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o & Introduction

* Helmholtz Institute Mainz (HIM) is busy planning for time-
like form factor (FF) measurements, pp—e*e-, at PANDA

* A complete understanding of these FFs requires a
transversely polarized target.

e Drell-Yan (DY) production pp—e*e X is the time-like
equivalent of deep inelastic scattering (DIS).

e DY with a polarized target will yield insights into quark
orbital angular momentum in the nucleon.

* Planning for a transversely polarized proton target needs
to take into account both FF and DY acceptances.
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DY Kinematics

Py, P,
q=20
2 _ af2
0 _Mm-

s = (P, + P,)? =2P,P,
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4-momentum of beam and target hadrons
magnitude of the virtual photon’s 4-momentum

squared 4-momentum of virtual photon

center-of-mass energy squared
momentum fraction for beam and target quarks
rapidity
Feynman x (= 2qu/\s) g = (qo,qT,0,qL)

T=0%/s
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&l & DY and FF Similarities

FF d_az o’ (1+COS29)|GM|2+lSiH29|GE|2
. dS) 4q2\/1—1/7' T

do a2
DY: dz1dzedQ ~ 4q2

(1+ cos? 0)F'Y + sin? 9F2UU]

: 1 1 2
FF: |Gu| =225 o(q?) 2ro [2|GM|2 + %|GE|2

(1+¢2%/0.71)2 (1 + ¢2/3.6) - 3¢2\/1—1/7

Ao

1
DY:  FY =32 efl@)fi(z) (¢ )vatence = 53

3
q

p
1 DY and FF e*e pairs

Oct/ODY ~ — have similar distributions
q at the same g2, but g%py

< q2FF for the same Epeam
\ J
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DY & FF Kinematics

qzelastic =

q DYmax = (\/S ZM)
cutoff assumes only

ppet*e-in final state
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e 5 = 2M(M+E)

® Smin = 4M?

°I = quYmax / qzelastic = (1'2M/\/S)2
eE=15GeV=r=0.15

e E=15GeV =r=0.43
* 0%dymax > 1 GeV?2 = s > 8.3 GeV?
e DY needs E > 3.5 GeV

J

S

(E,0,0,p) (M,0,0,0)

Q—> Q
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Reference Frames

(Lab Frame)
P 1:2: 0

—

A
> 7,

'CM Frame:
P — boost along z
Lepton Plane (CM) [white] B = P4/(E1+M)
_ Collins-Soper (CS) Frame [gray] | ) ’

CS: P P
" Boost along zo such thatqL =0 | > 2,
Boost along x such that qr =0
gcs = (9,0,0,0) q = (9o,9t,0,qL)
h is the gt direction

0 and ¢ are shown in figure

. J
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Drell-Yan Cross Section

Arnold, PRD79(09)034005

Tem {((1 + cos2)FL,, + (1 — cos?)F2,, + sin26 cospF? + sin26 cos2 Fo529)
Fq* v o - -

+ 8,.(sin20 sing F52¥ + sin20 sin2p F522?) + S, (sin20 sing Fin? + sin26 sin2¢p Fir-?)

+ |8, 7Ilsin (1 + cos20)FL, + (1 — cos20)F2,, + sin26 cosquCTog"S + sin%6 coquSF;‘Ez‘ﬁ)

+ cos¢,(sin20 sing Fin? + sin? sin2p F5e2?)] + |S,r|[singd, (1 + cos20)FL, + (1 — cos20)F2,,
+ $in26 cosP Fes? + sin26 cos2p Feos-?) + cosehy,(sin26 sing Fon? + sin?6 sin2p Fom?) ]

+ S8 (1 + cos?0)FL, + (1 — cos?0)F2, + sin20 cospFS5? + sin26 cos2p Fo2?)

+ SarlSprllcosdy((1 + cos20)FL, + (1 — cos20)F2, + sin26 cosp F5%? + sin6 cos2p Fio>?)

+ sing,, (sin26 sing F32? + sin20 sin2p F522%)] + |S,71S, . [cosd (1 + cos?)FL, + (1 — cos20)F2,

+ $in260 cospFr? + sin260 cos2p F5>?) + sing ,(sin26 sing Fr? + sin?60 sin2p Fr2?)]

+ 1SarlSprilcos(dpa + @) (1 + cos20)Fly + (1 — cos20)F2, + sin20 cosp Foos? + sin26 cos2¢ Foos>?)
+ cos(p, — ¢p)((1 + cos?0)FL, + (1 — cos20)F2, + sin26 cosp Fsn? + sin26 cos2¢p Foo>?)

+ sin(¢p, + ¢,)(sin20 sing Fim? + sin?6 sin2¢p Fin-?)
+ sin(¢, — ¢,)(sin20 sing F5m? + sin?6 sin2p F5m-?) . (Structure functions F are general J

What PANDA can measure with a transversely polarized proton target
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TMDs

e Any confined quark must have transverse momentum

e Therefore, colinear PDFs cannot give the whole story

e Transverse momentum is related to L;

e There has been much recent work trying to understand
transverse momentum distributions (TMDs)

U

zf1 (x) zfi'(z,07)

|

Standard collinear PDF
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Primary TMDs

Black: survive pr
integration

Red: T-odd

U I /(Boer-lvlulders)

(Sivers
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1 & Leading Order Unpolarized DY

> > _ 1 > >
Clw(k,r, kpr)f1f2] = erg [ d*k,rd*kyy
¢ g
X 8@(Gr — kar — kpr)w(kar, kyr)
1 __ r 2\ g >
FUU B C[flfl] X I—j:?(-xa’-:aT)fz(xb’-:bT)
+ fg(xa’ kaT)fg(xb: ka)]' (89)
(CIT direction )\

2h k)b kyr) — k- k _
CcOSs2 aT bT al bT
Fig? = c[ T hllhli]

e Antiproton q = proton q \(Boer-Mulde@
* QT = KaT + Kbt
e Gaussian gr-dependence often assumed (unrealistic)

(Fluu(xa, 2, qr2) ~ fropxa)fa(xz)exp(-ar?/u?) |
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(e*e” Annihilation ) ~ ) €2 Di(z k7) ® Di(z, k7)
qT .

qr=kr+kT
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& Leading Order Polarized DY

~

(
Si 1
h ka IverS) ﬁ;(x9kT)|DY — _flT(x’kT)‘SIDIS

Q@SVGFSW) hll(x’kT)‘DY - _hll(x’kT)lswls’

(D — hk
F;}I}(zqs ) — —CI: aTh'th \ y
M, —
Boer-Mulders) ( Pretzelocity

—>

in26 ) _ [2(h Ky )[2(h - kur)(h - ko) = kar - Kor) = kyr(h - Kar) , | - ]
1 %17 |

Fyr = [M ffir |

2M M,

[ )

FSln(2¢ ¢b) p— (FCOS2¢ Sln2¢) FSln(2¢+¢b) — (FC052¢ F?}I}2¢)
J

. /L
quark pol.

s _ 1 . .
I, Clw(kar, kpr)f1f2] = erg _[dzkardzka
¢ g

X 8@(Gr — kar — kpr)w(kaz, kyr)
X [f{ (xar Kar) 2 (e, Kir)
+ f(x,, lzir)f‘z’ (xp> k)]

nucleon pol.
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DSSV PDFs: Where’s L?

x range in Eq. (35) 0? [GeV?] Au + A Ad + Ad Aii

0.001-1.0 1 0.809 —0.417 0.034
= 0.798 —0.417 0.030

10 0.793 —0.416 0.028

0.785 —0.412 0.026

1 0.817 —0.453 0.037
(4 0.814 —0.456 0.036
10 0.813 —0.458 0.036
0.812 —0.459 0.036

A2

~\

J

e Significant contributions from x<0.001
e AG vanishes with increasing Q2

o At Q%=4 GeV?, L, = 0.474 (large)

e Errors on AG are still very large
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Quark Angular Momentum

J_(O)a( Ly QL)

Bacchetta and Radici
arXiv:1107.5755

1
- / dr (H“(az, 0,0; Q%) + E%(x, 0, 0; Q2)) H GPD: colinear f12 PDF
0

Z/ dx E?7(x,0,0) = K E GPD: does not correspond to a colinear PDF
0
q

—L(z) E%(x,0,0; Q%) Sivers TMD can be related to E

2 n
Lma (. 02) — /dsz (21?\52) 5 (z, p; Q) Definition of (n)th moment of p?

data here

(Need much better L(z) =

K
(1 —z)"

Anzatz for lensing factor

J* = 0.005+9:999,

13 January 2012

J* = 0.266 4+ 0.00270009,  J* =0.014 4 0.004F) 505, 4 h
J% = —0.012 £ 0.003+292¢ 74 — 0,022 + 0.00670-00 J =0.299 + 0.00879-032

Fit using all Sivers data and nucleon magnetic moments

kY = 1.673 £0.003F0911 " kdv — 2,033 4 0.00212-9L1

0.000

0.032
s _ +0.000
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Diquark Spectator Model

Bacchetta, PRD78(08)074010
0.6 : j 0.3 F : 0

a3 -
:
3 1N K2 9 L
SN A,
0-4 ™ = ke W T 0-2 ™
| | ) s

3 & ¢ 4
’ o \ -
L A 0 . !
0.2 | " 1 0.1}
. b .
3 X 4 4
( » . .

00— f—A—t—f—f 0.0 |
-04 | — : ~0.2 |

06! ‘ ~03 |
_0.6-0.4-02 0.0 0.2 0.4 0.6 ~0.3-02-0.1 0.0 0.1 0.2 0.3
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1Du
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f
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ANDY at RHIC

p+p—>e’e™+X, vs=500 GeV, PYTHIA 68.222, L,=14 pb™

'035_ A : E. Aschenauer, et al., Large Rapidity
L N _mode2 | | : <5 Drell-Yan Production at RHIC;
' Proposal 16 May 2011

Vs =500 GeV, p'p — e*e" Xin IP2
16 < g% < 150 GeV?
XE=X1-x2=2qU/Ns =0.1-0.6

_ : Xx1~0.1-0.6; x2<0.01
ﬂm | - : Run 2013 estimate 150 pb-"

1 l 1 1 1 l 1

1 11 Pl R 1 i ' P TR ar e N O_ 11
0 5 10 15 0 50 100 150 © 2 4
2 IP2/DY—Run12 Pb Converter
My, (GeV/e®)  p.. (GeV/c)  pr, (Gev/c) /
Pre—Shower\\ /2nd Pre—Shower

Fig. ITII-3 Kinematic distributions for the virtual photon. Model 1 would be a final
facility and model 2 is the first stage of the proposed feasibility test for studying DY
production at RHIC.

Vo2 qu qr
q= (CIO,CIT,O,CIL) E/I\PACoI W
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DY at COMPASS

= beam 190 GeVic oF = beam 190 GeVic

oY 2028 Gev g Pran-so G S. Takekawa, PHOTON2011; M.
3 Chiosso, DY Workshop Santa Fe 2011

Pbeam = 190 GeV/c
Vs =17.4 GeV, mp! — p* - X
4 <g°<6;16<g? <81 GeV?
; ; ., XF = X1 = X2 = 2qu/Ns = -0.1 - 0.9
6476370304705 05 07 08 03 o'“a'.a"a.'z'“afs“af.'“afg"a.'é“a!;“a.'a“afs';: 0.2 <xr<0.9;0.04 < x,< 0.4

Run for 2 years: 2.9 fb"

SM2 dipole.

RICH 1 HCAL1

SM1 di I\ et
ipole
\, £

Counts/0.1 GeV/c?

b
o
N EEEALLL B rrnrvwl&v rnmqﬁrw

.

8 10
Mass (GeV/c?)




DY at COMPASS

4-9 GeV/c?> @ COMPASS

. Boer-
Sivers Muld
M. Anselmino uigaers

et al, Phys. / ’ B. Zhang et al,
Rev. D 79, a3 - Phys. Rev. D

054010 (2009) : s 77, 054011
-a0si- : (2008)

WIrH FRTH FTEE FTEE FETE FETE FETE PR P
08 06 04 02 0 02

sin (2 ’°s)

BM ®

transv.
A. N. Sissakian,

Phys. Part.

Nucl. 41,
64-100 (2010)

13 January 2012 Orsay 2012



DY at J-PARC

-0.02}
0.04 j' 1 1 1 21 2 1 21 1 1 2 1 2 1 2 0 2 1 2 4 2 1 20 2 1 1 2 | 242 )
02 01 -0 01 02 03 04 05 06 07 08

Sivers Asymmetry

| P | | | | | ] ]

rapidity

(

.

<
X1

Rapidity: ¥ = iln_

x2)

Y. Goto, PoS(DIS2010)264

Poeam = 30-50 GeV/c

Vs =8-10 GeV, p' p — p* - X

16< g% < 25 GeV?

X1/ X2~ 1.2 —4;

Estimates for 120 days at 50% efficiency
and 75% polarization

Early in the planning stage

Red: 5% Interaction Length LH> target
Blue: 20% I.L. solid nuclear target
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DY at Fermilab E906

W ET2DmllYan o Coester M.X. Liu, JPCS295(11)012165; SPIN2010;
" roed e P. Reimer, JPCS295(11)012011
- sll.i(if::tal' Pbeam = 120 GeV/c
[ RS Vs =15 GeV, p pt — p* - X
16 < g2 < 81 GeV?
XF = X1 — X2 = 2qu/Ns = -0.4 - 0.2
X1~0.1-0.45; x2~0.05-0.5
Estimates for 120 days at 50% efficiency

and 75% polarization

X
Sivers Asymmetry in Drell-Yan fed plane view
. » Mass =7.0 GeV X= 0, .2, 4
ppT —u'w, 4<M.uu<9 GeV | S I
® FermilLab projected ,
P, . =120GeV, I 0" beam protons sttion |

6 cm NH ; target, P,=0.8

/
/

— -0 O 0 600 ¢

1 -
Station 4 and Muon TDX w3l

i 1 Anselmino et ol. 2009

' ! Central value ond range 100 inches

L]

-0.6
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DY Comparisons

Experiment| Reaction |Vs (GeV) | g2 (GeV?) X1, X2

ANDY @ |p'p—ete-X | 500 16-150 0.1-0.6
RHIC <0.01

COMPASS |1Tpl - u*u X : 0.2-0.9
@ CERN 0.05-0.4

J-PARC  |pp! — ptp X

E906 @ ppl — uru X 0.1-0.45
Fermilab 0.05-0.5

Panda @ - depends depends
FAIR ] ] on target | on target
shielding | shielding

only proton PDFs overlap with
fa(x1)f9(x2) JLab kinematics

13 January 2012 Orsay 2012




& & DY Simulations for PANDA

A. Bianconi, EPJA44(10)313

Generates Drell-Yan events with PYTHIA

| Event distribution

|

10

p=1 5 GeV/ C Total number of events

Events with no (anti)baryons
> -
Mese.>2 GeV Events with LN N pair

qT>1 8 GeV Events with 2NN pairs
D Events with a pp pair

10°

| IIIIII|'| | llllllll

102

]

Events with an nn pair
_\—\_ Events with a pn or np pair

| Events with a p
P N ] ] !

1 1 L 1 1 L L 1 L L 1 L L 1 L L 1 I L I L - —
6 8 14 16 18 20 22 Events with a p
particle multiplicity

Ny

Events with an n

Fig. 1. Multiplicity of final particles in Drell-Yan dilepton - —
production, including the lepton pair (so, by definition N > 2 Events with a
here). The cutoffs on the dilepton mass and transverse momen-

tum are M > 2GeV/c?, qr > 0.8 GeV/c.
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Exclusive DY

d20Dy

dridzy

d20'DY o 471’0!2 1
dridzo 9M2+e 9

—4u(z1)u(xe) + du(zy)u(

L A A

- (
(
- (
- (
- (
- (

— (uus) + (ﬂﬂ.§)

p(p,eTe " p)p (4u+d) A—pTT  64%
-+ — N—-n1t  36%

e e |pm|A 4u 0
plp N [p+] ) ( ) 2 *—pm 52%
p(p, e’ e [prT | A+t (d ) Senm 48%
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DY Simulations for PANDA

Table 2. Distribution of the events associated with given final-
particle multiplicities and with the presence of specific nucleon-
antinucleon pairs. The total multiplicity of an event (including
the ete™ or u*u~ pair, possible NN pairs, charged pions and
hard photons) is reported in the left column.

Total
final
part.

Events
with no
baryon

Events
with a

Events
with a

NN pair pp pair

Ev.s with
a pn/np

Events
with a
nn pair pair

1
1
19
9
50

21286
9897
10863
4186
1990
880
329
281
98
106
23

39

22

Table 5. Number of charged particles surviving a forward cut-

off at 7.5°.

A. Bianconi, EPJA44(10)313

Table 3. Distribution of the number of events presenting a
given multiplicity of final charged pions or of final photons.
Photons are subject to the cutoff £, > 0.2 GeV. Neutral pions
are “hidden” in the photon pairs produced by their decay.

N

Events with
N charged pions

Events with
N photons

© 00 3O Ot W N+ O

V
—
o O

38882
7836
2814

192
225
25
25

31645
7051
8411
1678

723
275
99
68
19
18
9

4

All

Particles with

g >17.5°

Cutoff-surviving
fraction

22540
13370
12452
29316

87%
52%
82%
84%

13 January 2012

These can be measured in
events with one proton, 0 or 2
charged pions and a missing
mass of the unobserved anti-
nucleon, which is likely at small
angles.

We have 5428 true pp+ 2 events, of which we detect 5428 —
1683 = 3745.
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z0.5
<

" FAVOURED

H7

parton from target

‘ 200 GeV beam
‘~\\‘L{[~\|~FAVOURED _ Pt > 40 GeV/c
. O<plL<15GeVic

Fig. 1. Inclusive pion production. Two events (a) and (b), symmetric
with respect to the yZ plane, are represented. Without polarization, : ' ‘ L e
they would have the same probability. In the polarized case, the ' 02 04 06 08 '
Collins effect favours the case (a). The arrows labelled g; represent Xr
the momenta of the quarks in the subprocess. The spins are denoted
by the arch-like arrows. The Collins effect acts at the last stage,
where the quark g, fragments into the pion carrying momentum p.
h, is the pion’s transverse momentum with respect to the quark g,

Fig. 5. Single spin asymmetry measured by E704 collaboration for
charged pions at 0.2 < p, < 2.0 GeV [6]. The curves are our model

results calculated with quark transverse polarizations 4, u/u =
—A4,dj/d =x*and B =1

Bravar, PRL77(1996)2626 FNAL E704 1 NT _Nl

pl +p — 7T_(7T+) + X Av = Pg{cos ¢) NT +N|

¢ is angle between beam polarization axis and the normal to the production plane
Collins effect gives the right trend to explain the large asymmetries seen
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Monte Carlo DY Kinematics

Structure functions generally depend on x1, X2, g1, (and g?)

Let’s look at where electron pair events show up for fixed x1, X2, gt and Ppeam

s = 2M(M+Ebeam) QL= (X1 - X2)\s/2 g% = X1X2S

This gives gfcm = (do, T, O, QL)

Electron angles in CS frame are picked from a (1+c0s20)sin® distribution with ¢
random over 2TT.

Electrons are Lorentz tranformed from CS to CM frame.

Electrons are Lorentz transformed from CM to Lab frame.

1000 events were generated for (6, @) with all other kinematic variables fixed.

320

"tmp234,hist" using 13233 —— "tmp234,hist" using 132:3 ——

300 F

280 F

260 F

240 F

220 F

200 F

180
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e* vs e Angles

Pheam=12 GeV/c; q=0 GeV/c Ppeam=13 GeV/c; qp=1 GeV/c

T .1 T ] T o T T

x,=0.1, x,=0.1 S0 x=0.5,x,=0.1

Oposilron
eposmon

] | L. R l l | l | l
-30 -20 -10 0 10 -30 -20 -10 0 10 20 30

eplpn tran

Ppheam=13 GeV/c; q1=0.5 GeV/c
- . Pheam=12 GeV/c; q=0 GeV/c

1 1 B | 1 | 1
x,=0.5, x,=0.1
xl:O.S, x2:().3

eposilron
9posilron

I ]
-150  -100

electron electron
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Acceptance

pbealnz 15 GCV/C; qT=0 GeV/c

X1=0. l X2=0 1 qT=0—
Timelike FF

g o S ——

W
O

Lm0 A M, et . o e

-

epositron

O
S

-150  -100  -50 50 100 150
A .

Pheam=13 GeV/c; =0 GeV/c; 8°<6,<180°

0
-1
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& Next Steps

* Pick x1, X2 and gr given various models of the
structure functions F.

e Explore the kinematic sensitivity to measuring the
TMDs expected to be convoluted in the structure

functions F. We need good (6,¢) coverage to extract
various Fs.

e Build in hadronization products to make an exclusive
Drell-Yan event generator.

* Analyze with realistic backgrounds in PANDA ROOT.

e Similar constraints on backgrounds as in time-like
form factors.
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Conclusions

In order to truly understand the nucleon, we will need to explore transverse
momentum distributions (TMDs).

Drell-Yan structure functions are convolutions of two TMDs, and as such are
free of hadronization processes (i.e. fragmentation functions).

TMDs like the Sivers function are sensitive to quark orbital angular momenta.
Drell-Yan is essential to prove the universality of TMDs.
A transversely polarized target allows access to 4 different TMDs.

Exclusive Drell-Yan production can lead to separation of flavor-dependence
of the TMDs.

PANDA has a unique niche among Drell-Yan experiments in that it overlaps
with JLab12 kinematics, and the anti-proton simplifies the TMD convolutions.
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