : i :
< G '(0.32 < x¢ < 0.40) Xe = 0.50 —
SN i p— _
0.05 — \
0
0 5 10 0 5 10 15
P [GeV/c]

mmmp Our analysis also shows a flat P, dependence for 4, seen so far at RHIC =» remains
flat even to larger P, values
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VS =200GeV, gr = 2 GeV
A‘YN —Total

xp -- x-e SGP

---- Y-0 SGP

-0.01} -.-y-e SFP
-0.02
-0.03
—OOM"

VS =200GeV, xp =025 S VS =510GeV, xp = 025
Ay — Total A% — Total
__________ -- x-eSGP % 5 : =+ 5 qr -- x-¢SGP
~mic i Tl e = qr
2 4 6 8 i0 L Raats

— X-05GP| |1 _o.00s i s

—0.005- ---x-¢ SFP -.-Y-e SFP
—0.010f -0.010}
-0.015. -0.015;
-0.020- -0.020:
-0.025} —-0.025.
—-0.030" -0.030:
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1] L L % Ll 5 T L T +' T L M L M 1 5 T N T +' T
02 | ¥8=115Gev ’jb i Ll 02 | ¥S=115Gev 1;% s |
y=-15 T y=-3 T
0.1 - E 01 | i
Z e e |
0} T . 0} B i
01 1 01 F ST SR d
1 1 1 1 1 L L 1 1 1 1 1
07 06 05 04 03 02 07 06 05 04 03 02
Xg Xg
0.3 —_—
L VS =115GeV i
e

0.2 L IT = 3 GeV
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0-3 T T T I I
L VS=115GeV
e B Sl

0-3 1 ] I I I I
L VS =115 GeV
ol 0‘2 | XF = '0.4

F‘d:. ai’
|
|

o ey - O R i e frosssnsasmssssssnssasssssssnssasssssssasassossssassssissasasnsensSomadasfansibisiiboasons -
0.1 | - O01fF ~=-° -
1 1 1 1 1 1 1 1 1 1 1 1
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
I+ [GeV] I+ [GeV]
0.3 . . . . —
| VS =115GeV ’,‘5_ "
0.2 | XF=-0.6 n |
2 0.1 f \ 1
< i S A g |
0 - -
G | e ™ i
1 1 1 1 1 1
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| v | v 1 4 1 L l. o 1 ] v 1 v 1 . 1 L l. b4 1
02 | ¥S=115Gev s 02 L ¥S=115Gev e
y='1.5 y=-3
01 | | 01 | !
4 z
< <
0 A o} e )
01 - 04 F -
L 1 1 1 1 L L 1 1 1 1 1
07 06 05 -04 03 -02 07 06 05 -04 -03 02
XF XF
T v T T T ‘ét
0.04 | VS =115Gev M
It =3 GeV

0.02 |- i

4’- 0 f-e ——— i &

-0.02 |- il ’

-0.04 | !

| 1 | 1
3 2 4 0 -
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