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What is the final goal?
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Transverse Single (Double) Spin Asymmetries
in single-inclusive processes in collinear pQCD
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Experimental data

golarized proton collisions at RHIC (STAR, PHENIX, BRAHMS\)
pr — (T‘-? jet 7/7/7 l? A? J/¢7 "’)X
Theory: LO in pQCD
K [Koike, Yoshida, Qiu, Metz, Pitonyak, Kang, ...]

W,

~

Theory: LO, some NLO

Polarized eN collisions (HERMES, JLab, COMPASS, EIC)j
I INT — (1,7, jet v, A, T/, .. )X

_

Final goal: global analysis (at NLO) (one day...)



What do we expect to learn (about the nucleon)?

Interference effect of non-valence nucleon LF wave functions
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What do we expect to learn (about the nucleon)?

Interference effect of non-valence nucleon LF wave functions

(Chiral-even) Quark - Gluon - Quark correlation functions
oM ie" PP L (z,2) / /d“ et iz =2") (P G G(0) higF™ (un) g(An) | P, St

2M SEGL. (v, 2) / / Qi A (@) (P S| q(0) hys igF" (pm) g(An) | P, S)

— collinear pQCD: they generate transverse SSA
— dynamical information: color Lorentz force [M. Burkardt]

Why I'EIQVﬂnt? — TMD physics: large transverse momentum behavior of Sivers, Boer-Mulder,
worm gear function & their evolution



What do we know about QGQ correlation functions?

Support properties —1 <z, 2’ <1 |x — a:’\ <1 and possibly continuous)
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Inclusive = (or jet) production
in I1+N collisions at LO




Example: Single-inclusive hadron production e N' = 1 X

[Gamberg, Kang, Metz, Pitonyak, Prokudin; Kanazawa, Koike, Metz, Pitonyak, MS]

final state lepton not detected!

. )

AN Zeg/dz (1—2L) Fip(z, ) Df/q(z) +Ze§/dz hi(x) /dz1 /dz2 %[ﬁ;{f](zl,@) f(z1, 29)

reduction to jets:

LO: D1(z) — 6(1 — 2)
NLO: “small-cone approximation”

tranersity pdf chiral-od qgq ff

Feasible at a future EIC, NLO corrections might be large



Numerical estimate of the transverse SSA at LO:

[Gamberg, Kang, Metz, Pitonyak, Prokudin; 2014]
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Numerical estimate of the transverse SSA at LO:

[Gamberg, Kang, Metz, Pitonyak, Prokudin; 2014]

XF - dependence:
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JLab12 for n - production
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Collins funct. from e+te- & SIDIS
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LO input typically
overshoots the data
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Numerical estimate of the transverse SSA at LO:

[Gamberg, Kang, Metz, Pitonyak, Prokudin; 2014]

XF - dependence:
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Transversity from SIDIS
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LO input typically
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> NEEr?

unpolarized cross section



d®0/dn;dP;, [pb/GeV]

NECE £ =

Jet Production at EIC (no fragmentation)

- 2

[Hinderer, MS, Vogelsang, PRD, 2015, 2017]
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[Abelof et al., PLB 763, 52 (2016)]
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— perturbative series converges at NNLO

— K - factor of denominator of SSA may be enough to reduce factor 2 discrepancy to data,

NLO corrections of numerator of SSA small? Cancellations?




Inclusive = / jet production in
transversely polarized

1+N' collisions
at NLO

| Tollkihn, MS, Vogelsang, ongoing work]




What do we know so far?



What do we know so far?

o “Splitting functions”™: needed to subtract collinear divergences through factorization

Fragmentation function: DGLAP-type
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What do we know so far?

o “Splitting functions”™: needed to subtract collinear divergences through factorization

(1) S
arz(: - (qu®D',g,?)(z,p)

D9 (z,4) = Dipld(z,p) +
Fragmentation function: DGLAP-type

+as(u)S,.,-
2 &

(Pgg ® Ditn ) (2. 1) + O(a?)
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-our partonic channels at NLO:
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e gg — g: gluon fragmentation
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Four partonic channels at NLO:

e gg — g: gluon fragmentation
The easiest channel: &
-12 real diagrams, no virtual contributions

- no MS - subtraction of collinear divergences from SGP, but from FF
.~ W,

* gg — Q: triple gluon correlations ©
The next-to-easiest (?) channel: ?Y§
-12 real diagrams, no virtual contributions . .
- MS - subtraction of collinear divergences from SGP (7) ; X}Z )

N i,

e Qg — Q: quark-antiquark correlations
The second most subtle channel: (suppressed in 1/N¢) ,
-12 real diagrams & virtual contributions (x’ < 0) SR
7x' : % )

- MS - subtraction of collinear divergences from SGP needed

* gg — q: quark-antiquark correlations (partially £4)
The most difficult channel: i
-12 real diagrams & virtual contributions (x’ > O)

X X=X ! X )

- MS - subtraction of collinear divergences from SGP & FF needed

M




Result for the gluon fragmentation channel / gluonic jet production e(l) + N'(P.S)— =(P,) + X
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Result for the gluon fragmentation channel / gluonic jet production e(l) + N'(P.S)— =(P,) + X
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Result for the gluon fragmentation channel / gluonic jet production e(l) + N'(P.S)— =(P,) + X
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How much does NLO affect the SSA?

suppose only gluons fragment at NLO B 7' ) Scenario 1: G% i 7! )

-+ quark — gluon not very prominent channel for unpol. cross section = -

NLO effect on SSA depends on input for
Quark-Gluon-Quark correlation functions:

Model:
SGP from Sievers function [Anselmino et al., (2008)]
+ extension to full support




-+ quark — gluon not very prominent channel for unpol. cross section

How much does NLO affect the SSA?

suppose only gluons fragment at NLO

NLO effect on SSA depends on input for
Quark-Gluon-Quark correlation functions:

SGP from Sievers function [Anselmino et al., (2008)]

Model:

+ extension to full support

spin-dependent cross section [preliminary]
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“Right-Left” asymmetry [preliminary]

\'s =u=100 GeV, Pyr =5 GeV
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Scenario 1: NLO corrections of spin-dependent CS cancel!
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spin-dependent cross section [preliminary]

\'s =u=100 GeV, P, =5 GeV
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Right-Left asymmetry [preliminary]

\'s =p=100 GeV, Py =5 GeV
ARight-Left, Scenario 2

LO

NLO more pronounced

-0.030 |

Scenario 2: NLO corrections of spin-dependent CS add up!




Outlook & Summary

+ SSA in inclusive n production in eN: HERMES, JLab data exist, EIC will be helpful!
NLO calculation is needed, 2 out of 4 channels at NLO completed.
Once finished — Jet production on the way

+ |ndication from gluon fragmentation channel: NLO fit to data may very well be able to further
constrain quark-gluon-quark correlation functions

+ |dentification of “gluonic” jets at EIC (?) — isolate “quark — gluon” channel

+ |nclusive photon production “Abelian version of g =g channel”,
[ongoing work with D. Rein & W. Vogelsang]

« Next logical step: twist-3 fragmentation contribution for = production (whole different story...)

+ Work towards more complicated polarized pp - processes...



Back up




How do QGQ correlations generate an SSA?

Example: Single-inclusive jet production e N — jet X
[Gamberg, Kang, Metz, Pitonyak, Prokudin; Kanazawa, Koike, Metz, Pitonyak, MS]

Simple LO diagrams

«__~ hot detected Soft gluon pole
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How do QGQ correlations generate an SSA?

Example: Single-inclusive jet production e N — jet X
[Gamberg, Kang, Metz, Pitonyak, Prokudin; Kanazawa, Koike, Metz, Pitonyak, MS]

Simple LO diagrams

«__~ hot detected Soft gluon pole

1 P
_ _ind(r — o
54/56—33/+’i6 r —x ind(z — ')

- \_ _/

> «___detected

d
Ay o< (1 — - Fi(z, )

\ Y,
SSA generated by soft-gluon pole only




At NLO:
several interdependent sources of imaginary parts
— Pole terms (Soft-Gluon Poles, Soft-Fermion Poles, Hard Poles) & Integral terms

How to combine these sources & cancel collinear/soft divergences ?
Reexamine integral contributions in gluon fragmentation channel
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At NLO:
several interdependent sources of imaginary parts
— Pole terms (Soft-Gluon Poles, Soft-Fermion Poles, Hard Poles) & Integral terms

How to combine these sources & cancel collinear/soft divergences ?
Reexamine integral contributions in gluon fragmentation channel
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At NLO:
several interdependent sources of imaginary parts
— Pole terms (Soft-Gluon Poles, Soft-Fermion Poles, Hard Poles) & Integral terms

How to combine these sources & cancel collinear/soft divergences ?
Reexamine integral contributions in gluon fragmentation channel

. , /\A reverse order of phase space & x’ integ

No 1/ poles,

o 0 W BUT: endpoint singularities at X’ = x & x’ =0

/ N _ (! — )1 4 _ l.d
Fl@a) _ 1 |F@2)-F@ae) - @ —2)s5F@) F0)-Fe) +aggFe ) regular integral contribution, but...
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... additional contributions to soft gluon poles and soft fermion poles, with 1/e singularities!



At NLO:

several interdependent sources of imaginary parts
— Pole terms (Soft-Gluon Poles, Soft-Fermion Poles, Hard Poles) & Integral terms

How to combine these sources & cancel collinear/soft divergences ?
Reexamine integral contributions in gluon fragmentation channel

/\A reverse order of phase space & X’ integration:

No 1/ poles,
w BUT: endpoint singularities at X’ = x & x’ =0

1nt ST / dw/ dCE QZ’ —ZE)

F(z,2') 1 |F(x,2')-F(z,z)— (' —z

z, | regular partonic factor, but irregular soft function

/ r — r 2 1! (CB’—CI?)2

_ 1
i RE— regular integral contribution, but...

W,

1
/ A1nt—>SGP(w) F(x,x) .

0]

dw

w

%

int—>dSGP(w) ZE%F(QE‘, $) / A1nt—>SFP(w) F(az, O)

),

.. additional contributions to soft gluon poles and soft fermion poles, with 1/e singularities!

Result:

combine all SGP contributions, SFP contributions — eventually all 1/e singularities cancel!
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How could the QGQ correlation functions look like?

Polar coordinates  (z,z") = r(cos(¢ + §),sin(p + %))

F 28
3 t Fio(z,x") = +Fin (2", x) = Z =0 £ .
ymmetry o, 0 ge e - Z . ourier series
| FT\"> FT Y FT

! eq (Fpr + Fip) (r,0)
Charge FlgT(xv 37/) — +FI(«£T(_$7 _x/) | q ;l s ’ ( o FT)
. . — #
| conjugation G%’T(Zﬂ x') = +G%,T(—a:, _CE,)J - que?]% (flLT(l) "t flLT(l) q) ) |1t Zazn (cos(2np) — 1)

J




How could the QGQ correlation functions look like?

Polar coordinates (z,7’) = ”'”‘(COS(SO il

e (i an(r) cos(n
Symmetry Feg () = +Fpr (', 2) = Z - Fourier series
{ G (1,2') = ~Ghp(a’, ) Ghr(r,¥) Z bn (1) sin(ngp)

! ' eq (Fr + Fip) (r,0)
Charge FI?’T(xv :IZ,) — +F1?’T(_xa _CC/) q ;l s ’ ( o FT)
At ] —
¥C0ﬂjugat|on Grr(z,2') = +GEp(—2, _xl)J - ;eii ( )+ fir q) =) |1+ Zazn (cos(2ngp) — 1) Y,
N

Example for Frr (random choice)

| | | I |

|deally: Fit values from experimental data

EIC!




