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Cutting Questions

» What is the transversity distribution?

» How do we separate initial from final state effects?
» Do TMD distributions factorize?

» Are TMD distributions universal?

» How do TMD distributions evolve with Q4?

| » What can we learn about the color flow in QCD?

» Can other effects cause transverse spin asymmetries?

» What can we learn about gluon saturation?
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This talk: status and recent results; no projections or plans
— talks by E. Aschenauer, V. Burkert, C. Quintans
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Semi-Inclusive Deep Inelastic Scattering
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Polarization Effects in Nucleons / Partons

Leading twist transverse momentum dependent distributions
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Hadroproduction
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fir ® i ® D,
hy @ hi @ Dy
hir @ hi ® D,
h @ fi @ Hi
fir @ hi @ Hi
hir @ f1 ® Hi

final state initial state

Direct photons
Jets
Jet structure
Hadron correlations
Interference fragmentation
Drell-Yan

W-bosons




Beyond the Collinear Picture

Transverse Momentum Twist-3
Dependent Effects Effects

Q > Qr = Agep Q,Qr > Agep

A




Initial State EieeEts




COMPASS x=0.032 +—e—
COMPASS x<0.032 +—»
i . HERMES + -

Phys. Rev. Lett. 103 (2009)
Phys. Lett. B744 (2015)
Kaon asymmetries similar;
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Sivers Asymmetries in SIDIS

.1 |- Proton 2010 data = L
[ 0.1<2<0.2: p >0.1 GeVie [ 02<2<0.4;p >0.1 GeVic [ 0.4<z<1.0; pf().l GeVie
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Talks by
F. Bradamante & B. Parsamyan
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Gluon Sivers in SIDIS

High-ps hadron pair enhances photon-gluon fusion
process and parton (gluon)

Event-by-event weighting by neural network
Statistically very challenging
Talk by L. Silva
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Gluon Siversinp + p
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Solid:  {s=200 GeV

PHENIX, PRD 90, 012006 Yo
. 0 PH:“ENIX
Dotted: |s=500 GeV

= This Result
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A inpe 1200 Gy Xg > 0 Constrain gluon Sivers function in
twist-3 formalism

Q runs 2006+2008 (PRD 86, 099904(E), 2012)

s Phys. Rev. D90, 012006 (2014)

% J; Talk by N. Novitzky

Also single u result (heavy flavor)

p; = [0.0-1.4],[1.4-6.0] GeV/c  vertical scale uncertainty 3.4%
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W-Boson Productioninp + p

p+p-oWEosef+y
Requires full reconstruction of W* kinematics
Missing transverse momentum from recoil
P} = Pf + Py = ppecott
Phys. Rev. Lett. 116 (2016)

2STE iAR

" STAR p-p 500 GeV (L = 25 pb’) ‘

Talk by A. Ogawa

STAR p-p 500 GeV (L = 25 pb)

0.5<P} <10 GeVic C0.5 < Py <10 GeVie

BEW —=Iv
— KQ - no TMD evol.

EIKV - TMD evolved
%J %o beam pol. uncertainty ;rmrsf.-m-.n

— KQ - no TMD avol.

EIKV - TMD evolved
3.4% beam pol. uncertainty not shown

Fl ] 1
0.5 0 0.5 -D 5 0 ﬂ.ﬁ
y" y"

Test non-universality
of Sivers effect similar
to Drell-Yan

— C. Quintans

STAR p-p 500 GeV (L = 25 pby h

W Iy
BEW =1Tv

3.4% beam pol. nncertainty not shown
1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1
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PY (GeVic)




Inclusive Jetsinp + p

20.021

* jet A, (statistical errors) AnDY @ RHIC
8A, (systemalic error) \/E — 500 GeV

Very small asymmetry
as expected from theory

. .
i 0 |~
E704, {5 = 22 GeV T

PHENIX, {5 = 62.4 GeV

STAR, {5 = 200 GeV

STAR, {5 = 200 GeV, <n>=1.5
PHENIX, {§ = 200 GeV, <1>=0.2
STAR, {5 = 500 GeV

Phys. Rev. Lett. 110 (2013)
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Event Topologyinp + p

<0.05: | ﬁm

= /s =500 GeV
" Forward rapidity, 2.8 <n < 4.0

STAR Prellmlnary
©-Jets (x, <0) p+p! @ Vs =500GeV |
p_fMJe‘ >2.0 GeV/c

2.8 <nf"Wet< 4.0

EM-Jets (xF >0)
EM-Jets (x_<0)

2-photon-Jels-mW>0.3 (x|= >

saseaJoul Ajxa|dwod Juang

60”70”‘80”‘90
EM-Jet Energy (GeV)

Possibly diffraction? Or a combination
.+ = 60 — 80 GeV with hadronization effects?
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Boer-Mulders Effect in SIDIS
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Nucl. Phys. B886 (2014)
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Boer-Mulders Effect in SIDIS

0.1 g o ue v s yevsyg
I I ] 0ep—>eKX
] ced -eKX

uu

of

2 (cos20)

-0.1F

-0.2f
0.1f

uu

Phys. Rev. D87 (2013)
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0.1} ’ ¥ T 1 1 hi‘ (u) =~ h% (d)

2 (cos2()

-0.21

; . 5 06 03 04 0506
y z P, [GeV]
Very significant asymmetries for Kaons:
Hi(u—>K*) > Hi(u-n")

s-quarks behave very different in string breaking
(Artru model, Z Phys. C73, 1997)
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Collins Effectine®e™

et+e” >h;+h,+X

Similar to Gottfried-Jackson
frame in Drell-Yan production

A *? « HiHE

Belle:  Phys. Rev. D78, 032011 (2008),
Phys. Rev. D90, 052003 (2014)

Babar: Phys. Rev. D92, 111101 (2015)
BES lll: Phys. Rev. Lett. 116, 042001 (2016)

Kaon asymmetries slightly larger than

Talk by F. Anulli

0.1
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| 0.2<z,<0.3
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Collins Asymmetries in SIDIS

| ;-gi_j_iii_}_i __ _E__gijszu 13 1]

Phys. Lett. B693 (2010)
Phys. Lett. B744 (2015)
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HW ~ _ptnt

COMPASS x>0.032 —e—i
COMPASS x<0.032 —a—1
B . HERMES —e—i
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Hall A
Phys. Rev. Lett. 107 (2007)
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Collins Effectinp + p

Azimuthal distribution of hadrons in jets

Fragmentation effect only; no initial state effects

Provides two scales that are necessary for TMD framework
hy ® Hir

High-p for reduced gluon contribution

Central rapidity: [n]| < 1 STAR
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pp—jet+X
NLO CTEQGEM
Anti-kT R=0.6
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Subprocess Fraction
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Collins Effectinp + p

-Z'SET?R

pT+p—:-jet+1ti+X

| STAR Preliminary

r
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® ® pip-ojet+mt+X

O O p+p—ojet+m +X

No strong effect of TMD |£
evolution observed ' — T T emes e

Talk by J. Drachenberg [ 5- 500 Gev. (p, ) = 31.0 GeVc




Angular correlation of particles
Ph =DP1t D2

R=pi—p
Independent access to transversity

Collinear description

Evolution well known: DGLAP

Expected to be universal

Yq ez k] RHE (2, M7)

e f1(x)Dy ,(z, MP)

Sin pr+os 2
Asiprs (x, z, Mh) X =

= Point-by-point extraction of transversity

=  Depends in invariant mass




Interference Fragmentation

Correlations between hadron pairs from
back-to-back jets

Phys. Rev. Lett. 107 (2011)
Very precise data, multidimensional binning

Input for point-by-point extraction of
transversity
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IFF in SIDIS

sin(op, +(g)sing
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8.1% scale uncertainty

0.4f
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2007 & 2010 proton data |~

M = 15 GeV/c?

with x=0.032
with x<0.032

Bacchetta, Radici
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M,.- (GeV/c?)

JHEP 0806 (2008)

Phys. Lett. B 736 (2014)
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PH-<ENIX

PHENIX Preliminary
p+p 2006+2008 Ys=200 GeV

'_"'hv..—
PH - ENIX

(Scale uncertainty 10% not included)
N T
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—®— p'gd
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p'>1GaVIc,|r1|<o.35
P |

P I
0.4 0.6 0.8

14 16 _
m_, (GeV/c?)

TAR

n<0, Vs =200 GeV

- PRL 115, 242501 (2015)
run 2012

Talk by M. Radici -
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A/ Polarization

0.1 :
0.08 _Belle Preliminary _ A + x

0.06} 8
0.04F 0.3<z,<0.4 _ 0.5<z,<0.9

0.02F

0 — STAR preliminary
-0.02% E n > 0

| gﬂﬂiﬂﬂg

-0.06}
!

Polarization

%ﬂl

-0.08}
-0.1

0.1

_Ballo Preliminary

- A+ X
0.3<z<0.4 | 0.5<z<0.9

RS
Sl

1 ? 1 1 1 1 8
P.[GeV]

Polarization

Access to transversity &) fragmentation

Transverse spin transfer coefficient Dy
(w.r.t. jet as quark proxy)

= Also flavor tagged results:
AJA+ mE /K7 Similar results in backward direction

= Talk by Y. Guan Talk by J. Mei
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Cold Nuclear Matter Effects

0ol p+A—n%+X, hi<0.35

3.4% polarization
uncertainty not included

Polarized p + A collisions

o
o
o
a1

Possibly gluon saturation effects

Nuclear effects on fragmentation process I E k-

(pT >4 GeV/c)

Talks by C. Xu, S. Heppelmann, N. Novitzky
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< 0; 20 sigma significance

1 10 10°
Atomic Number [A]

AN XF=O-6

0.12F [m A, pp
013 QA pAu

0.08f
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0.04¢

0.04f

| STAR Run 15
' '_\is=200 GeV
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@ Preliminary

3
P; GeVic

STAR Run 15
5=200 GeV

O35S 55 4 4%

P, GeVic

[| STAR Run 15
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-0.02f
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2 3 456 7 8
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STAR Run 15
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wid (.02

Pr GeVic

4

5

6 7
P; GeV/c




Recent Transverse Spin Surprises

T
ptA-n+X Elastic proton scattering A + p'
Very forward rapidities in ZDC From RHIC polarimeter

Unexpected strong A-dependence Strong A-dependence with sign change
Talk by M. Kim

TN
PH-<ENIX

: @® zZDCinclusive Pll_-l.%g—E_le
- @ ZDC & BBC p-dir & BBC A-dir pre“mlna'y

. B @® ZDC & veto BBC p-dir & veto BBC A-dir *
p'+A — n+X

V5= 200 GeV
x20.5

0.3<6<2.2 mrad
22% scale uncertainty not shown

o012 0014
-t (GeV/c?)

;_I;*I | I |

0 50 100 150 200
A (atomic mass number)




spin-orbit

PROTON correlation

| current data for Collins and Sivers asymmetry:

COMPASS h* P, <16GeV
HERMES %% K5 P, <1GeV
TMD JLab Hall-A 7 P, <0.45 GeV
1 STAR Whbosons
evolution RHIC 500 GeV -1 <7 < 1 Collins
RHIC 200 GeV -1 <7 < 1 Collins
RHIC 500 GeV 1 <1 < 4 Collins

<5525 JLab 12 (upcoming)

factorization

TMD
framework }

L ]
*»
L 2| P
O '0‘6’0
GRS SENsosSose
RS Sbosdioss

hard 2 — 2,

diffraction
?







Boer-Mulders cos ¢; Moments

FUU,T + EFUU,L + \/26(1 + E) COS ¢h F;SS Pn

2M _ h-p, k? h-k
cos ¢ __ 1 ™1 1
fou ™" = 5 Clogy, et = =37~ 2hDi]

x=0.19,z=0.35,P,=0.42 GeV

CLAS-n- HERMES-n-




AN (U, x=0.1k )21,

Q* Evolution

TMD evolution

PDF evolution

DGLAP ---- }

TMD Analytical ------

Q%=2.4 GeV?

DGLAP ---- |

TMD Analytical =-=-=-

Q=20 GeV?

T™MD —
DGLAP ----
TMD Analytical =-=-=-

DGLAP ----
TMD Analytical =-=---

~
T =

1.5
k, [GeV]

Phys Rev D86, 014028 (2012)
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Twist-3 evolution

Up Quark TMD PDF, x = .09

| ' | '
-1
By e = -5 GEV

—_— Q=24 GeV
- — - Q=50GeV
s == Q=9119GeV

Ll

ol

=T

kT (GeV)

non-perturbative part is empirical

input for evolution kernel
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Fragmentation Effects

STAR 08 Vs = 200 GeV

<n>=3.7

— Hp, switched off

04 02 0
XF

02 04

060402 0 0204 06

" |STAR 13 (0.16 < x < 0.24)

30 mR
70mR —=—

Xg = 020 — |

Fﬁ%

'(0.24 <xz <0.32)
XF = 028 —

}ié*%{“

(0.32 < Xg < 0.40)
Xg = 0.36 —

| Xp=0.50 —

Vs = 500 GeV

5 10 15

P [GeV/c]

XF

arxiv: 1404.1033

Collinear twist-3 factorization

—

iTh _ L ;;1h/q
H /q(Z) = sz deJ'Z_]V[ﬁHl (Z,ZZkJZ_)

with additional input from SIDIS and
ete™ - hih,X




STAR Preliminary STAR Preliminary

p! +p — jet+ n= + X at Vs =200 GeV

pl +p — jet+ n* + X at Vs =200 GeV
5.6% Scale Uncertainty Not Shown

5.6% Scale Uncertainty Not Shown

01=<z=<06

pl +p — jet+ == + X at Vs = 200 GeV

pl +p — jet+ n* + X at Vs =200 GeV
5.6% Scale Uncertainty Not Shown

5.6% Scale Uncertainty Not Shown

01=z<06

N aliia aliin.aiiie. ol

0.125 <], <45 GeVic

15
+ 1
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Ideally...
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2 — M2 2
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Get rid of background
Scan x with rapidity

Accumulate a few fb~1
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Factorization & Unive

Compare SIDIS and Drell-Yan
production

e expect a sign-change in the
asymmetry from spin-orbit
correlations

Non-universality of Sivers function
(and others)

A~ /s =500 GeV
4 <Q<9GeV/c?
0<q; <1GeV
-0.15 | | | | | | L

0 01 0.2 0.3 0.4 0.5 0.6 0.7

Phys. Rev. Lett. 110, 232301 (2013) *F

rsality

-

Drell-Yan

<

STAR projection
s = 500 GeV

Lint = 400 pb_l_[}l{]g' _

P =55%

2 001

0.01}
0.02

004 bl cliig
4-3-2-101 2




More W-Bosons in 2017...

DIS data

@

- E_.S'TJR projections
[ L(del) =400 pb™

F—— W Sy

arXiv:0903.3629
no TMD evolution

Un certainty
due to TMD evolution

|:| Uncertainty on sea quarks

-05 D

05
w
y

0.1}

| STAR projections

" [ L(del.) =400 pb™

[ —a— W =1 v

0.2 ——

0.3F

arXiv:1401.50738
TMD evolved

I:’ Uncertainty on sea quarks

-0.5

0.5
w
y

Decisive measurement
of Q?-evolution of
fr--TMD

Address universality of fi= in combination with Drell-Yan, Z°, and direct photons

(current W* favors sign change 7.4 vs. 19.6 [per 6 n.d.f])




Interference Fragmentation in SIDIS

ata- CM
frame

P,-

angles ¢r1 and 6




