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Background
» TSSAs: a 40+ year-old puzzle
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Background

» TSSAs: a 40+ year-old puzzle

Plot from Aidala, Bass, Hasch, Mallot (2013)
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Background
» TSSAs: a 40+ year-old puzzle

RHIC, STAR (2012) RHIC, PHENIX (2014)
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> Collinear twist-3 factorization

do = H@fa/A(3)®fb/B(2)®DC/C(2) AC‘)"'E: C:XI ed
/ -une hadron | polarize
+ H ® fajae) @ Joysi) @ Dejc(2) (others U or L)
L H' % fa/A(Q) ® fb/B(2) ® De/o(3) -One large scale (P ;)
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> Collinear twist-3 factorization

do= H® fo/43) @ fo/B2) ® De/c2) A+B->C+X

-One hadron T polarized
+ H' @ faja@) @ fo/p3) © Dejo2) (others U or L)

L H' fa/A(Z) ® fb/B(Q) ® De/c(3) -One large scale (P, ;)
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> Collinear twist-3 factorization

do = H® f,/43) ® Jo/B2) @ Deyc(2) A+B->C+X
/ -One hadron T polarized
+ H//® faja@) ® Jo/Bi3) @ Dejo@) | others Uor D)
+ H" ® fa/A(Q) &) fb/B(Q) &) Dc/C(S) -One large scale (P, ;)
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> Collinear twist-3 factorization

do= H® fa/A(S) & fb/B(2) & Dc/C(Z) AC‘)*' E : C:- XI ed
, -One hadron T polarize
+ H ® fa,/A(2) & fb/B(S) ® Dc/C(Q) (others U or L)
+ H"® fa/A(Q) @ Joyp@) ® Dejo(s)  [One large scale (P

I \
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|ntr|n5|c and kinematical twist- 3 functlons
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Status as of 2014

» Qiu-Sterman contribution

do = H ® fasa1(3) @ fo/B2) ® Dejo2)
+ H ® fa/AT(2) % fb/B(S) ® DC/C(Q)
+ H"® forar2) ® foyB2) @ Dejcs)
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Status as of 2014

» Qiu-Sterman contribution

do = H ® fasa1(3) @ fo/B2) ® Dejo2)
+ H ® fa/AT(2) % fb/B(S) ® DC/C(Q)
+ H"® forar2) ® foyB2) @ Dejcs)

d*Ac(3r) o b dz 1 dy 1
E —y 22D iy 3 PR b !
Sy, S Z/ 7z Dol )/x, v 78+ Tz B

> 3 -
a,b,c ¥ “mm min

sTnn 1 d R
X VATas (6 - ) — [Ta,p(:z:,:z:) —x (—Ta,p(a:,a:)>] Hog:(8;1,:4)

21U T dx

I Frpr ~Tg I (Qiu and Sterman (1999), Kouvaris, et al. (2006))

For many years the Qiu-Sterman/Sivers-type contribution was thought
to be the dominant source of TSSAs in p'p — 7 X
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» The “sign mismatch” issue

|p'p—hX

RHIC, STAR (2012)
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CERN, COMPASS (2013)
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The “sign mismatch” issue

p'p — hX|
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The “sign mismatch” issue

p'p — hX|
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“sign mismatch” (Kang, Qiu, Vogelsang, Yuan (2011))
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., Kang and Prokudin (2012)

0.1

* Proton-proton data from

_ o + + I BRAHMS for " (left) and -
< T Sl — — | (right)
] —— o|—== el
bty : e

-0.05— ~0.05— E Nodes in Sivers cannot

P . ; : . % ; g . . resolve issue
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., Kang and Prokudin (2012)

0.1

* Proton-proton data from
_ o + + I BRAHMS for " (left) and -
< R A — — | (tight)
] S P ——— of—== e
-0.05- gt T4 . + Nodes in Sivers cannot
5 . %0 0 : resolve issue
0.2 0.25 0.3 0.35 . 0.2 0.25 0.3 0.35

JLab E07-013, Hall A (2013)

=g ==y -
i | T S i Neutron TSSA in inclusive DIS
i ‘ !
: mmm BigBlte sys. + ! i
.005r § HRsstatisys. e Single quark (Atanasev) __ W Average of
" @ BigBite stat. (W>2 Gev) — MUIL. quarks Sivers (Metz) B w#mv MetZ, DP, SChéfCI’, SChlegel,
[ O BigBie stat. (W< Gev) = Mult. quarks KQVY (Met2) ‘ = s VOgelsang, ZhOu = PRD 86 (20 1 2)
'0'1j |||||||m||||||||||||n|n|nmm|m|m|||||||||||||||||IIIII|IIIIIIIIIIIIIIIII||I|||||I||||”||"|"|||‘ B ‘

> 25 3
W (GeV)

Sivers input agrees reasonably well with the JLab data == FIRST INDICATION on the

PROCESS DEPENDENENCE of the Sivers function (see also Gamberg, Kang, Prokudin (2013))

KQVY input gives the wrong sign =ssp Qiu-Sterman function cannot be the main cause of the
large TSSAs seen in pion production from pp collisions
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do = H ® fayar3) ® foyB2) ® Deyo(2)
+ H' ® fayar2) ® foyB) @ Dejo2)
+ H" ® fayar2) @ foyB2) @ Dejos)
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do = H® fa/a13) ® fo/B2) ® Dejo(2)
+H @ farar(2)® forpe) © Dejo) |mm outi

(Kanazawa and
Koike (2000))

+ H' ® fa/AT(z) ® fb/B(Z) ® Deyc(s)
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do = H ® fayar3) ® foyB2) ® Deyo(2)

_i_
_I_

H' @ fora12) @ foyB3) @ Dejo2)

H" ® faar(2) ® foyB2) ® Dejo3)

Negligible
(Kanazawa and
Koike (2000))
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» Fragmentation contribution

4 M ; .
dagMp PPPhSTZZ/ /dx/dx58+t+u) -

dAcFT99(S7)
Ey, - =
3 P,

x h(z) [ () { [Hﬂ”’%z) — 2

2 oodzl 1 e, i
+ ;/z 2 2 HFU(Z Zl)SHFU}

i §(—x't — x0)

dH; " (2)
dz

]S}{L + HC( ) St

1 (1 _ 1
z zZ1

(Metz and DP - PLB 723 (2013))



'« 3 PennState )
g Berks D. Pitonyak OII@ P
ollaporarton

» Fragmentation contribution

dA\ Frag 4 M , 1
g, 3A0(ST) _ _ dazMa ppphstzf /dx/dx(;HHu)A L
d3 Py, S(_

17 o
1 a,b,c 't QZ’LL)

L(1),e
x hi(x) fi(a) { [Hll(l)’c(z)del — i )] Siys + HC( ) S

2 oodzl 1 ~ o X i
+ ;/z 2 2HFU(Z’Z1)SHFU}

1 (1 _ 1
z zZ1

(Metz and DP - PLB 723 (2013))

> dZ 1 ~a. ¥
H(z) = 2 ) e [T A )
z 1 2 2z

QCD e.o.m. relation (EOMR) \ I’_“Iq( )
— y
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STAR 12 T e STAR 08 <1]> 3 7 2 e
n=3.68 01r<n>=33 T

STAR 04

04 T i T T T T T T T T ) T y T 0 e | [eehmi ¢ 2 F ® w7 X
| 33<n<4.1

s

02 03 04 05 06 04 05 06 07 04 02 0 02 04 -06-04-02 0 02 04 06

XF XF XF XF
0.2
| BRAHMS 07 | 0=4° oy
01l 6=23° 1 Ll
z | —4—3 ,,_/y/i/i/}
< o ol et L o e
01} : :
0.2 0.95 0.3 015 02 025 03
XE XE

-Used Sivers function from SIDIS as input for Qiu-Sterman function flLT(l) () x Fpr(z,x)

-Used Collins function and transversity TMD extracted by Anselmino, et. al (2013) from the Collins
asymmetry in SIDIS/e*e using DGLAP-type evolution

-Used EOM relation for /
_Extracted %U (z,21)
(Kanazawa, Koike, Metz, DP (2014))
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 STAR 08
<n>=3.7

SV1 |

Fragmentation term is the dominant source of A,

First consistent description of TSSAs in SIDIS, e*e’, and pp

(Kanazawa, Koike, Metz, DP (2014))
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Recent Developments

» Lorentz invariance relations (LIRs) for twist-3 FFs

Hi(z) = —ZZHf(l)’q(z) + HY(z)

EOMR
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Recent Developments

» Lorentz invariance relations (LIRs) for twist-3 FFs

Hi(z) = —ZZHf(l)’q(z) + HY(z)

EOMR

q 2 0 ﬁq,%
H(z) — _ (1= Zi HlJ—(l)H(Z) _ _/ dZQl FU (2, 21)
dz z ), 2 (1/z—1/21)?

Lorentz invariance relation (LIR)

Derived for all twist-3 FFs for the first time

(Kanazawa, Koike, Metz, DP, Schlegel, PRD 93 (2016))
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» Revisiting the fragmentation contribution

E — = — 5 h 2T — dx’ dr 6(s+t+1)—
S ZL¥ Zz/@ / x/ P O34T+ 1)

¢ a,b,c

. dHJ_(l),c _ ) 1. B
x h%(:v)f{’(x’){[Hf(”’ (2) - SLH[—?Hf(”’ <z>+—H6<z>] St

where Sp. = ——— and Sy = It
Hj —x't — xu —x't — xu

(Gamberg, Kang, DP, Prokudin, arXiv:1701.09170)
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» Revisiting the fragmentation contribution

E - = hoT g g d dr 0(8 —
Y d3Ph S / / i / i 8 )8

¢ a,b,c

zZ

< he(z) o) { [Hf(l)’c(z) B dH - E )] g;{% 4+ [—2H1L(1),c(z) + lﬁc(z)] 5}{}

Si — S” Sz . Sz
where Sp. = ——— and Sy = It
Hj —x't — xu —x't — xu

(Gamberg, Kang, DP, Prokudin, arXiv:1701.09170)
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-Use Qiu-Sterman function extracted by Echevarria, Idilbi, Kang, Vitev (2014) from the
Sivers asymmetry in SIDIS using full TMD evolution & negligible (and opposite sign to

the data)

Lg(e) b 9 du 0* 92, @Q
firsos(: b Q) (— T,,r(z,z,c/b.) gxp —/ — ( ~ +B> exp{ b? (gi”ers+ In —)}
’ 2 c/bx K :U' Q()
(b-space) Sivers Qiu-Sterman

function function

-Use first k,-moment of Collins function and transversity PDF extracted by Kang,
Prokudin, Sun, Yuan (2016) from the Collins asymmetry in SIDIS/e*e” using full TMD

evolution
sub) Lo —3b% 1 R
A i @ QU ( o ) €350 5800 (0(Q)) i f Ay e )
(b-space) Collins first k-moment
function of Collins
function

-Do not consider piece involving H (BUT IT CANNOT BE ZERO)

(Gamberg, Kang, DP, Prokudin, arXiv:1701.09170)
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i (Gamberg, Kang, DP, Prokudin, arXiv:1701.09 lx’§0)
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0.15
0.15 — BRAHMS 07 BRAHMS 07
P"P— m X, Vs=200(GeV), ( 6 )=2.3° P"P= ntX, Vs =200 (GeV), ( 0 )=4°
—_—— T 01— —e—r*

g === —— /*/
: <

0 04 |
R
005 ~0.05 — $ 1
s B0 y
0.1~ 0.1
-0.15 ' : ' | ~-0.15 ' ‘ ‘ '
0.2 0.25 0.3 0.35 0.2 0.25 0.3 0.35
Xp 23
-Confirms the original work of Kanazawa, Koike,
08 L WP fe=200(aew, (y) =87 DP, Metz (2014) that the twist-3 fragmentation
Transversity .
cotken term can dominate 4
e, W5 : :
< -Encouraged that we will be able to fully describe

0.05 A, through this mechanism even with the

additional constraint from the LIR — still need to

0 fit H(z)
-Large error due to uncertainty in transversity at
R ' ' ' ' large-x

0.3 0.4 0.5 0.6

x. (Gamberg, Kang, DP, Prokudin, arXiv:1701.09170)
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EOMR | Hi(z) = —2zH1L(1)’q(z) +2z/

LIR =
<

Hq(z) . < d ) HJ—(l),Q(z) . E/OO dzy Hl%:(\]s('z?Zl)

(Kanazawa, Koike, Metz, DP, Schlegel, PRD 93 (2016))
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EOMR

LIR

() = 2B ) v 20 [ A )
z 1 2 2

(Kanazawa, Koike, Metz, DP, Schlegel, PRD 93 (2016))
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PDF (x) PDF (x,I X;) FF (2) FF (z 21)
]| ||
intrinsic | kinematical dynamical intrinsic  y kinematical dynamical I

u | X | KV Her | XXX HR

LXK | X Hpyr X X| XV Hip
XY DXVl aps Ane
T X §r(1; Frr, Grr |6, % G%l), Dy, Grr

(Kanazawa, Koike, Metz, DP, Schlegel, PRD 93 (2016))



'~ 3 PennState
Y Berks

PDF (x,I X;) FF (zl, Z,)
Hadron l i | ) a i
Pol. | ] : %
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TR,S
U Hru Hp:;
SRS
AR AR,
T | Frr,Grr | D5y, Grp

D. Pitonyak OT M D
Collaboration

Transverse spin observables are driven
by multi-parton correlations

In particular, the quark-gluon-
quark FF HS (2, z1) could be the
main cause of A, in pp collisions

(Kanazawa, Koike, Metz, DP, Schlegel, PRD 93 (2016))
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» TSSAs in pA collisions

STAR, preliminary

Ay

X.=0.2

<20.02§—I A, pp
001500 A pAu
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~0.005}
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D. Pitonyak
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“ Preliminary
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Ay, X=06

Z E
<0.12
0.f
0.08f
0.06f
0.04f

™

= A pp
o A, pAu

“é%i

0.0
@

STAR Run 15

-0.02

Vs=200 GeV
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2 3 4 6 7
P; GeV/c

Z
“0.05 Aupp i
2 AU
o Ak |
0.03 s 2
0.02
0.01 STAR Run 15
0 Ys=200 GeV
| maEY Preliminary
P; GeV/c
A x;=0.7
z STAR Run 15
<0.14f Ys=200 GeV
0-122 Preliminary
0.1
0.08f 1 2 t *
0.06_ +
0.04f i
0.02}
Ofof
-0.02kLs
2

No A dependence observed up to x;

TMD

Collaboration
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2013 expression from Metz and DP

dAcFrag 4 M : 1
g, 3A0(ST) _ _ dazMa ppphstzf /dx/dx(;HHu)A L
dSPh S(—

PR
T x't — x)

) S
< (@) f1) { [H#“” @) - s 4 L) Sy
2 oodzl 1 e, i
+ ;/z Z% 2 HFU(z’Zl)SHFU}

(1-2)
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2013 expression from Metz and DP
dAoFmg(ST)

40‘ Mh (P'PPuST / / /1 &4 f 4 1
— = dx’ dr 6(s+t+ 1
FE. > ( )

T §(—x't — x0)

Ey

dz

. dH; e |1 .
x h(x) f{(z") { [Hf(l)’ (2) — z—1 ) Sizy 4| JH (=) Sy

/ +

~ A—1/3

| T ~ A-1/3

/ Include saturation corrections
to calculate pA TSSA
(Hatta, Xiao, Yoshida, Yuan (2017))

Note: QS term in pA ~ A9, in
agreement with STAR data
(Hatta, Xiao, Yoshida, Yuan (2016))
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2013 expression from Metz and DP
dAoFmg(ST)

40‘ Mh (P'PPuST / / /1 &4 f 4 1
— = dx’ dr 6(s+t+ 1
FE. > ( )

T §(—x't — x0)

. dH; e |1 .
x h(x) f{(z") { [Hf(l)’ (2) — z—1 ) Sizy 4| JH (=) Sy

Ey

dz | \ ~ A—1/3
/ +
~ A—1/3
~ AD / Include saturation corrections
A to calculate pA TSSA
Kanazawa, Koike, Metz, DP (2014) (Hatta, Xiao, Yoshida, Yuan (2017))
0| STAROS svi | TOTAL =— SV2 |
| <>=37 A

i | Termin blue is negligible
= fragmentation
mechanism for pA TSSAs
is suppressed by A1/,
contrary to the STAR data
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2013 expression from Metz and DP

dAcFrag 4 M : 1
g, 3A0(ST) _ _ dazMa ppphstzf /dx/dx(;HHu)A L
dSPh S(—

x hi(z) f(a) { [Hﬂ”’%z) —z

EOMR + LIR =

D) 5 1y
< <1 (l_L>

1 a,b,c

dH; " (2)

x't — x)

— ],sgLr “H(2) Sy

5 5 HF’U(Z’Zl)SFIF»l}

1 (1 _ 1
z zZ1

~A0

2 [*d 1 A eSS . dH;° 1 -~
‘/ 5 A0 (2 0) = HE Do) + T8 Lo
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2013 expression from Metz and DP

dA\ Frag 4 M , 1
g, 440 _}(ST): 402 M, ppphstz/ /dx/dx(;SJrHu)A L
dSPh S(—

17
1 a,b,c Tt QZ’LL)

L(1),¢
% hclz(x) f{)(il?/) { [HlJ-(l),c(z) —ZdHl ( )] S}{L + Hc( )SH

dz

“ HC,\S S@A
+ z/z 23 (1 N L>2 Fu (2 21) HF1}

z zZ1

NAO/

EOMR + LIR =

92 [ 1 PN ) dH e 1 -
—/ -l ar/e (z,21) :Hfm”(z)—i—z ! 2) — —H (2)

2 2 FU
< 1 (1 _ 1
z Z1

Calculate pieces involving the (first k,-moment of the) Collins function to
get a new estimate for the term in blue
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Fragmentation term is not inconsistent with the STAR pA TSSA data

TMD

Collaboration

(Gamberg, Kang, DP, Prokudin, arXiv:1701.09170)
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Future Possibilities

QS ,
EhdAa H(ST) _ 4045M PP Ph STZZ/ /da: / dm53+t+u)

3
dPh 1 a,b,c

< ) D5 | P (o) - oI 5

Fra ’ 1
g, AATT(ST) a2 o My PPPhSTZZ/ /dx / de 8(5+1+ )

3
dPh 1 a,b,c

1(1),c ~ o
x hi(x) f(2') { [Hf“*%z) - ] Sy + [—2Hf“”°‘<z> + EH%z)] s;,}
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Ayin ENT — 1 X

d S 8a2 1 1 d .
B, ULSQ N) _ O;Sm 63/ d:c/ 53 +i+a)
dPh q 0 0

« (PPLSN {WM (1 - x%) Fir(x,z) Di(z) (

[ (om0« o) (5:2) (-5 0 (3]

-Data from HERMES (2013) and JLab Hall A (2013) find sizable effects — most
likely need NLO calculation (Hinderer, Schlegel, Vogelsang (2015); D’ Alesio, Flore,
Murgia (2017))

-Future data from an EIC — larger P, and measure in the forward region of the
transversely polarized nucleon (like at RHIC)
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Asm Ps |
in SIDIS integrated over P (sacchetta, et al. (2007))
QAI H*(2)
sm ¢s 2 h
X2 g M@=
Asm Ps |

in e‘e” > h,h, X integrated over g (soer, jakob, Mulders (1997))

smqbs - Z <2M2 D%(Zl)D%(Zg) 4 2M1 ﬁ(zl)H?(22)>

zZ2 Q Z1

And also the TMD version of these (and other) observables (but with many more terms)

-Note: data from COMPASS, HERMES, and Belle show nonzero effects for the
unintegrated version of the above asymmetries
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Summary and Outlook

* TSSAs in proton-proton collisions have been around for over 40 years, but the
underlying mechanism remained unclear

= 2014: collinear twist-3 fragmentation could finally give us an explanation

= Now: new constraints from LIRs and data on pA

* New constraint from LIR has been employed and an estimate of 4, confirms the
fragmentation term dominates the asymmetry
=» This mechanism is not inconsistent with pA

> Still need to fit the remaining (3-parton) FF H ( 2)

« M isnot a “new” function! — it shows up in (TMD and collinear) asymmetries in
SIDIS and e*e

* Transverse spin observables are driven by 3-parton (dynamical) functions



