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= TMDs

= Sivers function is NOT universal: sign change from SIDIS to DY

= Collins function is universal: same in SIDIS, e+e-, and pp
= AyinpA
= Jet radius resummation for jet production and A |

= Summary




TMDs: rich quantum correlations
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Sivers vs Collins: non-universal vs universal

= Sivers function: unpolarized quark distribution inside a transversely polarized
proton

1 =
f"é e (@K1 8) = fyn(ar k) — 2 (k1) § - (6 x ko)
Spin-independent Spin-dependent

1LTDIS($7 ki) = fLDY( 1)

= Collins function: unpolarized hadron from a transversely polarized quark

h 1
3 b, Draleops) = Diepd) + B p)3, - (B x po)
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TMD evolves

= Just like collinear PDFs, TMDs also depend on the scale of the probe

= evolution

Collinear PDFs

F(z,Q)
v DGLAP evolution

v Resum [as ln(QQ//ﬂ)]n

v' Kernel: purely perturbative

TMDs
F(:Ev kJ_v Q)

v’ Collins-Soper/rapidity evolution
equation

v’ Resum [Oés 1I12(Q2/ki)] :

v Kernel: can be non-perturbative
when k1 ~ Agco

F(CE, kJ_a QZ)
RTMD(:I:) kJ_a Qi7 Qf)

F(ZC, kJ_va)




TMD evolution in b-space

F(ZU,]{J_,Q)

=  We have a TMD above measured at a scale Q. So far the evolution is written
down in the Fourier transformed space (convolution — product)

F(x,b;Q) = /koLe_ikl'bF(ﬂf,kL;Q)

In the small b region (1/b >> Aycp), one can then compute the evolution to this
TMD, which goes like

dp

_fQi_A
o . 1 dy Qj Qr\
F(x,b,Qf)—F(x,b,Ql)exp{—/i 7<AIHF+B>}<Q?

as i n aS n 3
A= E A (?> , B = E B™ (7) calculable for small b with pQCD
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TMD evolution contains non-perturbative component

= Fourier transform back to the momentum space, one needs the whole b
region (large b): need some non-perturbative extrapolation

=  Many different methods/proposals to model this non-perturbative part

7

= Eventually evolved TMDs in b-space

F(z,b;Q) ~ C & F(z,c/b) x exp (—Snon-pert (b @) )

/ \

longitudinal/collinear part transverse part v" Non-perturbative: fitted from

data e
Since the polarized scattering data is still limited kinematics, we can v The key ingredi
use unpolarized data to constrain/extract the key ingredient for the ) =
non-perturbative part




TMD global analysis

= Qutline of a TMD global analysis: numerically more heavy

Model ansatz for TMDs

with initial set of parameters

a

Model ansatz for non- Evolve TMDs to relevant scale
perturbative evolution kernel with TMD evolution

Fourier transform back to
momentum space

all data points
adjust parameters

calculate the cross
section/asymmetry as well as x?

1

yes

X2 minimum?



Very active field

Available fits for unpolarized TMDs

Framework | HERMES |COMPASS DY 4 . IN of points
production
KN 2006 NLL X X v v 98

hep-ph/0506225

Pavia 2013
(+Amsterdam,Biloac) | NO €VO v X X X 1538
arXiv: 1309.3507

Torino 2014 v v 576 (H)
arva..%"fg 5061 No evo (separately) | (separately) X X 6284 (C)

DEMS 2014 1 yNLL X X v v 223
arXiv:1407.3311

EIKV 2014 - - )
S, NLL |1 (x,Q%) bin |1 (x,Q¢) bin v v 500 (?)

Pavia 2016 NLL 4 (4 (4 4 8156

llar for polarized TMDs

Bacchetta, QCD




= Example of the fit: JLab, HERMES, COMPASS

Example: Sivers function

HERMES Proton

Echevarria, Idilbi, Kang, Vitev, 14
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Uncertainty in the evolution formalism

= Even the evolution formalism itself has large room to improve — non-
perturbative Sudakov needs further improvement

Kang, 2015
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Experimental evidence of sign change

= STAR measurements: the data favors sign change

= Both theory and experiment has large uncertainty: hope to be
improved in the near future (2017 run)
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Collins asymmetry from SIDIS and e+e-

= SIDIS and e+e-: combined global analysis

F[S/'I;l"(¢h+¢8) ~ hl(xBa kJ_)HlJ_(Zhan_)

transversity Collins function

do(S1)
dCCdethCPPhJ_

: 2(1 - sin .
— O'()(CUBa Y, QQ) [FUU = Sm(th L Qbs) ; +((1 _y;)2 FUT((bh—Hb ) 4o

hihe k(20 py ) VHiS (22, pay)

Collins function

do.e+e_—>h1h2—|—X

dzhldzh2d2PhLd cos 0 B

2
N.maZ,,

202

collins

[(1 + cos® 0) Z['t" + sin® 0 cos(2¢0) 22 }




Collins asymmetry: global analysis

| F|tt|ng of SIDIS data Kang, Prokudin, Sun, Yuan, PRD 15 & 16
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= Fitting of e+e- data Belle
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Fitted TMDs

= Fitted quark transversity and Collins function: x (z) -dependence
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Collins asymmetry in p+p

= Collins asymmetry can also be studied through the azimuthal
distribution of hadrons inside a jet in p+p collisions h et

P [S1(6s)| +p = [ieth(om)] + X

do - sin(¢s— )
: — Fyri7 + sin — F STvH
PRy, UU (ps — ou)Fpp
in b -T . in A ~ A
Fop ™" o h(e1) © foy(2) @ 2y Hi (2, 33) © HG0(3,1,4)

jr : hadron transverse momentum with respect to the jet direction

= Such an asymmetry has been measured by STAR at RHIC
= Could be used to test the universality of the Collins functions




Hadron azimuthal distribution in a jet

= Indicate the universality of the Collins function in pp collisions

= w/o TMD evolution
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kudin, Ringer, Sun, Yuan, 16, in preparation




Single spin asymmetry in p+A collisions

= Parton density increases dramatically in forward pA collisions

4 .0¢

. CTEQ6.5parton
3.5} distribution functions
30; Q? =10 GeV?

25 FGluons dominate the soft constituents o
|- But density must saturate...

xf (x, Q@)

0 - aikd P PR3 - ]
0.0001 0.001 0.01 0.1 1.0

= |If one shoots a transversely polarized proton to such a dense system
(heavy nucleus in high energy), what happens?

=  Saturation scale Q. = typical k; for partons in the dense system

Kang, Yuan, 2011




Reasoning behind

= kt-odd TMDs pick up the slope of unintegrated gluon distribution from
the nucleus, which is controlled by saturation scale

Sékl pr =2k +q1)
I
=

do K b dz
dyd®p,  (27)? /d2b/ ;/aﬂhxe“ﬁsikf i (2, kDE (@4, 41 = p1/z = kD) Dpyy(2)
TR

= Similar to the final-state Collins function




Recent STAR measurements

= No apparent suppression from pp to pA
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What could be the reasons?

= Two possibilities

= The mechanisms (e.g. Sivers/Collins) to generate the SSAs could be completely
wrong, maybe other mechanism such as diffractions Aschenauer, 2016

= We are not yet at the saturation region

= We will need more data to pin down the mechanisms, right now let us
not give up our current understanding/pQCD formalism yet

= |f we are not in the saturation region, then to describe the single hadron SSAs, we
use the collinear twist-3 formalism

= The only change from pp to pA will be simply the proton PDFs to nuclear PDFs

Sivers Colhns
Ay = ‘uT i3 U fb/B(x,) — fb/B(x/)|nucleus
oUuU

Uzsfl%ers = To,r(2,2) ® fo/p(a) ® Hgplso ® DG (2)

GG = f,a(2) © foyn(a) ® HG. © DIP(2) >




We know already the ratio not change much

= For example: SIDIS multiplicity distribution
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Jet A | IS Important in constraining Ag(x)

= JetA,, Is important
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= Jetis defined through a jet radius R
=  When R is small, it leads to large logarithms of

(asIn(R)]" o [asIn*(R)] : \ 4




New development

= Semi-inclusive jet function  J.(z,wy, 1)
W
7= o=

w

wj = Jet energy

w = parton energy initializing the jet

= Purely perturbative calculable, follows DGLAP evolution equation

d as (1) L dz 2
M@Ji(z,w,u) = EJ:/Z — D (;,u) Ji(Z',wy, )

s

more details, see, Ringer’s talk
at QCD evolution 2016

= Natural scale for jet function: pT*R
= Evolve from this scale to the hard interaction scale pT, one resums the log(R)

Kang, Ringer, Vitev, 2016, to appea




Nice properties using jet function

The short-distance hard functions are
the same for single hadron/jet
production

doh

dydpr

do.jet

dydpr

Effect for jet production in unpolarized

PP

2.

¢=4q,9

d

Zc A
D Hab—>c (p7 ,u) D?(an ,u)a

(ﬁa :U’) JC(ZC7 WJ, M)a

Stay tuned for polarized pp and A |

effect

doresnLo / dOLO
H

NLO — 1




= Study on TMDs are extremely active in the past few years, lots of
progress have been made

= A, for hadron seems still puzzling, not give up pQCD framework yet

= New development on jet radius resummation might affect our analysis
of Ag

Thank you!




