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Motivation for Transverse Momentum Distributions
(TMDS)
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Goals of the TMD community:

® Increase the precision at which we
understand this substructure.

® Understand the evolution of TMDs in Q.

® Understand correlations between the
spin and the transverse momentum.




How do spin degrees of freedom affect the TMDs?
TMDPDFs
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How do these correlations change in Q7

| current data for Collins and Sivers asymmetry:
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® DGLAP evolution provides information on how the xp
dependence of the distributions evolve in Q.

e TMD evolution provides information on how the k| dependence
of the distributions evolve in Q.



The Sivers asymmetry
Hadron plane
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Lepton Plane

Hadron plane

Drell-Yan SIDIS
W/Z Boson Production

= fo/p(xB, k1) — sin(¢s — ¢k) fqu/p(xB?kJ—)




Unpolarized structure function in SIDIS

Unpolarized structure function in the TMD formalism
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0 T Zh

Fyu (xg, 20,0, Q) = 1 (QQ)Z €§Cq<—i ® fi/p (xB, 1p)Cioy Dy i (zn, W)
q

X €Xp ( o Spert_SNP)

Hp ~ 1/b
DGLAP evolution from initial scale to w,.

DGLAP evolution from initial scale to u,.

Perturbative TMD evolution from u; to Q.

® Non-perturbative TMD evolution from initial
scale to Q.



Parameterization for Unpolarized Structure Functions
Coefficient functions are taken at NLO.

[Cm—i ®fi/p} (x,0,0) :/xl %Ccﬂ—i (gvb’ Q) Jifp (£, 0) .

Perturbative evolution is taken at NNLL
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P. Sun, J. Isaacson, C.-P. Yuan, F. Yuan 2014; Wang, Lu, Schmidt 2017



Unpolarized data
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Polarized structure functions
Polarized structure function in the TMD formalism
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Qiu-Sterman function

® DGLAP evolution for Qiu-Sterman function is not
well-understood.

® This evolution is treated phenomenologically in one of two
schemes.



DGLAP evolution of the Qiu-Sterman function

x P (xo—x1) P xoP

1
f1T

® Scheme 1.) Kang and Qiu showed in 2009 that at large xp, the
evolution can be treated as a diagonal evolution.

aTF,q/p(xaxa.u) O‘s(.u2) [

dIn u? 2

Pc;[:—q & TF,q/p] (X, ‘LL)

Pl () =Py —n81-x), 1n=N

® Scheme 2.) For phenomenological applications, it is common to
treat the evolution to be the same as for the collinear PDF. Can
model this behavior with n = 0.

T
Pq(—q<x):P4<—q(x)7 1":0
Kang, Qiu 2009, Anselmino, Boglione, DAlesio et. al. 2012




Parameterization for the Qiu-Sterman Function

x P (xe—x1)P X9 P
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Initial condition
(0 + By) %P0
O‘qa "By’

fit parameters: o, &y, N,, N; are the valence fit parameters and
Osea> Nis Ny, Ns, and Ny are the sea fit paramters and B, = B is the
same for all flavors. We can probe u,d, s, u,d, s Sivers function.

Tr.q/p(x, Qo) = N, x% (1 — x)Paf, a(x, Qo)

s 82 o b
SlJ\T_P(b7 QO:,u) :g1b2 —+ ? In @ In E

Anselmino, Boglione, DAlesio et. al. 2005



Fit to low energy data

Collaboration Scattering event Number of points Year

e+P—e+ht 34 2017

e+P—>e+h” 31 2017

e+D—e+mt 12 2008

e+D—e+mt 12 2008

e+D—e+ KT 13 2008

e+D— e+ K 7 2008

e+D— e+ K™ 11 2008

T +P—>y 15 2017

e+P—>e+ K™ 14 2009

f e+P—e+ K" 14 2009

% | e+P— e+ n° 13 2009
_|_

e+P—e+m” 14 2009

e+P—e+m” 14 2009

- e+P—e+m" 4 2011

Jeffersonlab ., . - 1 2011

P+P W7 4l 2015



Signs change of the Sivers function

< proton electron
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e COMPASS 2015 data

Repulsion between anti-quark and
remnant in di-hadron collisions.
Attraction between quark and
remnant in SIDIS.
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Collins 02, Boer-Mulders-Pijlman 03, Collins-Metz 04, Kang-Qiu 09



Fit results without RHIC data

x?/d.o.f =1.032 for 11 parameters and 226 points.
0.06

0.04

— L5 X3S

—— OXs

0.1

0.5

0.1

0.5 0.1

DA 14/97



Unpolarized TMD PDF

fQ/P(vakLa Q) xg = 0.2
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Sivers function

ki
Mflji",q/p(xBa kJ_a Q) xp = 0.2

Q2 from 1.9 — 100GeV?
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Spin-dependent TMD PDF

o . ki
Jaip(x8, k1, 0581) = forp(x5, k1, Q) — sin(gs — (Pk)ﬁflji",q/p(xBakJ_a 0)
xg = 0.2 0? from 1.9 — 100GeV?

V.




Description of the data (RHIC not included in fit)
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Is the evolution to blame?
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e COMPASS and DY data are only available up to about 70 GeV?,

® Vector boson production data is available at MZ.




Dependence on the DGLAP evolution
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Global weighted fit (@ = 226/17 )

Collaboration Scattering event Number of points Year
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et D setmt 12 2008

et D setmt 12 2008

et D et Kt 13 2008

e+ D et KO 7 2008

et D et K- 11 2008

T +P >y 15 2017

et P et Ko 14 2009

o e+P—>e+ KT 14 2009
%W et P et 13 2009
et P et mt 14 2009

e 14 2009
et P et m 14 2009

Jeff;rzon Lab e+P—>e+n" 4 2011

=" e+P—e+m 4 2011

| P+P—W/Z 17X o 2015



Fit results with RHIC data

x?/d.o.f = 1.482 for 11 parameters and 243 points.

(1)(Xa )U'O)

-5
S
"

0.3

0.2

0.1

0.0
0.1
0.2
=031 02 03 05 01 02 03 05 01 02 03 05
X
O = = = = P NES

22/27



Description of the data (with RHIC data included)
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Conclusion

[ current data for Collins and Sivers asymmetry:
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We understand the low Q data very well.

Describing RHIC data is challenging.

The treatment of the DGLAP evolution has a large impact.

We require additional data in the intermediate Q region to
understand the evolution and reduce the experimental error.
Polarized anti-proton data at Q% = 100 GeV? from AMBER can
help here.

Future re-analysis of the RHIC data could help us better
understand these effects.

Thank you!
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b-space
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DGLAP evolution
Fira1p (%5, 0) = [ qH®TFl/p] %b,0),
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i 00,0) = [ et [ i (e20%,5,0)]

aTFq/p()C,X;,LL) _ OCS(,LL2) [
dIn u? 21

Prg®Trq)p] (1) -

0 o (1%)

—QTFq/p(Nnu) — 2 Y(N) TFq/p(Nuu)'

Im[N]




