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OUTLOOK

» Introduction and Motivation.

» SIDIS with Transversely Polarized Target:
* Sivers PDF from One- and Two- Hadron Production
* mLEPTO predictions for COMPASS SSAs.

* mPYTHIA predictions for CLASI2 and EIC SSAs.

» Conclusions.



SIVERS FLOE

| D. Sivers: PRD 41, 83 (1990).

e Sivers Effect describes the
correlation of the unpolarized
quark’s TM with the transverse
spin of the nucleon

@

[S X kT]

iflT( T)

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

e Accessible in Polarized SIDIS, Drell-Yan.

fi (@, kr) = f{(z,kr) -

1SIDIS _  ¢1DY
1T = —JaT
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Sivers Effect in
One Hadron SIDIS



SIDIS POLARIZED CROSS-SECTION

A. Bacchetta et. al.: JHEPO0S8, 023 (2008).

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

£ F +eF 4
dzx dy dz dos dop, dP? | Uu,T UU,L t -

+ 15| [sm(aﬁh — ¢s) <F§;§;eh—¢s> + gF(j.i;f%h—qbs)) + & sin(¢p, + dg) Fon@ntos) 4 ]

* Extract the specific harmonics:
Fyur ~ Clf1 D]
sin(¢n —¢g) | 1q Clfg..] = Z/dsz f9.\Pr=P,tzks
FUT,T ™~ C[kalT Dl] b

* NEED TMD Fragmentation Function to access Sivers PDF from SIDIS! ¢



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

e Fits to HERMES and COMPASS:

EMPIRICAL EXTRACTIONS OF SIVERS

Sivers SSAs from SIDIS

Use LO expression for
factorized cross-section.

Parametrize PDFs and FFs.
Use Gaussian TMD dependence.
Also TMD evolution in 2012.

e Current Data can only afford:

® | arge uncertainties, esp. for

S€a.

® Approximations: TM and

flavor dependence of FF etc.

Talk by S. Melis
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Sivers Effect in
Two Hadron SIDIS



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

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



TWO-HADRON SIDIS

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

4 h,(P)
l 171
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qk,s)/ q(k',s’)

» Correlations of quark’s TM
transferred to two hadrons.
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» 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
Os = ST UT% sin(pr — ps) + URMT sin(pr — 905)>
/dSOR os = ST (UT,O% + OR,1 %) sin(or — ¢s)
/dgoT og = St (0T,1% + O'R,O%) Siﬂ(SDR — SOS)

+Non-vanishing 0 r is new! Contradiction with earlier
results Bianconi et al: PRD62, 034008 (2000) > N O: Kotzinian et al: 1407.6572 (2014)

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

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



BVEN T GENERATORS + S5IVERS EFFECHS

* 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.
* mLPETO used for COMPASS. Earlier

studies + Cahn effect, also for CLAS.
* mLEPTO and mPYTHIA agree pretty well.
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‘COMPASS Results in One Hadron Sivers and mLEPTO MC

DISADRON SIVERS USING MLEEP TO -
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MPYTHIA 6.4
Simulations for CLAS|12 and EIC

in collaboration with E.-C.Aschenauer and H.Avakian 2



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
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Sivers SSAs at CLAS |2

** Exploring the large x (HiX) region.

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



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
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Bt 1OY MODEL STUE =
®* VWhat can we learn about Sivers PDF at EIC?
e Use a TOY model for Sivers PDF to explore.
FEY (@, kr) = fi(z, kr)[1 4 0.9sin(p, — ©s)]
e Interplay of valence and sea quarks, at different CM energies.
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 Access Sivers PDF at small x, and for sea quarks. :



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! .



O 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).

Gla—ta

Zq fdd)Sd¢hd2klAqu/p (x, k1, Q) sin(e — d’s)dsz Dh(Z, p1, Q)sin(¢), — ¢S).

A=) _

Zq jd¢Sd¢hd2klfq/p(x ki, Q dUdZZM Dh(Z, pi, 0
* Is this justified at COMPASS energies?

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

0.06

—mLBEPTO 0 Sh ow I-mLEPTO I ¢ Sh wI l I

| A COMPASS [0 +NonDIS ® _ I A COMPASS [ +NonDIS
® DIS X +Show+No DIS.. o 0.08 — | @ DIS X +Show+NonDIS —

0.01 0.1

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



HOW ABOUT EIC?

* Ratios of full(+nonDIS+showers) to DIS-only SSAs
for EIC and COMPASS.
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eRatios are very similar: can use mPYTHIA
with DIS-only channel to predict EIC SSAs.
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mMEPYCTHIA RESULTS FOR EICTEINERS

4 SSAs for charged pions and kaons from proton target.

EIC: 5x50 |

== EIC:5x250

EIC: 5x50

T T T T
- —— - ”'

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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DS

DRONSIVERS T FERE

4 Identical pairs via z-ordering: 21 > 22 (sooR # O)
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Siv
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0.001
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Siy
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* Dihadron SSAs are comparable to single hadron ones!
(the one- and two-hadron FFs should mostly cancel in the ratios) 21



CONCLUSIONS - |

e Sivers Effect allows us to explore the momentum correlations
of partons and the transverse spin of the nucleon.

* One-hadron SIDIS has long been one of the key processes to
access Sivers PDF.

* Two-hadron SIDIS will provide complementary information

and wider basis for extracting flavor and TM dependencies.
(Together with one hadron SIDIS and Drell-Yan measurements at COMPASS).

Can be extracted from the same data used for IFF analyses

(different variables). Such analysis proposal E[2-10-006A for IFF
+ 2H Sivers at SOoLID has been approved.
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CONCLUSIONS - I

e LEPTO and PYTHIA MC event generators have been modified
to predict Sivers SSAs for both one and two hadrons:

» mMLEPTO for COMPASS: dihadron SSA = single hadron SSA.
» CLASI2 and SoLID predictions.

» EIC: Measurable SSAs, non-DIS processes and showers should be
considered in the extractions of the Sivers PDF .

e Future Plans:

) FeaS|b|I|ty StUd)’ for CLAS |2 (with detector effects, integrated luminosity, etc).
» Explore the target fragmentation.

» Include TMD evolution (using TMDIib ?).

23






BACKUP SLIDES
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S MMETRIC CUTS FOR HADRG@NEFEIE

4 Asymmetric Cuts on hadron ’ z1 > 0.3
pair momenta enhances the signal ! P > 0.3 GeV )}
0.06 0.04
0.03
0.04
ak 2N
Y 50.02
0.02
0.01
0 L1l 1 1 1 0
0.001 0.01 0.1 0.2 0.4 0.6 0.8
X <

4 Enhancement in SSA, but decrease of the average multiplicities.
(especially R mods are enhanced, due to our choice of R)

4 Should be chosen to maximize signal/noise for a specific experiment!
26
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4 Average number of hadron pairs for given struck quark flavor.

4 Pure pion pairs dominate, but mixed pion-kaon pairs are also large

enough.

4 Different pairs allow to enhance the contributions of different

quark flavors! Needed for flavor decomposition.
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K™ Study at EIC

4 Positive pion and kaon multiplicities by quark flavor .

QFlav_X_Z-Onehadron zx projection
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4 SSAs for positive pion and
kaon with SSAs for various

flavors turned off.
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