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Matrix of spin dependent TMD Distribution Functions
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Chiral odd PDFs need Partner
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Spin dependent TMD Fragmentation Functions

N/q

p, O H- ©@-©@ H@@

Hadron polariZation

» Correlation between fragmenting quark spin and hadron
fransverse momentum



Lepton and Hadron Probes of TMDs

d for chiral-odd TMD FFs
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Chiral Odd TMDs
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Example: Collins Extraction of Transversity: Transverse
momentum dependence is essential!

Spin Asymmetry extraction:
Moments normalized to spin independent x-section
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cancels detector effects >no MC needed
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k. transverse quark momentum in nucleon fmselmiiog, Bogions, LAty
+ Gt Kotzinian, Murgia, Prokudin, Turk

p+ transverse hadron momentum in fragmentation Phys. Rev. D75:054032,2007

The transverse momentum dependencies are still unknown->usual Gauss assumed
—>Need to measure p; dependence
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Baseline Multiplicities, M(X,pp)=>,.e,*f,4x,pt) ®D(z,k;) / Y e 2f 4x)

» Access to intrinsic quark kp, e.g. (gauss) <P, ?>=z2<k?>+<p;>>

» Test of TMD factorization

» Unpolarized measurement: Needs very good understanding of acceptance
» Hermes, Compass use Lepto+Jetset/Pythia + GEANT to model acceptance
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Hermes Results on Multiplicities for id. /K
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Compass/Jlab results

O

= ().20<z

- 1 + 1
=025z | x from H 7T
e (304
() 35<z4
o 0.40<z l -
= 0.50<z4 » L +

= (.60<z« \d * *

= n

'lllll 'll ........ [P P
. 0 005 01 0.15 N 0 0.05 0.1 015

EPJC 73(2013) 2531

[

dn"/dN ,dzdp}, (GeVicy™?

10"

(x o y0.007
(Q")=1.48 (GeVic)

(1, 10,007
(Q")=1.48 (GeVic)

do/dQ dE dzdP2d¢ [nb/(GeV’ ¢’ sr)]

.10
§ n from ‘H . x* from *H
'.E:h 1 1 - 1 - ¢4
3 10" | I
(1, )=0.093
(Q)=7 57lG‘cV/cl’ 10 .1| lllllll PO TITR 10 .1| ....... U PP
0 005 0.1 015 0 0.05 0.1 015
P2 [(GeV/c)’] P2 [(GeV/c)*]
JLAB6 Hall C
bins in z and pT->4D acceptance corrections E00108 (HMS)
ee Zhangbo’s talk for fits using TMD evolution of Q2>1.5




Compass 2H Multiplicities
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» Needed for transversity from di-hadron correlations
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Sivers Asymmetries Aq.. SIn(¢;-¢c) @ _ Q

* The ‘original TMD’, Sivers 1990
» Correlation between quark k; and nucleon spin

» Naive T-odd: Needs final state interaction

» Model dependent connection to OAM



Sivers Asymmetries, A sn@h-0S)loc 1 @ D,

» HERMES sees significant
signal on proton
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COMPASS and HERMES see significant signal on proton
N\
COMPASS 2010 proton data
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TMD evolution

» TMD evolution, see Zhongbo
Kang’s talk

o Work from

o Anselmino, Boglione, Melis

o Aybat, Prokudin, Rogers,

O Sun, Yuan,

o Echevarria, Idilbi, Kang, Vitev
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Collins Effect, Asin@h+¢Slac h ® H, @ @
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» Collins (1993)

Oyr * Oyy + AggSIn(Qp+dg)+....

ACOIOC hl ® Hl

» Access to transversity:

» Least well known collinear
PDF

Chiral odd quantity
J h,(x)dx=Tensor charge (Lattice

» Needs chiral odd partner FF
as “Quark polarimeter)




Transversity: Ao, < h; ® H,
Q-®

COMPASS 2010 proton data
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Di-hadron Asymmetries: ASn(¢R+0S)oc o H <
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» Collinear framework
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Measurements of Fragmentation Functions in e+e-
at Belle and Babar

 B-Factories: asym. e* (3.5/3.1 GeV) e (8/9 GeV) collider:
-Vs = 10.58 GeV, ete->Y(4S)>B anti-B
-V's = 10.52 GeV, e+e-> qqgbar (u,d,s,c) ‘continuum’
» ideal detector for high precision measurements:
- Azimuthally symmetric acceptance, high res. Tracking, P.
Available data (Belle, Babar similar):
~1.8 *109 events at 10.58 GeV,
~220 *10° events at 10.52 GeV

SVT Measures origin of charged particle trajectories
Instrumerﬂgd Flux Return (IFR) DCH Measures momentum of charged particles
(resistive plate chambers) DIRC Identifies particles by their Cherenkov radiation
EMC Measures energy of electrons and photons
IFR  Identifies muons and neutral hadrons

Superconducting Solenoid

(1.5 Tesla) | )
Electromagnetic ’ B B
Calorimeter (EMC) 4 ; A A RTM
(Csl crystals) > > Detectofr

et (3.1 GeV)

Cherenkov radiator (DIRC)—,
(quartz bars) /

Drift Chamber (DCH)— N \
(multiwire gas chamber)

e” (9 GeV)
Silicon Vertex Tracker (SVT)
(silicon module)

21/48

1. Silicon Vertex Detector

2. Central Drift Chamber

3. Aerogel Cherenkov Counter
4, Time of Flight Counter

5. Csl Calorimeter
£ ¥l M Natartnr



Measurements of Fragmentation Functions in e+e-
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Find pion pairs in
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electron ere™ P (W) oy (7)o X
Find pion pairs in
opposite hemispheres
Observe Yield N(g,, ¢, ),
@,, ¢, between the event-
piane (beam, jet-axis)
and the two single/di-
pion planes.
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e.g. Acos(¢1+¢2)UToc H1< ° H1<
Or H, * H, for single hadrons
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2, , relative pion pair
momenta

electron
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Find pion pairs in
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Extraction of Acos(or+ )“’H <H.<,Zero tests: MC
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Measuring the spin dependent H< in e*e-
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Measurement at Belle leads to first point by
point extraction of Transversity
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Apr* hy o Hy® h(x)<|f(x)+g(x)| /2 Increase x range

M. Radici at FF workshop, RIKEN, 11/2012

See also: Courtoy: Phys. Rev. Lett.




Di-hadron Cross Section from
Boer,Jakob,Radici[PRD 67,(2003)]

» Expansion of Fragmentation Matrix A: encoding possible correlations in
fragmentation (k: P, +P;.,)
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Di-hadron Cross Section from Boer,Jakob,Radici[PRD
67,(2003)]

()

» A: Fragmentation Matrix, encodlossible correlations in
fragmentation

o k: Py +P,

pin independent part

dkt A(k; Pu, R)
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: from Boer,Jakob,Radici[PRD 67,(2003)]
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Cross Section

» A: Fragmentation Matrix, encodiossible correlations in

fragmentation : .
5 Correlation of transverse spin with

Di-hadron plane
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Di-hadron Cross Section from Boer,Jakob,Radici| PRD
67,(2003)]

» A: Fragmentation Matrix, encodiossible correlations in
fragmentation Helicity dependent correlation of
Intrinsic transverse momentum with
o ki PPy,

Di-hadron plane
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B elle us eS Pythi a + EV‘t gen multFitOut_Handedness_onlyM_PosNeg_1D_bin0

0. 009

(implements decay tables) 5 - L *
After detector asymmetries of -
the order of 1% (0.5%) are left. mgé *
Pythia w/o detector is consistent OO e
with shows similar effect
P i
8<o.oo35 %
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Robust vs. final state radiation

We use anti-kT algorithm implemented in fastjet

Cone radius R=0.55

Min energy per jet 2.75 GeV—> suppress weak decays

Only allow events with 2 jets passing energy cut (dijet events)

Only particles that form the jet are used in the asymmetry calculation
Thrust cut of 0.8< T< 0.95 7/




Mixed event subtracted flattens acceptance related
false asymmetries

Remaining asymmetries in MC+their stat error used
to estimate systematics

“~ 0.01 Entries 0
S - Mean 0
& 0.008 RMS 0
Tn’ L
S  0.006 —

-0.004 :—
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Asymmetries for Cos(2(¢p,-d.)) (G,*) small

O

Work in progress Work in progress

Acos(2(¢1'¢’2))
Acos(z(cb,-cpz))

-0.02

.....................................

.................................

M, [GeV] 03 04 05 06 07 08




Asymmetries in Data persists for Cos(¢g,-dr.)

O

«=F Work in progress Work in progress

of

-0.01F

-0.02
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Measuring the spin dependent H, in e*e-

positron
+
7T .
S
o <
z
quark-2 quark1
spin spin
z, , relative pion pair electron
momenta
<
A12 X Hl(Zl)Hl(ZZ)COS(¢1+¢2)+””
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Double ratios for robustness against Detector
Effects:
Ay unlike over like sign pions




BaBar confirms Belle measurement!
And adds p. dependence
T
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First Extraction of Transversity from

02l 02203 [ 03z<05
a uL
015 ‘A
= AYC
~ 011
I 4 i g
0.05 A i 4
Py — L . "
005, I I Lo .1 I |
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Anselmino et. al.

Nucl. Phys. Proc. Suppl. 191 (2009)
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» Correlation of transverse polarization of quark with ki @ ‘(Pxk,)

» Unpolarized asymmetry: Needs very good understanding of acceptance
> Fully differential analysis (similar to Multiplicity extraction)

» Boer-Mulders: naive T-odd and chiral odd, transversely polarized

quarks in unpolarized nucleon: Need OAM and Collins FF:

Q:> 04 'h: HERMES preliminary
s |‘.[
& | ‘
R T A I I LE
N
* |
0.4 * f ¢ * | ¥ i
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yy XNy iy ozt epreh X b b
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X y z Py, [GeV]
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O
~N
ozt epeX  } 1 MR bt

10"

+ Purely kinematic Cahn effects contribution at order (k/Q)? same magnitude

X

0.6
z

02 04 06 08 1
P,. [GeV]

Large Kaon signal
—>flavor dependent
CFF?
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Disentangling Cahn and Boer-Mulders
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New Compass Analysis does not agree with
Hermes anymore

» Caused by complex kinematic dependencies+cuts?

< COMPASS °LiD |25% of 2004 data) dreliminary
o |
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Pretzelosity, Acs(3¢h-0S)oc h L ® H,

O

» Related to amplitude where OAM
changes by two units

p-p or s-d interference - gives information
about shape of quark distribution (oblate,

prolate: peanut, bagel, maybe pretzel?)
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CLAS @Jlab 6GeV on He ?d =
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Proton Structure ,...............ccovveennnee P .
: L] : 3 R T n .“’ O0.“
d3O,T(pp1\ %.71'+X) : . (qq —q qg A
T . ~ 1Ly k
% q; (Xioky ) q(xy, kg )% - x FF, (z,p,7)
dxl dX2 dZ . . . dxl de ", . ‘0.
fragmentation
function
C . or “entanglement
TMD factorization challenging: o R LS
process dependence
Higher twist at high
p_t
(f)
Lp1s

Experimentally challenging: reconstruct 2-2 scattering kinematics:
- need ~Jets !



Jet Reconstruction in STAR

Data jets 50 Jet direction MC jets
STAR@RHIC: [ 5§ [ =
\ Di-jet event at detector-level] & < — <
5] I =
—\ a _ .E__ U
\ - wt e*l i
_/ >4 < §
. - Tl
2
g. Anti-k; alg%orlthm -
JHEP 0804 063 (2008) ﬂ
. E
Use PYTHIA + GEANT to quantify :
detector response
« Trigger Bias (bias for specific processes) | =
- Reconstruction smearing/bias £
(unfolding) s
» Reconstruction of partonic variables,
: ~ _/
parton matching O ; iw‘v%* : O
« Underlying event/pileup effects




Estimating Trigger and Reconstruction bias

- Example A, 5 0oL
« Trigger and 5 -
. (-’ SO = === GRSV-P030
reconstruction ' 001~  ___ GRsv-zERO
bias for different E [ ----GRsV-Mo30
a3 ~—— -~ DSSV
< B
PDFs sk ces Ay
« Changing B ,
subprocesses and
reconstruction B
efficiency -
-0.005—
i 1 | ! L ! 1
10 15 20 25 30 35
Jet P, (GeV/c)




Collins Asymmetry A =2 <sin(q>h - q>s)> VS. z
STA R 0'1: m 7" Asymmetry R
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o~ - systematic uncertainties -
-0.05- —
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SSA for qq scattering
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Based on work by F.Yuan (Phys.Rev.Lett.100:032003) and D’Alesio et al. (Phys.Rev. D83, 034021)




Terms in Numerator of TMD English Names

SSA for qq scattering

N i . .
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Based on work by F.Yuan (Phys.Rev.Lett.100:032003) and D’Alesio et al. (Phys.Rev. D83, 034021)

Collins Asymmetry A =2 <sin(q>h - q>s)> VS. Z
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Systematics needs Pythia Simulation od
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detector simulations!
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Collins Asymmetry at 500 GeV

Increased gluonic subprocesses at
Vs = 500 GeV lead to expectation of
small Collins asymmetry
until larger z
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Star Jet A, Asin9S) related to f

0.1
0.08

-0.9<n<-0.5 p'r +p— jet + X at \/g =500 GeV Asymmetries shown
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“Collins Like”: Acos(3¢h-6S)ec h 1.8 @ H,
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Until now, Collins-like asymmetries completely unconstrained
- Sensitive to linearly polarized gluons

0.8

4
ﬁhﬂdprediﬂfmrsﬁmmJ for “maximized” effect, saturated to positivity bound




Transversity from di-Hadron SSA

€. 0.04cTAD o .
% I5 T STAR'Run 6 Preliminary\/s=200 GeV
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“Trigger bias/partonic variables estimated

From Pythia+GEANT simulations
(gluon,quarks averaged...)
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ptp c.m.s. = lab frame
;A,;B : momenta of protons
1?’;11,13;12 : momenta of hadrons
Pc =Pu+Pn
Re=(Pn—Pi)/2
§B : proton spin orientation
@, : from scattering plane
to hadron plane
¢ : from polarization vector

to scattering plane

: m =

—8—— pl+p o 1*w+X, 2.4 pb’ 58% pol (2006)
—8— pl+p o 1*w+X, 62 pb’ 60% pol (2012+2015)

—%—— pl+p o 1'1%X, 62 pb’ 60% pol (2012+2015)

Additional precision data from last

years run
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Outlook: Sivers Asymmetries in
Polarized Drell Yan at COMPASS

B (Pg)

A (P,)

DIS:

attractive

Drell-Yan:
repulsive

Asindocf (beam)®f +(target)

Fundamental QCD Predictions, e.g.
sign change Sivers —DY (later),
Nuclear physics milestone!




2014/2015 COMPASS DY with = beam

Absorber + beam plug




4M events in 2 years of Compass running —
Overlapping kinematics

3

> 70

8 E Drell-Yan @ COMPASS (MC)

% 60;_ SIDIS @ COMPASS (2010 proton data)
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add HallD

(and beam line)
E Gev J Ia b /'_/-o Upgrade magnets
............... 2 0 1 4 l2 0 1 5 and power supplies

Carorimerteril ot d-1 900 PN

Gheren!
e

Enhance equipment
in existing halls

Mv (GeV?)

High Luminosity DIS up.to x~0
Access to valence quarks "SIDIS;x~0.55




I'ransversity at high x from polarized He3 at SoLID
with 12 GeV Upgrade at JLab

O
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]
. Precise measurement of p; dependent Collins

effect

Needs precise measurement of Collins and spin
o2 o ws o averaged p; dependent fragmentation functions

X




Belle II Detector at SuperKEKB (L x 40)

O

Barrel PID instrumental K. and muon detector:
for fragm entation Resistive Plate Counter (barrel outer layers)

X Scintillator + WLSF + MPPC (end-caps, inner 2 barrel layers)
function measurements RPC Front End Electronics, Concentrator boards for

__________________________________________________________________________________________________________________________

/" EM Calorimeter: N e Y .
 GsI(TD), waveform sampling | - Particle Identification

~ (barrel) , . Time-of-Propagation counter
- Pure Csl + waveform sampling .

______________________________
~.e

, Vertex Detector A
- 2layers DEPFET + 4 layers DSSD




Summary

» Pioneering TMD measurements
In SIDIS: HERMES and COMPASS, Jlab
In p+p: STAR, PHENIX, AnDY

» Significant Sivers, Collins, Boer-Mulders effects

» Hints of pretzelosity, worm-gear

» Simulation crucial for unpolarized measurements (SIDIS and e+e-), e+e- depends on correct
simulations, p+p jets

» Not mentioned: Jet Ay @ AnDY, charged pion/kaon Ay @ Brahms, n-n° differences at Phenix,
Star, Compass, Hermes Kaon results

| .
_}{{'AR | .geffe/*gon Lab

coMPARy

Belle IT \“- . -'/
¢  Qutlook t] rmes

CLAS, SoLID @JLab: TMD x-section, map out in k.

Belle II: Continuation of FF measurements with improved Kaon ID and vertex reconstruction
Test TMD framework

COMPASS: Test fundamental prediction of sign change in Sivers function









Asymmetry extraction

Invariant Mass 7t*/7" Pairs
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o Acos@l-61) exhibits some acceptance effects = subtract
mixed events sorted by jet topology




eMi

iss
Entries 116123
Mean 0.9993
RMS 0.7558

3500—
3000 f— u d S
2500 f—
2000 f—
1500 f—

1000—

Indicated the cuts at 1GeV and 1.5 GeV in missing
CMS energy. Effect on uds is 32/14%, charm is cut
by48/24% respectively



Simple: Forward ~3<
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RHIC first time in perturbative regime
Initial parton kinematics unknown, cannot
disentangle Sivers/Twist3, Collins effects
No Jets > One scale: p;

A =
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What about (Boer, Mulders, Pijlman, 2003, Ji, Qiu, Vogelsang, Yuan, 2006)

|k |
gr, . (x,x)= fdzk_l_ n_/l,fﬁ(x’ki)smls



Azimuthal angles in the Di-Pion Pair x-section
M)

ete > (n*n‘)j?u

(J‘E+Jl?_)jet2X
Find pion pairs in opposite hemispheres

Observe angles ¢,, ¢, between the event-plane (beam, jet-axis) and the
two two-pion planes.

Kinematic factor sing?/(1+cosg?) gives transverse spin projection
71




