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Outline

» Background

* Transverse single-spin asymmetries (TSSASs): 40 year-old phenomena
* Collinear twist-3 factorization
» Transverse spin observables in ep collisions

* Motivation for analyzing them
A specific example: Ay £ NT — 7w X

* A;rv,Ayur » Apyr SpIn asymmetries

» Summary and outlook
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Background
» TSSAs: 40 year-old phenomena

plp —» 71X

B do! — dot _ dop —dog
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Data available from RHIC (BRAHMS, PHENIX, STAR),

FNAL (E704, E581), AGS, and ANL
(Figure thanks to K. Kanazawa)
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Background
» TSSAs: 40 year-old phenomena

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

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

do= H® for43) @ Jo/B(2) ® De/c2) A+B->C+X

-One hadron T polarized

+ H ® fa/A(2) & fb/B(s) ® Dese2) (others U or L)
L H' % fa/A(Q) ® fb/B(Q) ® De/o(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@) @ fors) © Dejo@ | ogmers uor)

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




“ RB RC D. Pitonyak

RIKEN BNL Research Center

» Collinear twist-3 factorization

do = H® f,/43) ® Jo/B2) @ Deyc(2) A+B->C+X

-One hadron T polarized
+ H' ® farae) ® fo/p3) @ Dejc2) (others U or L)

L H' fa/A(Q) ® fb/B(Q) ® De/c(3) -One large scale (P, ;)
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PDF
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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' ® farae) ® fo/p3) @ Dejc2) (others U or L)

L H' fa/A(Q) ® fb/B(Q) ® De/c(3) -One large scale (P, ;)
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D. Pitonyak
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Transverse Spin Observables 1n
Electron-Proton Collisions

> Motivation

* pp collisions are a challenge to reveal underlying physics

* Data already available on most polarization configurations
Apry £{p",n"} — {m, K} X (HERMES (2013); JLab Hall A (2013))
Ay £n' — {, K} X (JLabHallA(2015))
Ayyr £p — AT X (HERMES (2014))

* Playground to solidify theory (gauge invariance, frame independence,
higher-order corrections)

* Explore potential of an EIC to measure them
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»Ayry ¢NT S X

do = H® fa/NT(B) & D7r/c(2)
+ H' ® fo/n1(2) ® Drye3)
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»Ayry ¢NT S X

do =H® fa/NT(B) & D7r/c(2)
+ H' ® fo/n1(2) ® Drye3)
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»Ayry ¢NT S X

do = H® fa/NT(B) & D7r/c(2)
+ H' ® fo/n1(2) ® Drye3)
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»Ayry ¢NT S X

do= H® fa/NT(B) & D7r/c(2)
+|H'® fayn12) ® Drjos)
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»Ayry ¢NT S X

do = H ® fa,/NT(B) & D7r/c(2)
+H'® fayn1(2) ® Drje(a))
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I H (2)=H 1L ) (2) I (Gamberg, Kang, Metz, DP, Prokudin - PRD 90 (2014))
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doyr 8a? L dz 1 1
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(Gamberg, Kang, Metz, DP, Prokudin - PRD 90 (2014))

> d 1 Ao
2"'3/ ST Bz ) = H(z) + 220V (2)

I QCD e.o.m. relation I




“ RB RC D. Pitonyak

RIKEN BNL Research Center

doyr _ 8a? I
0 — __ em 1 v 2 e =
bR T § pL By Xq:e" o B S+T/2
M kg g B dFi.(z,2)\[3(8% + 42)
x{ 3 D 2) <FFT(:I:, T)—& oy 553
My, ., S h/g dHM1(2)\[(1 — z)34]
+ - hi(z) {(H (2) — = = )

1 5(8% + (x — 12 Rz L S (2324
+;Hh/q(z)[ ( (£3 ) )] +222/ z—12 l_LHF{Jq (Z,Zl) £z£3



“ RB RC D. Pitonyak

RIKEN BNL Research Center

y 5 dz 1 1 Use Sivers function from

1
_ "
’x &5, == E1Luv Spy P eq/z W SIDIS (Anselmino, et al. (2009))
q min

F4 a(82 1L 52
y {_vr{w D?/q(z 4FE. (3, x))[s(s + )]
u dm 2t3 . .
h/ Use Collins function
q A~
+ " h(a) -:M'j'[""‘*"r' from SIDIS/e*e’
E (Anselmino, et al. (2013))
382+ (z—-1a dz T3 u
e G e 4 ,% G Newl))

~—
Take from pp ﬁt by

Kanazawa, Koike, Metz, DP
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‘ANiinp—>7rX‘

Fragmentation (Metz and DP - PLB 723 (2013))

x%/d.o.f.=1.03 + Qiu-Sterman (fix through Sivers function)
04 T y T T T T T T T T T T T T —1F 0 a1 © a9 % a4 % a1 = 4 3 I — T T T T T
STAR 04 T STAR 12 0 STAR 08 <a>=37 apses
| 33<n<4.1 T | n=368 | 01F<n>=33 +
02} =t d
=

% | | |
It

04 02 0 02 04 060402 0 0204 06

XF XF
9 — 40 Tct —e—
01l 6=23° 1 R
£ e OO | __,_/(L/r{
< o b i th it o B SRl
0.1F ®
—Total 02 025 03 015 02 025 03
Xg Xg

— — NO 3-parton FF (Kanazawa, Koike, Metz, DP - PRD 89(RC) (2014))




6 RB RC D. Pitonyak

RIKEN BNL Research Center

(Gamberg, Kang, Metz, DP, Prokudin - PRD 90 (2014))

Ajinep! — X
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* Theoretical results are above the data, but full NLO calculation most likely needed (see
Hinderer, Schlegel, Vogelsang (2015) — NLO corrections for unpolarized cross section are
large and not dominated by Weizsiacker-Williams distribution, i.e., quasi-real photons)

 Jefferson Lab Hall A also has data for a neutron target, but P, 1s too low
=>» 12 GeV upgrade will give valuable data at higher P,
» This process can help better constrain the 3-parton FF that has been fitted in pp

=» crucial to measure at at EIC
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X: (Gamberg, Kang, Metz, DP, Prokudin - PRD 90 (2014))



“ RB RC D. Pitonyak

RIKEN BNL Research Center

doyr 8a? L dz 1 1
0 e em M v 2 kit i
5% d313h = g €L Spy Py zq:eq ‘/zmin 23 S+T/zx

M kg g _ dFip(z,2) '§(§2+fa2)]
x{ - D (z)(FFT(a:,a:) T o

2 po) {(ﬁh/q(z)-zdﬁ"/"(z))'(l ~ 2)3d]

‘ e-p c.m. frame ‘

—z0—t dz t2

1 1 g
2 s _— — AL A - A ~ A2A
‘ § z (z zl) ‘ +§Hh/q(z) [3(32 + (f' 1)u2)] / dz1 1 1 Hh/q, i) T8 Au]}}

t3 ¢, 13




ﬁ RBRC

D. Pitonyak
RIKEN BNL Research Center

P = P > i
‘ f ‘ x{- ”1{:4 D}/%(z2) (F;T(m, z) — msz‘%Eiw,w)) :é(é;; a?)]
e-p c.m. frame . ;;,: W@ {(ﬁh/q (2) - zdﬁ’;/:(z)) :(1 -t ;c)su
‘ §. =z (% N zil) ‘ +§Hh/<1(z) [§(§2 - (;:3— 1)112)] / dzl 1 - AR ) zs'?;]}}
'?ZZ:{ =g e ShLP Z /m 28 +T/z i
. { ™ /"(z)(F,‘fl(x _— y:ig(cm x))[ (32;3“2)]

p-1t c.m. frame ‘

st {2222 (459 [ £] 2522 3]}



RBRC

D. Pitonyak
RIKEN BNL Research Center

28384+ T/z2z

q [5(82 + (2
x{_wf‘:l Di‘/q(z)(FﬁT(w,m)—mdFFT(w’w)) e )]

dO' 832 2 /1 dz 1 1
PO ur _ e 3 ol €1l uv SN PU E €
(% 2 ] — S L P hl - q .

‘ e-p c.m. frame ‘ = :
p .1. 1 n j;,: W@ {(ﬁh/q(z)_zdﬁf;f(z)):(1-;)%:
[<—(-2) ] e G e [ e[
Py ‘2‘3’;’3’: = — =M1 Shy Pl Z /m 23 .S’+T/z i
X {— ﬂg! D}/(z) (FI?’T(:E’ z) - Pvgix’m)) [5(522;; ﬁ2)]
p-rt c.m. frame ‘

L {20 (52 i ] 252 5]

K




RBRC

D. Pitonyak
RIKEN BNL Research Center

.29 St Tz

q Poiiadl o na
x{— Wg‘r D}/%z) (FI%T(:::, x) — mdFFZiw’w)) L )]

A h/a (1 —2)5a]
o 2 fh‘f(w){(ﬂhm(z)—zdﬂ ) ) -2
=L — _

1 1
‘ e (; - Z) ‘ + th/q(z) [§(§2 R 1)’&2)] iz 2
z s

£3

doyr 82 5 / P oade 1 1
P e g PY e — ~
h B, 5 prOp) Ll zq: a/

‘ e-p c.m. frame ‘

0 dUUT >, 1
Py BB, S 6J.puSP.LPh_LZ /zmm g S+T/z:z:
M 7 (z,z)\[5(3 + 42
f X {—Wﬁ D’;/q(z) (Fl‘f,T(a:,:z:)—a: P:iz )[ ( 573 )]
p-n Como rame ‘ h/q Rt ™ A2 h/q A
+ My hi(z) {H z(z) [s(sfs )] + H"4(2) [ ] d—Hdz ) [%] }}

?



RBRC

D. Pitonyak
RIKEN BNL Research Center

doyr 8a? L dz 1 1
0 e em M v 2 kit i
Ph, daﬁh — S €1 pv SPL PhJ_ ; eq ‘/zmin z3 S Sl T/z T

q Fa(82 1 52
x{_ng D;L/q(z) (F}T(w,m) _mdFFT(a:,:z:)) s +1 )]

dzx
‘ e-p c.m. frame ‘

s (Th/q i s O
e M o ‘() {(Hh Ja(z) _AEMU2)\[(1 - 2)s0
—zl —t ) l
‘ 1 1 ) ;
, =2z -—— Al A 5 ~ oo B
z 2 4 th/Q(z) [3(3 L (';17 1)d )] dzy frh/q;
2 t3
doyr 1
0 ouE =
Py BB, S EIJ.uuSP_LPh_LZ /zmm g S+T/z:z:
_ﬂ‘M h/q q 3 FT((E,Z‘) §(§2+ﬁ2)
X { Z D,"*(2) (FFT(:z:,:z:) B 573
‘ p-rt c.m. frame ‘

[

L {20 (52 i ] 252 5]

?

Cdn 1 oag
223/ o _HP,(2,21) = H(2) + 22H; " (2) WILL NOT HELP! s




& RB RC D. Pitonyak

RIKEN BNL Research Center

0 daUT em / 1
PP d3ﬁh - S €Ly Spy Pry Z z3 S-l-T/z x
™ _py dFir(z,z) \[5(5% + 4°)
‘ f x{‘ — D}/1(2) (F%T@”’ B I =
e-p c.m. frame ‘ M) \[ '
/a — )81
T {(Hh/q(z) dA (z)) 0%

0] |FRAME:- L[5
DEPENDENCE?

x{ /"(z)(le(x 2) -2 ”fzf x))[ : Tu2)]

2t3

| — {Hh/:(z) [S(Sf; ﬁ)] i) [ 2] zdﬁ’;/:(z) [-2_“] }}

p-rt c.m. frame ‘




RB RC D. Pitonyak

RIKEN BNL Research Center

% ¥ ol i i
P}? dau_"T _ _ S%mn g Sy BY Zeg/ e =
q z

d3 P, S 2884 T/zz
M dFe. . (z,z) \[5(5% + 42
‘ X{_ 7"’& D;L/q(z) (FPq‘T(wa z) - FZ:E; )) ( 243 ):|
e-p c.m. frame ‘ : - :
M, Shjag dH"/q(z)) (1—z)50
e {(H @) -2 )| S|
1 1
‘ §: =2 (; - Z) ‘ 1 oh/a 3(3° + (z — 1)'&2) dz1 1 HM99 (2, ) (2320
+ - (2) 3 1 % 21 ¢, 73

[
doyr 1
0 ouE =
Py BB, S EIJ.uuSP_LPh_LZ /zmm g S+T/z:z:
T™M _hjq q FT((E,Z‘) §(§2+ﬁ2)
X {— Z D, (z)(FFT(a:,:z:)—a: op 573

p-1t c.m. frame ‘

[

L {20 (52 i ] 252 5]




“ RB RC D. Pitonyak

RIKEN BNL Research Center

>~ d 1 o
QZS/ Bz 2) = H(z) + 2:H Y (2)

I QCD e.o.m. relation I
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>~ d 1 o
QZ?’/ Bz 2) = H(z) + 2:H Y (2)

I QCD e.o.m. relation I

R O

I Lorentz Invariance Relation (LIR) I

(Kanazawa, Koike, Metz, DP, Schlegel, arXiv:1512.07233, submitted to PRD)
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-Result is the same in any frame

-Calculated in both Feynman gauge and lightcone gauge
-Checked EM gauge invariance

(Kanazawa, Koike, Metz, DP, Schlegel, arXiv:1512.07233, submitted to PRD)
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-Result is the same in any frame

-Calculated in both Feynman gauge and lightcone gauge
-Checked EM gauge invariance

d G
Recall the LIR: gr(x) = g1(x) + —g%) — 273/ dxq FT L :131 (e.g., Accardi, et al. (2009))

Now we have derived LIRs for twist-3 fragmentatlon functions

(Kanazawa, Koike, Metz, DP, Schlegel, arXiv:1512.07233, submitted to PRD)
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(z,21) = H(z) + ZZHf‘(l)(Z) I QCD e.o.m. relation I

> dz ﬁgU(z,zl)

2t (1/z—1/z)?

LIR

2
_ 1
Zz)

Entire result for A7, (& A,) can be written in terms of dynamical twist-3 functions
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» A; v s Apur » Appr Spin asymmetries

(Kanazawa, Metz, DP, Schlegel - PLB 742 (2014), PLB 744 (2015))
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JLab Hall A (2015) . —
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» A v s Ayur s ALy Spin asymmetries

(Kanazawa, Metz, DP, Schlegel - PLB 742 (2014), PLB 744 (2015))

Like with A+, we have:
-Calculated these observables in a general frame
-Derived relevant LIRs (crucial to show frame independence!)

-Shown how all twist-3 observables can be written solely in
terms of dynamical functions

-Calculated in both Feynman gauge and lightcone gauge

-Checked EM gauge invariance

(Kanazawa, Koike, Metz, DP, Schlegel, arXiv:1512.07233, submitted to PRD)
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PDF (x) FF (2) FF (Iz, z,)
intrinsic , kinematical dynamical intrinsic | kinematical dynamical I
o | X | KL e | XX X0 AR
L | X D Hpr XX | X B
X DXV.| cna ~ma
T | X X" Fer,Ger | Do, X c;él) DRSS, GRS

X

(Kanazawa, Koike, Metz, DP, Schlegel, arXiv:1512.07233, submitted to PRD)
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PDF (x,I X;) FF (zl, z,)
Hadron l a i ‘ a i
Pol. | . l g
I dynamical dynamical
TR,S
U Hru Hp:s
ep observables involving the transverse
spin of hadrons give direct access to
AR, multi-parton correlations
AR, AR,S
T | Frr,Grr | D5y, Grp

(Kanazawa, Koike, Metz, DP, Schlegel, arXiv:1512.07233, submitted to PRD)
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Summary and outlook

TSSAs in proton-proton collisions have been around for close to 40 years, but the
underlying mechanism is still unclear

= Collinear twist-3 fragmentation could finally give us an explanation

= Must continue to find observables to test/understand TSSAs

Transverse spin observables in lepton-nucleon collisions can test (experimentally
and theoretically) the collinear twist-3 framework and its explanation of TSSAs

= Collinear twist-3 formalism seems to be on sound theoretical ground:
-gauge invariance v/
-Lorentz invariance ¢ (LIRs crucial & newly derived for twist-3 FFs)
-NLO calculation %

= Already have data on several spin configurations (but LO pQCD applicable???)

= EIC would produce hadrons at high enough P to safely apply pQCD
-Phenomenology still at early stage (4, should be ~ 10%)
-Can give direct access to dynamical twist-3 functions (Multi-parton correlations)



