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OUTLOOK

4 What are TMD PDFs?
4 How to Access Them Experimentally?
4 Empirical Extractions.

4 Sivers Effect in Two Hadron SIDIS and
Modified Full Event Generators.

4 Conclusions.

Covers only a small fraction of topics! Apologies for not
mentioning a particular work, e.g. Talk by A. Szabelski
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COLLINEAR PDFs




NEEIECON PARTON DISTRIBUTION EUINCRICOIRES

' Talk by E. Nocera |
* Unpolarized quark in Unpolarized nucleon. i

/
> 7¥(q)
2 >
@ o LIk
» >

* The momentum and the spin of the partons are
correlated with the polarization of the nucleon!

* L ongitudinally polarized quark in Longitudinally polarized nucleon.

@@ -

* [ransversely polarized quark in [ransversely polarized nucleon.

1 t

‘ b ‘ h%T(vaQ)

Chiral-odd: Suppressed in Inclusive DIS



3-D PICTURE OF NUCLEON:

TRANSVERSE MOMENTUM DEPENDENCE




RS IR TRANSYVERSE MOMENTUM DEFENIBIENES

‘Talk by F.-X. Girod |
*TMDs: Momentum Space <*GPDs: Impact Parameter

*The transverse momentum (TM) of the parton can couple
with both its own spin and the spin of the nucleon!

“ Leading Order TMD PDFs
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RS IR TRANSYVERSE MOMENTUM DEFENIBIENES

‘Talk by F.-X. Girod |
*TMDs: Momentum Space *“GPDs: Impact Parameter

*The transverse momentum (TM) of the parton can couple
with both its own spin and the spin of the nucleon!

“ Leading Order TMD PDFs

4+ Survive after TM integration!




PDFs FROM QUARK-QUARK CORRELATOR

Mulders, Tangerman, NPB 461 197-237 (1996). Bacchetta et al., JHEP 0702, 093 (2007).

e Quark-Quark Correlation Function
1 | _
D, (P,S;k) = 2m)3 /d4xe7“k'x<P,S]¢j(O) 0, z; pathl|y; (z)|P, S)
®Gauge Link

x y AR
L0, x; path| = Pexp (—ig/ ds“AM(s)> e
0

® Hermiticity of Fields, P and C invariance /
(I)(P, S; k) = A + AQP —+ Agk + ... T A12€,uypa,y,upvk,psd

® Traces of the correlator with a Dirac operators

L1
ol (2, Fr) = / k™ Tr[oT)| o .

eLeading-order in )/ /P (twist two) expansion
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FACTORIZATION AND UNIVERSALITY

e’ - SEMI INCLUSIVE DIS (SIDIS)
X [O_eP—th _ Z f(f R o177 ng

q

- DRELL-YAN (DY)
[O_PP—>Z+ZX _ Z fP 2 ff) R qu—>l+zJ
q q

q,q9’

*€ €

[O_e+e—>hX _ Zo_e+e_—>qq R (D(f; n DZ)J

q

 Hadron Production

[UPP—MX _ Z f(f R f(f R 0Qq’—>(]q/ % Déj
8

q,q9’




FACTORIZATION AND UNIVERSALITY

+ SEMI INCLUSI |s (SIDIS)

X [ eP—)th > K—)eq R DJ
°6

- DRELL-YAN (DY)

— "6 -
RN

e'e

[O_e+e—>hX _ Zo_e+e_—>qq R (D(f; 4 DZ)J

q

 Hadron Production

[UPP—MX _ Z f(f R f(f R 0Qq’—>(]q/ % ng
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TMDs from SIDIS eN—eh X

A. Bacchetta et al., JHEPOS 023 (2008).

* For polarized SIDIS
cross-section there
are I8 terms in leading
twist expansion:

do
dx dy dz dops doy, dP,fL

~ FUU,T -+ EFUU,L + ...

+ |51 [sin(% — ¢s) (Fg;g?h—QbS) + 5F[S]i;f¢h—¢s)) + ¢ sin(¢p + ¢s) F(S;;(qbwcbs) X ]

» Access the structure functions via specific modulations.
» LO Matching to convolutions of PDFs and FFs: P < Q°
Fyur ~ Clf1 D1 Fpian= %) ~ Cf4 D]

FEson) L ClG(ky, Pr) b HE)  FRROt9s) L Clhy HY
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TMDs from SIDIS eN—eh X

A. Bacchetta et al., JHEP08 023 (2008).

* For polarized SIDIS
cross-section there
are I8 terms in leading
twist expansion:

do
dx dy dz dops doy, dP,fL

~ FUU,T -+ EFUU,L + ...

+ 181 | [sin(% — ¢5s) (Ff};:f?%d T EF(S]i;E?h—QbS)) + & sin(gp + ) Fon@ntos) ]

» Access the structure functions via specific modulations.
» LO Matching to convolutions of PDFs and FFs: P < Q°
Fyur ~ Clf1 D1 Fpian= %) ~ Cf4 D]

FEson) o ClG(kp, Pr) hi- HY)  Fonlontes) ey HEY) o
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A. Bacchetta et al., JHEPO8 023 (2008).

* For polarized SIDIS
cross-section there
are I8 terms in leading
twist expansion:

IS eN—=>ehX




TMDs from DRELL-YAN

S. Arnold et al., PRD 79, 034005 (2009).

Ho+ Hp =7 (@) + X > 1T +17 + X P

+For polarized DY there 1 /
are 48 terms in the leading [T
twist expansion. | / 7
do

~ (14 cos® 0) Fryr + (1 — cos? 0) F2 + sin 20F53 cos ¢ + sin® 0F¢3 2% cos 2¢

diq dQ)
+|Sar| [Sin ba ((1 +cos? 0) Firyr + (1 — cos? 0) F2,; + sin 20F593? cos ¢ + sin? F5 > cos 2gb) + ] + ...

» LO Matching to convolutions of PDFs of both hadrons ¢r < @)

_ , kit
Fhy = Clfi il Flo=c| T8 i

o)/ 4% — ko - Ko, | -
hi hy

sin — 7" ka 7
FUT(2¢ Pv) _ _C [q Thf‘ h1]




TMDs from DRELL-YAN

S. Arnold et al., PRD 79, 034005 (2009).

Ho+ Hp =7 (@) + X > 1T +17 + X P

+For polarized DY there 1 /
are 48 terms in the leading [T
twist expansion. | / 7
do

ok (14 cos?0)Fly + (1 — cos? 0)F2, + sin 20F523% cos ¢ + sin? OF 5> cos 26

+|Sar| [Sin ba ((1 +cos? 0) Firyr + (1 — cos? 0) F2,; + sin 20F593? cos ¢ + sin? F5 > cos 2gb) + ] + ...

» LO Matching to convolutions of PDFs of both hadrons ¢r < @)
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TMD EVOLUTION

J. Collin, Foundations of Perturbative QCD (2011) | Aybat and Rogers, PRD83 114042 (2011)
+ CSS Formalism

Fyur(z,z, P2,Q _$Z%UUT ” /d2kT d*P| fi(z, k2 p2)Di7" (2, P2 1®)6%(Pr — zkrP))

+ YUU,T(Q2, P) + O(M?/Q?)
+Fourier Transform of TMD  fi(x, k2; u?) = /dng et BTkl iz, by u?)

+TMD Evolution Equation Solution
fila brsp®) =) (Ci/j = ff) (2, b ) 3 ito i) IKOTI WG FL (2 by

Collinear PDF Perturbative

Mo = b()/b*

br

#Varlous Prescriptions/ModeIs for NP.
+Evolution of polarized TMD PDFs/FFs.

Brock et al., PRD 67 (2013), 073016 Sun, Yuan, PRD88 (2013), 114012

*

Echevarria et al.: PRD89 (2014), 074013 | . Mantry, Petriello, PRD84 (2011), 014030 12
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AIRACTING MBS FREINES|BIS

h (P)

e TMD FFs (unpolarized)

L g/h U
hy B D
gL | hig
gir | h1hiz IflL

[C[f g..]= 263/d2ET PP, fqg.. 52(15T — P, — zlgTa

» Need: TM dependent FFs to extract TMDs from SIDIS.
» Many types of final hadrons and different targets.

» FFs are poorly determined, even in the collinear case.
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Unfavored FFs NOT well known!

Hadron Multiplicities
» Also results from HERMES

Phys. Rev. D 87, 074029 (2013)

» Preliminary from COMPASS

Talk by C.Franco at CIPANP 2012.

= COMPASS Preliminary 77" | >
= - —
- Q

¢ A
1= E
u =
=

-
107 ¢

DSS & MRST
KRE & MRST

107 ¢

~| e proton

1+ — CTEQ6L/DSS
1-- CTEQ6L/HKNS
1 CTEQ6L/Kretzer
HERMES LEPTO/JETSET

102

103 2
E TR TN T AN NN TN N NN TN N R N F PR N TR R TN NN TR S | TR L L L L L L L L
. 0.2 0.4 0.6 0.8 0.2 0.4 0.6 0 8 0. 2 0 4 0 6 0 8
Y4

15



BONNEVILLE |
SALT
FLATLANDS

Unpolarized 1TMDs




UNPOLARIZED MULTIPLICITIES IN SIDIS@@
HERMES %‘ W COMPASS </

PRD 87, 074029 (2013) &MES | Eur.Phys.). €73 (2013) 2531 | | Err. C75 (2015) 94

S

“*P, D target: m+and K+ “D(°LiD) target: ht

Muttidimensional: )°, x, z, P7
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GAUSSIAN ANSATZ

Modeling TM dependence...

18



GAUSSIAN ANSATZ

»Need to calculate convolution PDFs and FFs:
Fyu = 63 flx, k3, Q%) @ do'iM g DZ(Z, P?.Q%)
» Using Gaussian Ansatz For TM dependences of PDFs and FFs:
o~ k7 / (kT 4)
(kT q)

»Only involved collinear PDFs and FFs.

Fou =Y €2 fi(z,Q*)D!(z,Q%)°
q

—P2 /(P3N
D"(z, P?) = D(2)h<
[P = D

fi(z, kr) = fi ()

—Pr/(Pz)

m(P)
(P2)(2) = (P}) + 22 (k3.)]

fd2kT k%f(ka%)
| &kt f(x,kF)

J d°PL PID(z, PY)
fdQP_]_ D(Z,Pi)

(k7) (P?)

19



EMPIRICAL EXTRACTIONS OF AVERAGETM

M. Anselmino et. al.: JHEP 1404 (2014) 005.

» Fit of both HERMES and COMPASS data.

» Use Gaussian for TM dependence of PDFs and FFs.

» CTEQOL collinear PDFs and DSS collinear FFs.
» Only DGLAP evolution of collinear PDFs and FFs.

» Constant (k7) and (P7).

(P2)(2) = (P}) + 22(k3))

20



EMPIRICAL EXTRACTIONS OF AVERAGETM

M. Anselmino et. al.: JHEP 1404 (2014) 005.

HERMES

Cuts ﬁ()\ n. points [X%oint]w+ [X?)oint]ﬂ-_ Parameters

D

Q* > 1.69 GeV? (k3 \= 0.57 £ 0.08 GeV?

0.2 < Pr < 0.9 GeV 1.69 497 1.93 1.45 (p3 )= 0.12 £ 0.01 GeV?
z < 0.6

Q* > 1.69 GeV? (k1) = 0.46 & 0.09 GeV?

0.2 < Pr < 0.9 GeV 2.62 576 2.56 2.68 (p>) 4 0.13 4+ 0.01 GeV?
z < 0.7

COMPASS

Q* > 1.69 GeV? (k3) =.60 & 0.14 GeV?
0.2 < Pr < 0.9 GeV 3.42 5385 3.25 3.60 (p? ) =[0.20 & 0.02 GeV?
z2<0.6 A= 1.06+0.06
N, =A+ By \ / | B‘:—0.43i0.14
Q* > 1.69 GeV? (k%) 4 0.52 +0.14 GeV?
0.2 < Pr < 0.9 GeV 3.79 6284 3.63 3.96 (p7) = 0.21 £0.02 GeV?
z < 0.7 A =1.0640.07

N, = A+ By B =—0.46 +0.15




EMPIRICAL EXTRACTIONS OF AVERAGETM

M. Anselmino et. al.: JHEP 1404 (2014) 005.

» Unable to access flavor dependence in TMD.

» Slightly better fit to COMPASS when allowing
favored and disfavored TM to be different.

» Need more high precision data with different
targets and many detected hadrons to extract
flavor dep. Need a wide range of ()2 for testing
TMD evolution.

» Extracted average TMs of PDF and FF highly
correlated!

22



EMPIRICAL EXTRACTIONS OF AVERAGETM

V. Barone et. al.: arXiv:1502.04214 (2015).

» Fit azimuthal asymmetries in unpolarized SIDIS

from COMPASS and HERMES.

COos ¢p, cos 20y,
FUU FUU

& Boer-Mulders

cos h Z<k2> e_P%/<P%>
FUU¢h|CCLhn Nzegxf{](m)l)i]_) (Z) <P’1§> 7T<P%>

» Combined fit with multiplicities yields
(k%) ~ 0.03 — 0.04 GeV*?

» Possible higher-twist effects,etc, but demonstrates the lack

of constraints on quark TM from multiplicities alone. 53



EMPIRICAL EXTRACTIONS OF AVERAGE TM I

' Signori et al.: JHEP 1311, 194 (2013)
Use Gaussian Ansatz and allow TM dependencies

I) Dynamic. 2) Quark and Hadron type.

(k) () (k1) # (k7)™ # (k7)™
(PT)(2) (PR # (P T # (PRI (PR
(PR (@, 2) = (PD""(2) + 2 (k7)"(x))

m(x,z,PZ;,Q%), proton target

4+Use HERMES multiplicity data
for P and D target.

4+MSTWO08 LO for PDF.
4+DSS LO for FFE.

4200 replicas of data by
Gaussian smearing are fitted.

24



EMPIRICAL EXTRACTIONS OF AVERAGE TM I

‘ Signori et al.: JHEP 1311, 194 (2013) -

4+ TMD: Flavor dep.
O 04 <x<04

02 04 06 0810 1214 16
<kidu>

4 FF: Quark and Hadron type dep.

01<z<08

1.4_

.'" Cl\i._' N:‘ 12j

1.3




CHIRA

QUARK 50

' Schweitzer et al.: JHEP 1301, 163 (2013)°

4 Nucleon as

constituent quarks

and antiquarks moving in self-
consistent chiral field.

4 Sizable x dependence of

average TM for valence quar

2 ————

<S.

M =0.35 GeV

0 L L L |

unpolarized f;

I T T
u+d—-u-d

polarized gbf_d_”er T

0.2

0.6

[ TON MO

valence

s€a ’

of valence vs sea.

10: T T T T T

valence u+d—-u—-d ~— —

sea u+d

- M =0.35GeV




NJL-JET MODEL

H.M., Bentz, Cloet, Thomas, PRD.85:014021, 2012

NJL - Jet

+ Multi-hadron emission framework with effective quark model input (NJL).

+ Monte-Carlo framework allows flexibility in including the transverse momentum,
spin effects, two-hadron correlations, etc.

. R p //// P,
/// \\\ v / _
k //l;/ \*: k ’// aal
——0 /:p @——o 7 . @ Q
\*\\
TMD FFs | - |
0.4
4 5 5 ) =~ e
(P ung > (P)jar| % 09|
9 9 (:/\' 0.2
(PL)r > (Pl)x .
\_ vV 0.1
0




EMPIRICAL EXTRACTIONS OF AVERAGE TM I

‘ Signori et al.: JHEP 1311, 194 (2013)
4 Correlations of TM extractions for PDF and FF

=00 x=0.1

0.25— e

0.20-

0.5)

(2

2
L
o
-
(&)

(

0.10-

01 02 03 04 05 06
(k%) (x=0.1)
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EMPIRICAL EXTRACTIONS OF AVERAGE TM I

' Signori et al.: JHEP 1311, 194 (2013)
4 Correlations of TM extractions for PDF and FF
s .

0'24-””"”"””"”".”"”” D Signori, Bacchetta, Radici

E 0_22.. ] . Schweitzer, Teckentrup, Metz
) L 4
2 : 0 ; B Anseimino e al. HERMES
g 0.20} =, 0 g ] Anseimino et al., HERMES, high z
O o ZF' 0.18! ' B Anseimino eral., coMPASS
E LLll: E‘: ] |:| Anselmino et al., COMPASS, high z, norm.
n CE @ 016} > ! [] Echevarria, ailbi, Kang, Vitev
[ ~ L i

I 3 1
9 0.14} 5' ]
0] I : ]
c [ + ; .
© 0.12¢ {
C - .
P : 1 1 1 1 1 :

01 02 03 04 05 06 0.7

(k%) (x=0.1)

b = 1.5 GeV 1
go = 0.16

Transverse momentum

_ in PDFs
\ e 7

From A. Bacchetta’s talk at INT Workshop 14-55W, Feb.2014  ,4




SIVERS PDF




SIERS RO

giL 17

-

.

D. Sivers, Phys.Rev. D41 (1990).

i, kr) = fi(z, kr) + 7

17T

4+ Correlation of k7 and St

4+ Proposed by Dennis Sivers in
1990 to explain the single spin
T 1 .

i |hihir  asymmetry in ppt — 7+ X .

D

[S X kT]g 1gq

(CL‘, kT)

4 Naively T-odd, gauge-link should be included in the definition.

4 Accessible in Polarized SIDIS, Drell-Yan.

1SIDIS _  ¢LDY
1T = —Jar

30



Vo)
=1

Momentum along y axis (GeV)

SIERS RO

-0.5 0
Momentum along x axis

0
(

5
G

eV)

D. Sivers, Phys.Rev. D41 (1990).
4+ Correlation of k7 and St

4+ Proposed by Dennis Sivers in
1990 to explain the single spin

asymmetry in pp! — 7+ X .

-
- S X k]
q __ rq [ T13 plq
b J
o e EIC White Paper, arXiv:1212.1701 (2012).
WS s
\)ch\la‘so % ] ?é * P I. . R
150/40§?f6-1 reliminary extractions
e /.« from experimental data
s0f ~ VA : .
O X7 77 and projections for EIC.

Quark transverse momentum (GeV)

D
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2 <Sin(¢"¢s)>UT 2 <Sin(¢'¢'s)>UT 2 <Sin(¢"¢s)>UT 2 <Sin(¢'¢s)>UT 2 <Sin(¢'¢s)>u1'

2 <Si n((l)-(bS»UT

SIVERS SSA MEASUREMENTS IN SIDIS

HERMES: P

PRL 103, 152002 (2009).
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EMPIRICAL EXTRACTIONS OF SIVERS PDF

M. Anselmino et. al.: PRD 72, 094007 (2005). PRD 86, 014028 (2012).

e Sivers SSAs from SIDIS Ao

* Use LO expression for
factorized cross-section.

¢ Parametrize PDFs and FFs.
e Use Gaussian TMD dependence.
e Also TMD evolution in 201 2.

e Fits to HERMES and COMPASS: 012

0.08 F
0.04F

xaN 1 (x)

e Current Data can only afford:

-0.08 F

® | arge uncertainties, esp. for

Sea. 0.12F

0.08 F
0.04F

xaN 1 (x)

® Approximations: TM and

-0.04

flavor dependence of FF, etc. ooo}

2

[ desden (of — o) sin(en — vs)

[ desden (o} +at)

Al ~ Cler fig Dil/ClfE DY

ff(-f, kT) — fQ<$)

N _
AT fqppt = —

SIVERS FUNCTION - TMD

-0.04F

xaN 1 (x)

xaN 1 (x)

Aqu/pT (2, kr) = Nq(z)h(kr) fi (z, kr)

2k

Llg
M f 1T

b e~k / 1
T 42

SIVERS FUNCTION - DGLAP
0.12F
0.08F .
0.04F .

0 = & _
-0.04F Q=1Gev u, ]
-0.08F .

102 10™
X

0.12F
0.08F Q=1GeVv d,
0.04F ]

0 o
-0.04F §3 E
-0.08F . . .

1072 107




EalRAC TIONS WITH TMD EVOIEEREES

‘Sun, Yuan, PRD88 (2013), 114012 *

4 Sun-Yuan prescription for TMD
evolution. e |

4 Gaussian TM dependence of NPTMD s
dependence at initial scale. :

4 Fit HERMES & COMPASS

COMPASS Drell-Yan

T(¢y ¢)

multiplicities and Sivers SSA:s.
4 Predict Sivers SSA and W production el
in COMPASS DY and PP, P
Echevarria et al.: PRD.89 074013, (2014)
4+ Find non-perturbative Sudakov  COMPASS RHIC
factor that describes W, Z & i £002
production in PP at Fermilab .0 001} ~
+HERMS & COMPAS. 002 0 \\/
4 Use it to fit Sivers SSA at zgi oo
HERMES, COMPASS, JLAB. 0694020 020406 060402 0 0204 08

X XF

4 Predict Sivers Effect for DY SSA. ) 33



Sivers Effect in
Two Hadron SIDIS

34



TWO-HADRON SIDIS

Kotzinian, H.M., Thomas: PRL.113, 062003 ; PRD.90, 074006 ; 1407.6572 (2014);

' h,(P)
l 171
> /

7*(q)

qk,s)/ q(k',s’)

» Correlations of quark’s TM
transferred to two hadrons.

doh
le dZQ d2P1T d2 PQT

N(E,S)

= C(z,Q%) (ou + 03)

St x k
v =36 [ dkr 58 05 = 56 [ ene ST g
d q

» Unpolarized fully unintegrated dihadron Fragmentation Function
4 Single hadron FF 4 Dihadron FF

DY (z,Py) D{y" (21,22, P, Poy , P11 - Pa))
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TWO-HADRON SIDIS

Kotzinian, H.M., Thomas: PRL.113, 062003 ; PRD.90, 074006 ; 1407.6572 (2014);

4 h,(P)
l 171
> /

7*(q)

qk,s)/ q(k',s’)

» Correlations of quark’s TM
transferred to two hadrons.

dohihz
le dZQ d2P1T d2 PQT

N(E,S)

= C(z,Q%) (ou + 03)

St x k
ou =004 [k g2 Dl s = s [ en STk g
d q

» Unpolarized fully unintegrated dihadron Fragmentation Function

4 Single hadron FF 4 Dihadron FF
h1,h
DY (z,Py) Dy, (21,22, Pro, Py

two-hadron correlations




TWO-HADRON SIDIS

» Cross Section in terms of Total and Relative Momenta
1

P; = P, + P R:§(P1—P2)
» The Sivers term:
P R
0s = ST UT% sin(pr — ps) + URWT sin(pr — SOS))
/dng og = St (JT,O% +0oRr1 %) sin(or — ©g)

P R
/dng og = St (UT’lﬁ + O'R,OM) Sin(SOR — SOS)

+Non-vanishing 0 r is new! Contradiction with earlier
results Bianconi: PRD62, 034008 (2000) > N O: Kotzinian: EPJConf. 85 02026 (2015)

R =R—-(R-P,)P;, RF ~&Py— &P,
R; ~ P — 6Py &= zif(21 + 22)

No k1 dependence at LO! No contradiction, different R !,



MmPYTHIA 6.4
Sivers Effect in PYTHIA and

Simulations for CLAS|12 and EIC 3



EVENT GENERATORS + SIVERS EFFECT

Kotzinian, H.M., Thomas: PRL.113, 062003 ; PRD.90, 074006 ; 1407.6572 (2014);

* Two-hadron Sivers SSA need dihadron FF: yet unknown.
* Event generators allow to study exp. kinematics effects.

* Sivers effect modulates quark’s azimuthal angle:
relatively easy to include in MC generators.

® Use Sivers PDF extraction from Torino group.

e mMLPETO used for COMPASS. Earlier studies +
Cahn effect, also for CLAS.

* mLEPTO and mPYTHIA agree pretty well.

0-08 T T T T T T
0.06 x'l - COMPASS L _ roor | X - COMPASS A h* COMPASS ! . b COMPASS - MLEPTO

X
ee h mLEPTO /. .\ - 0 06 : h” mLEPTO === h* mLEPTO ./ 0.04 |_A h* COMPASS
- o amm o + - )
=== " mPYTHIA ° h~ mPYTHIA h* mPYTHIA & o -,

004 a h* COMPASS
| == h*mLEPTO
cemm o h* mPYTHIA

";: 0.02

< 0.0
0 — ‘{"T“}"%‘s-..-- 0 i :

_0.02 lllll 1 1 1 llllll




LO APPROXIMATION FOR SSA

® Fits for Sivers PDF from HERMES and COMPASS data
utilize LO DIS-only expressions for $5As.

M. Anselmino et. al.: PRD 86, 014028 (2012).

S, Jdpsdpnd’ ki AVF kL, Q)sin( — ¢5) 45 Dz, pu, Q)sin(¢y — @)
S, [dsddudkyf,,(x ki, Q) 42E Dl py, 0)

* Is this justified at COMPASS energies?

H.M et al., arXiv:1502.02669 (2015).

* Test using mPYTHIA: turn on non-DIS effects (VMD, GYMD,
“direct”) and parton showermg (QCD+QED).

0.06

A=) _

I 'l I I I ! I
— mLEPTO 0 +Show = mLEPTO * +Show

| A COMPASS [0 +NonDIS o i " A COMPASS [0 +NonDIS o
® DIS X +Show+NonDISg® A 0.08 |—® DIs X +Show+NonDIS —

0.04

N
< 0.02

0.01 0.1

* Significant effects, but still agrees with data!
e Current Sivers PDF extractions may be underestimated.


http://arxiv.org/abs/arXiv:1502.02669
http://arxiv.org/abs/arXiv:1502.02669

H.M et al., arXiv:1502.02669 (2015).

Sivers SSAs at CLAS |2

¢ Exploring the large x region.

4 Single hadron SSAs.
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4 Both Single and Dihadron SSAs are comparable in size!


http://arxiv.org/abs/arXiv:1502.02669
http://arxiv.org/abs/arXiv:1502.02669

Sivers SSAs at CLAS |2

H.M et al,, arXiv:1502.02669 (2015).
» Explore Target Fragmentation Regions 1 < 0.

0.20 1 I || || || || I || || || || I ||
e K 4 <
0.15 - 4 K+ x jz'+ 44 =
|
010 CLASI2 < -

0.05
~
0
-0.05
-0.10
-0.15

Siv

»Sivers SSA changes sign in some channels,
fragmentation of nucleon remnant (recoil TM)! 41


http://arxiv.org/abs/arXiv:1502.02669
http://arxiv.org/abs/arXiv:1502.02669

mMEPY-THIA RESULTS FOR EICTGINERS

H.M et al., arXiv:1502.02669 (2015).

4 SSAs for charged pions and kaons from proton target - low x region.

EIC: 5x50 |

L L 4
5 ”4.

K .°
K*.**

0.04

[ ==== 7 EIC: 5x50

0.03 —: ::

0.10

0.8

0.6

04

0.2

5x50 .c°°°

E
N
[ ]

|

=N |

0.1

0.01

Pr (GeV)

4 Average number of hadrons by struck quark flavor.

+ multiplicities larger than KT, but

kaon SSAs are larger. Up quark dominates
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http://arxiv.org/abs/arXiv:1502.02669
http://arxiv.org/abs/arXiv:1502.02669

Dihadron Sivers SSAs for EIC

H.M et al,, arXiv:1502.02669 (2015).
4 Identical pairs via z-ordering: 21 > 29 (soor #0)

0.06

T LELLLILAL T T LI T T T T LU
seame T e%, coame 77
" K+”' o e 7
— e— ﬂ""”"'

0.02 -

-+

0.01
<
0
-0.01
X
0.04 T 1. T |+ " T T
(XX __XJ ”” I ” ”
- - K+”' ooooooo K+ _7z'+
0.02 |_EIC: 5X50,R 7
”
<
0 O§.\.
~,
\.
N,
—0.02 - | | | N
0.2 04 0.6 08
< <

* Dihadron SSAs are comparable to single hadron ones!
(the one- and two-hadron FFs should mostly cancel in the ratios) 43
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CONCLUSIONS

% TMDs describe the spin and momentum correlations of partons
inside of the nucleon.

% They are essentially non-perturbative objects that should be
extracted from experiments such as SIDIS and Drell-Yan.

% A lot of effort in various areas: Theory (Factorization,
Universality, Evolution), Experiment (Unfolded multiplicity data,

SSAs), Phenomenology (Models, Empirical Extractions), Lattice
QCD (TM widths, Sivers and Boer-Mulders PDFs).

% Current empirical extractions suffer from both sizable
experimental errors, large uncertainties in knowledge of FFs, and
lack of detailed understanding of some theoretical aspects (NP
input in evolution, etc).
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CONCLUSIONS I

< Precise data from future experiments: SIDIS (JLab 12GeV,

EIC), DY(COMPASS II), e"e™ (BELLE Il) crucial for reliable
extraction of both TMD PDFs and FFs in a global fit.

< Using new methods, such as Two-Hadron SIDIS will

provide an additional information for mapping the TM and flavor
dependences of TMD:s.

< Development of full Event Generators that incorporate TMD
bhysics (spin-orbit correlations, polarized parton
fragmentation, evolution?, etc) will provide an important
tool to both phenomenology and experiment for a detailed

understanding of the experimental results and a reliable
extraction of TMD:s.
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SIVERS SSA MEASUREMENTS IN SIDIS

e Sivers Single Spin Asymmetry:

_ [ déndossin(én — ¢s)[do(én, ¢s) — do(dn, ¢s + )]

sin(@ — b =
(sin(¢ — ¢s)) 07 | dondosldo(dn, ds) + do(¢n, ds + )]

Agw = 2(sin(¢ — ¢S)>flL]T

Clfiz" Dy
clfi Dy

(sin(¢ — b))t ~
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NAMBU--JONA-LASINIO MODEL
Effective Quark model of QCD
*Effective Quark Lagrangian

LT = Za e wq—FG F?ﬂq

P

*Low energy chiral effective theory of QCD.

400 T

eCovariant, has the same  z» — W

mg = 5MeV
300

: mg = 50 MeV
flavor symmetries as QCD. ==

5 200 [
eDynamically Generated = Zfw!

g 50 F

Quark Mass from GAP Eqn. = b —nwrrro [ .

0 02 04 06 08 1.0 12 14 16 1.8 2.0
G/Gcrit

49



FERAGE TRANSVERSE MOMENTA
FRAGMENTATION .

(P2)uns > (P,

4+ Indications from HERMES data:
A. Signori, et al: JHEP 1311, 194 (2013)

- . _:m“.—O’O-O-Q\.\.... i
;\i Ol3w
P — Y
Y, 0_1_-._. ITEJr u—h, x=04 3
, 0 secce IK- . | . | . | . .o‘
0 0.2 0.4 0.6 0.8 1.0 0 0.2 0.4 0.6 0.8 1.0




NJL: NUCLEON P

H.M., Bentz, Cloet, Thomas, PRD.85:014021, 2012

25 \
S \ |

AV (\A \Q‘&‘} _\‘)‘o}}}v\}\}m‘“

09 !

TMD PDFs
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Zorl M
023
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N
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|
\

\
\

=SULTS

0.2 07 08 . 07
42 03 g 05%¢ 42 03 506
4 Gsy.. 04 “X Gsy,, 04 X
/ 05 ¢ 01 . ] J 05 ¢ 0.1
Details of TMD behavior
] ' ] ] ! 0-3 ] ] ] ]
) — NIJL, <ki>=0.17 GeV?
=== Gauss Fit, <k2T>: 0.13 GeV?
\;i x=04 ] ‘\'> 0.2+
Z 107%F 3
Q& ~
N X
3 1074} v o1 . T
———d
70_6 0 l ! ! !
0 0.2 0.4 0.6 0.8 1.0
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Link to GPDs and Quark J

Bacchetta, Radici: PRL 107, 212001 (2011).

* Model assumption: Moment of Sivers PDF relates to
GPD E via “lensing” function.

A(Q2) = ~L(z) EY(2,0,0; Q%)

* L ensing Function from spectator model calculation.
* Fit Sivers Function parametrization to experimental data.
* Use magnetic moment constraints for GPD E. GPD H from PDFE

d
kP :/ ; (2E* (2,0,0) — E% (2,0,0) — E*(x,0,0))
0

d
K" = / ; (2E%(2,0,0) — E"*(2,0,0) — E**(x,0,0))
0

Ja =

1l
5/ dex (HY(x,0,0) + E9(z,0,0))
0
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Link to GPDs and Quark J

Bacchetta, Radici: PRL 107, 212001 (2011).

o MAaAdal acciimntrinn: MAamant Af Ciuvare PNE ralatac A

C

0.10

Goloskokov & Kroll, EPJ C59 (09) 809

HERMES JHEP '08

Diehl et al., EPJ C39 (05) 1

0.05 Guidal et al., PR D72 (05) 054013

Bacchetta & Radici, PRL 107 (11) 212001

JLab Hall A PRL '07-

LHPC-1, PR D77 (08) 094502

[ 0.00
LHPC-2, PR D82 (10) 094502

QCDSF, arXiv:0710.1534

o
Jd +d
|

-005+ 4
’ - | Wakamatsu, EPJ A44 (10) 297
- - 1 Thomas, PRL 101 (08) 102003
-0.10 |
| ] Thomas, this workshop
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_015 , , , , | , , , , | , , , i | i i i i
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Ju +u

J= —j arT (I *\xr,u,VU)+ L*(Tr,U,U))
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CLASI2 @ JLAB 12GeV

e Upcoming SIDIS experiment, |H and 2H

e 11 GeV electron off polarized proton target.

* Access to large x region of nucleon structure.

* We use mPYTHIA for SIDIS predictions.

¢ Include the kinematical cuts on DIS kinematics
X, Q27 W7 (96’7 Hha MM’iS? Ry e

0.075 < x < 0.532

1 GeV < Q2 < 6.3 GeV

W > 2 GeV
MMisep)—(ernx) = 1.5 GeV
M Mis(epy—(ern, nyx) = 1.5 GeV o1 0z 03

QZ
NN W R e N
T | T

S
S
S
~
S
[\S)
~
w |
S
LN
S
(9
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EIC: eRHIC

White Paper -- Accardi et. al.: 1212.1701(201 2).

* EIC using RHIC + electron ring.
* Various proposed beam momenta:[, x Py

* We use mPYTHIA for SIDIS predictions.
FIC:5 x 50 GeV SIDIS T

i 140
20
100

x10°

I1000O

~18000

~ 6000

4000
|
2000
0.8 0.9 1 0

/og_(OZ )
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e ODEL : TARGET FRAGMENTZ MRS

®* What can we learn about Sivers PDF at EIC?

e Use a TOY model for Sivers PDF to explore.
FEY (w, kr) = fi(w, kr)[1 4 0.9sin(pg — ¢5)]

e Explore Target Fragmentation Regions xr < (.

1.0 _ 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1
- e K- 0 7
- 4 K7 X o
0.5
L EIC TOY: 5x50
-0.5 :—q —
_1.0 " R R T T (N T W T TR N TN TN TN TN NN TN M NN
-1.0 -0.5 0 0.5 1.0

* Sivers SSA changes sign, fragmentation of nucleon remnant!,



REINS FRAGMEN TATIONTFONCSIRESS

| E.ﬂ?"rlr"homas, Bentz, arX;v I 2075.'58I 3,2012

- Collins Effect:

Azimuthal Modulation of
Transversely Polarized

Quark’s Fragmentation
Function.

Unpolarized

h 1h PJ_S
[Dh/qT(zapiasp):Dl/q(’Z?PJQ_)_Hl /q(Z7PJ2_) :

b 2T,

* Chiral-ODD: Needs to be coupled with another
chiral-odd quantity to be observed.

sin(gp)J
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TRANSVERSITY I:
ONE HADRON SIDIS AND
COLLINS FRAGMENTATION FUNCTION
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EMPIRICAL EXTRACTIONS OF TRANSVERSITY

* SIDIS at HERMES -« Opposite sign for the charged pions.

PLBO9S (2010) 11=16- o | arge positive signal for K.

Clhd 1 : ! 0 .
(sin(¢ + ¢s))rp ~ 7D h/q] e Consistent with O for 7~ and K.
1
 Fits to HERMES, COMPASS and

% 005 BELLE: NPB (Proc. Suppl.) 191 (2009) 98-107.
S o ~
.\5/ -‘ 04 — xAOA—
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e Large Uncertainties!

1
o
—h

¢ Simplistic Approximations ! gg



EMPIRICAL EXTRACTIONS OF AVERAGETM

M. Anselmino et. al.: JHEP 1404 (2014) 005.

v HERMES fit.
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EMPIRICAL EXTRACTIONS OF AVERAGETM

M. Anselmino et. al.: JHEP 1404 (2014) 005.

v COMPASS fit.
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