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Dilepton production in hadron-hadron collision
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1) Fermilab E77Zproposed in 1986 and completed in 1988)
"Nuclear Dependence of Drell-Yan and @anium Production

2) Fermilab E789proposed in 1989 and completed in 19
"Search for Two-Bdy Decays of Heavy Quark Mesons"

3) Fermilab E866Gproposed in 1993 and completed BB6)
"Determination ofd 4 Ratio of the Protata Drell-Yan"

4) Fermilab E9QO0Gproposed in 1999, run started in 2P12
"Drell-Yan with the FNAL Main Injector"



Complimentality between DIS and Drell-Yan
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Both DIS and Drell-Yan process are tools to probe the quark
and antiquark structure in hadrons (factorization, universality)
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u flavor asymmetry from Drell-Ya
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Gluon distributions In proton
versus neutron?
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Drell = Yan: o

267 =[1+d(x)/u(x)]/2

JIWY: /207 =[l+g,(x)/ g,(x)]/2

If gluon distributions in proton and neutron are different, then
charge-symmetry is violated at the partonic level ¢



Charge Symmetry Violation in PDF?
® Charge symmetry : rotation around isospin axis J by 180°

peon ued dod (u,=d;

L i, =d, etc)

¢ Charge symmetry in PDF is generally assumed, but not tested
A comparison of F; with F;" shows upper limit of CS breaking
of 1 5-10% (Londergan and Thomas. hep-ph/0407247)

¢ The NuTeV anomaly in the Weinberg angle could be partly
explained by charge symmetry violation (L ondergan and Thomas,
PL B555 (2003) 132)

See recent review of Charge Symmetry violation:
Londergan, Peng, and Thomas (Rev. Mod. Phy. 82 (2010) 2009)
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Origins of T (), d(X)~

Meson Cloud Models Chiral-Quark Soliton Model Instantons

n+ meson Anucleon = chiral soliton instanton dR
. vertex
d,

Aexpand in 1/Nc

AQuark degrees of freedom Ug U
in a pion mean-field

b.ﬂ:
D CQ

"valence" "sea"

Theory: Thomas, Miller, Kumano, Ma, Londergan, Henley, Speth,
Hwang, Melnitchouk, Liu, Cheng/Lli, etc.

(For reviews, see Speth and Thomas (1997), Kumano (hep -ph/9702367 ),
Garvey and Peng (nucl -ex/0109010))

Theses models also have implications on
Aasymmetry between S( X) and S(X)

Aflavor structure of the polarized sea
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In 1980, Brodsky, Hoyer, Peterson, Sakai (BHPS)

suggested
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Gunion and Vogt (hep-ph/9706252)

(Evidence is subjected to the uncertainties of
charmed-quark parametrization in the PDF)
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A global fit by CTEQ to extract intrinsicharm

PHYSICAL REVIEW D 75, 054029 (2007)

Charm parton content of the nucleon

J. Pumplin,"* H.L. Lai,"**~ and W. K. Tung'-*

1072 I Blue band corresponds to CTEQG6
EN: ] best fit, including uncertainty
P
& 1073 . .
sxlo Red curves include intrinsic charm of

1% and 3% (G*changes only slightly)

_4 | -
107" = ¢,C at u =2GeV
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103 10—% X 10-1 109

We find that the range of 1C i1s constrained to be from zero (no IC) to a level 2—3 times larger than previous
model estimates. The behaviors of typical charm distributions within this range are described, and their

implications for hadron collider phenomenology are briefly discussed.

No conclusive evidence fdmtrinsic—charrd "




Search for the |1 gfFt

| pa :E:?:Bq |UUd aé)q_l-l UUd(g—Q """

No conclusive experimental evidence
for intrinsic-charm so far

Are there experimental evidences for thginsic
luudutd, | uuddd § uudss5&quark states ?

P5q~1/n€

The 5-quark states for lighter
guarks have larger probabilities! .




How O sSeparate t he

t e

t he nNnextrinsic

A Select experimental observables which have n
contri buti ons from t h

Afil ntrinsic sead and 0
to have differenk-distributions

il ntrinsic -sielaeo samadalies
abundant at larget

I EXxtrinsic sea Is more abundant at smatler
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How t o separate the |

nextrinsi c seao

A Select experimental observables which have no
contri butions from t he 0

d - U hasnocontributonfromextrinsicsea(g - qaq)
andis sensitivao" intrinsicseaonly

u d
u d
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Comparison between tile x ¢ T x( ) d

0.5

(W. Chang and JCP , PRL 106, 252002 (2011))

with the intrinsic &% model

b Esss The data are in good
i. — BHPS (i=0.5Gev) | agreement with the 5-q
(O BRPS (1=0-2GeY) | model after evolution

from the Initial scale € to
Q?%=54 GeV?

The difference In the

two 5-quark

0 01 02 03 04 components can also

X be determined

F?E)uudd_d_ P5uudUu € 118
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tri nsi c

ARl ntrinsic seaodo and #
to have differenk-distributions

il ntrinsic -sielaeo saimdal ies
abundant at larger

I EXxtrinsic sea is more abundant at smaller

An examplas thes(x) + S(X) distributpn
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Comparison between thexs¢c$ x( ) d
with the intrinsic % model

i‘ﬂ?, 0.3 % %% oe HERMES | S(X+S( 3 from HERMES kaor
" + “{ SIDIS data atQ* & 2.5 GeV
0.2 A
; The data appear to consist
1T of two different component
o *}*{ | (intrinsic and extrinsic?)

HERMES collaboration, Phys. Lett.
B666, 446 (2008) 17



Comparison between thexs¢c$ x( ) d
with the intrinsic % model
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This allows the extraction of the
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How t o separate the |

nextrinsi c seao

A Select experimental observables which have no
contri butions from t he 0

d +U- s- Shasnocontributonfromextrinsicsea(g - qq)
andis sensitivao" intrinsicsea'only
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Comparison between tliex ¢ x( $-x(Js X

data with the intrinsicé- el

m ® HERMES+CTEQ _

g —— BHPS (1=0.5 GeV) d(X)+U( X from CTEQG.¢
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U+d -s S

(W. Chang and JCP, PL B704, 197(2011))
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Extraction of the various fivguark
components for light quarks
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A

A

Future Prospect (Experimental)

Kaonproduction in SIDIS at COMPASS and 12
GeV JlabEIC for more information on s andbgr?

KaoninducedDrell-Yan at COMPAS for probing ¢
and sbar?

A

Opencharm and opebeauty production at forwﬂn
rapidity at LHC to search for intrinsic charm an

beauty.

Ji and Upsilon production at forwaxd to search
for intrinsic charm and beauty at AFTER?




Modification of Parton Distributions in Nuclel
EMC effect observed in DIS

1.2
| © EMC s E136
LT | NMC » E665
QN 1]
s i
L‘N 0.9- |
0.8 %
| Q’=5 GeV?
o OO
0.001 0.01 0.1 1

(Ann. Rev. Nucl. Part. Phys., Geesaman, Sato and Thomas)

F, contains contributions from quarks and antiquarks

How are the antiquark distributions modified in nuclei?
23



Drell-Yan on nuclear targets

N (target)

p (beam) -

The x-dependence of U,(X)/ U, (X can be
directly measured

24



Drell-Yan Ratio
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Drell-Yan on nuclear targets
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PRL 64 (1990) 2479
No evidence for enhancement of antiquarkiclei !?
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owing/saturation in nuclel at small x
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Flavor dependence of the EMC effects ?

12 -/ :
o _ A: DD oo ._."
- F,A/F,D prediction
© Pt L E
c : 2
1 R
08 T $
1 | L | 1 | I | 1
0 0.2 04 ¥ 0.6 0.8 1

Isovector mean-field generated in ZI Nhuclel

can modi f yuandudDFs m nuclsl

Cloet, Bentz, and Thomas, arXiv:0901.355
(see also Kumano et al.)

How can one check this predictic
ASIDIS (Semi-inlusive DIS) and PVDIS (Parity-violating DIS)

APion-induced Drell-Yan 26



Pioninduced DrellYan and the flavor
dependent EMC effect
ST(P+A), u(¥
s (p+D) uy(x

1 I 1 1 I
. * NA10D data R . * NA3 data
O ek ! T — CBT Model
+ ‘\kl. f7 V[ CBT Model, N=Z 7]
L af B e
= Y S = "
g B -.""-.\,\_ i/ l B T .
. .-In' T, .
+ ~— + 1 ;
"-E-’ [— H\"H. -"-\.____._.'.
05 | 4 o0s | T~ -
] 1 | 1
0 0.5 1 0 0.5 1
X; X

Red (blue) curves correspond to flavor -dependent (independent) EMC

(D. Dutta, JCP, Cloet, Gaskell, arXiv: 1007.3916)
27



W-production at LHC and the flavatependent EMC effect

—— CBTfull ----- CBT p’=0 ., ds(p+A- W' +x)
+o 11 NP ds(p+D- W' +X)
14 d
o Ual(X;)
Up (%)
0.5 l l l
08 06 -04 02 0 L ds(prA- W +x)
bl Y P ds(p+D- W +X)
(0] dA(XZ)
d,(X,) (Chang, Cloet, Dutta,

JCP, 1109.3108)

R 1 ds(p+A- W' +Xx)
A ds(p+A- W +X)
0 C_Ip(xl) Ua(X,)

U, (%) da(X,)

08 05 94 9z o |Pbbeam at AFTER is ideal for
exploring the negative x. region




Can one measuce U/ in nucl

The Drell-Yan Proce
oN- 71 X

p (beam)

Drell-Yan ratios 25" 2Z+Nd/T
for p-A/p-d: AP A 1+d/T

Assuming dbar/ubar = 1.5 for the nucleons at
x=0.15, then the above ratios are:

1.0 for 40Ca, 1.042 for 298Pb
Could probably be measured at AFTER

29



Dilepton angular distribution

Decay Angul ar Di
ds
— =5.(1 o<
= So(l €08 g
a 800 GeV p+Cu }
e 11 GeV/c? < M(u* ™) < 17 GeV/c? i

AN=0.96 £ .04 = .06

=1 -0.8 -0.6 -04 -0.2 0 0.2 0.4 0.6 0.8

cos©

st4dYanb ut

Data from
Fermilab E772
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Polarization of J/'V and Y
¢ Decay angular distribution in the quarkonium rest frame

d—g~1+ic052€

d()

* Transverse : 0 ; helicity: £1; A=1
* Longitudmal : o, ; hehcity: 0; A =-1

* Unpolarized : 0,.=20, ; helicity: 0,+1; A=0

-2 o )
e 1=91"7% _(1-25,/0,)/(1+ 20,/ 5,)
o, t20,

e 0, /0, depends on the color - spin states of the QQ pair :
State: SV s Sp® 35l
o,/o,: 1/3.4 1/2 1/6 0/1

e Polarization of QQ 1s sensitive to the production mechanism
31
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Polarization of 3/ in p + Cu Collision
du/dg ~ 1 + a-cos2d

(=1 transversely polarized, &= -1: longitudinally
polarized &= 0, unpolarized)

E866 data
E “\“‘\“‘\‘Ei‘ “‘\“‘\“‘\‘E 0.2 ; ]
E pr<1 GeV F 1<p<2 GeV = 0 f
] 2w : 2o e N 02| E

L H » ] B

3 % * ‘g _zi ; ® This experiment E
- i - 7P L A CIP(np) E
- 1 | wu\; —08 [ | | p | | | | | %
S 0 0.1 02 0.3 0.4 05 0.6 0.7 0.8 0.9 1
= 2<p;<3 GeV é, pr>3 Ge\/é X¢
S i e, :  ais small, but nonzero
3 ty 44
- | obecomes negative at large x¢

Xs X¢ No strong p; dependence for &
hep-ex/030801
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Polarization of 3 (1S),3 (2S+3S)

p+CuY 3 + x (E866 beam-dump data)

afor D-Y, 3(1S), 3(25+3S) D-Y Is transversely polarized
L 444 ... 3(19)is slightly polarized
oee o =0 | (like J/Q)
sE L
i 3 (25+3S) is transversely

e pe(Gev) polarized!

Cor * . ... |Measurement of Upsilon
== | polarization in p+p and p+d
e at AFTER would be very
o linteresting (nuclear

XF dependence?)
Brown et al. PRL 86, 2529 (2001) 33




Parity violation in Drell-Yan?

Forwardbackward asymmetry in decay angular
distribution of Drell-Yan:

ds _
dw

1/0, do/dQ

800 GeV p+Cu
11 GeV/? < M(u*™) < 17 GeV/c?

fitto 1 + A cos®0

T 4 e
"Q'oﬁiot‘ '

AN=0.96 £ .04 £ .06

= s,(1+/acosg]+ bcos g)

1 Interfererce betweergandz”®
diagramscanlead tonon- zero

parity- violatingcosg term

Parity violation in D-Y
can probe Weinberg
angles at low Q2

34



Parity violation in Drell-Yan?

Forwardbackward asymmetry in decay angular
distribution of Drell-Yan:

Ss.(1+laco
W of sg

+bcos q)

sin g,
= =]
[*¥]

Interfererce betweerngandZ®

diagramscanleadtonon- zero

parity- violating cosg term

Parity violation in D-Y

Q[GeV]

can probe Weinberg

angles at low Q2 (Never
been studied yet)
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Drell-Yan decay angular distributions

U and G are the decay polar

A PZW and azimuthal angles of the

/ \-\/\Ae/ ~ e* in the dilepton rest-frame
)

Collins-Soper frame

A general expression for Drell-Yan decay angular distributions:
al oda _ O3 @é{c%s@q +8N2 aps # s cag 2
95 QE@ 4 p u é 2
/ can differ from 1, but shadd satisfy 2 / =2 n(lam-Tung)
- Reflect the spin-1/2 nature of quarks

(analog of the Calla@tross relation in DI

- Insensitive to QO - correctims
36



Decay angular distributions in pion-induced Drell-Yan
Is the Lam-Tung relation violated?

140 GeV/c 194 GeV/c 286 GeV/c
O S ] 0.3 , 0.3 ,
o2 ‘ E 02f | 1 o2
O-1¢ { I 01f 1 I 1 oaf | ]
h O" """""""""" ‘ """"""""""""""" ] O — s Off | ----------------------------- e
-0 1 &-o0if 1 &-oaf | ] !
u _oof I i “ : T 5 u 5 | |
E -0. 2? T 7 -0. 2? 7
“ -0.3F ‘ . | \| ~0.3F : “ -0. 3* T ‘ .
o | Bie
—0.op i ~0.5F I 1 _ost .
~0.6] ; ~0.6f 1 -os6} I ,
—0.7 b N | S |
0 05 1 15 2 25 3 0505 T 95 2 25 3 9005 T 75 2 25 3

pr (GeV/c) pr (GeV/c) pr (GeV/c)

Data from NA1O (Z. Phys. 37 (1988) 545)
Violation of the Lam-Tung relation suggls

new mechanisms with non-perturbativegoni

M1g9- gspincorrelatianin QCDcolorfield (Nachtmanretal.)
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Boer-Mulders functionh,” @ - @

1 h' represents a correlation between qudek'and
transverse spin in an unpolarizedrioa
1 h' is a time-reversal odd, chiral-odd T\parton distributio

1 h' can led to an azimuthal cosf) dependence in Drell-Ya
al odé 03 ¢ C@; . /R
x = 45— 2 0" g +8N2 aps —f+sh cag?2
% GF 4,4 ¢ % 2

0.4 T T T T

- 0 Observation of large
03 194 GeV/c ~——  co0s(20 ) dependence in
ozs-  ~ +W 1 Drell-Yan with pion beam

o 1" () (%)

- 0 B-M functions have
| | w o S@me signs for pion and

Boer, PRD 60 (1999) 014012 nucleon 38

e




Azimuthal cos2 U Distribution in p+p and p+d Drell -Yan

E866 Collab., Lingyan Zhu et al.,
PRL 99 (2007) 082301; PRL 102 (2009) 182001

L w7+ W at 252 GeVic

g [ 4 7 +Wat194GeVic T

With Boer -Mulders function h ; :
HUWA prrX)~ [valence h, (U)] *[valence h, (p)]

~

HpdA p+pX)~ [valence hy (p)] * [seah; (p)]




Results on cos20 Distribution in p+p Drell -Yan
L. Zhu et al., PRL 102 (2009) 182001

R o L B B L B L LN ELELRLELE B LN ELELELELE
025 - = p+pat800GeVic B ]
" F o p+dat800GeVic :
02 F : = — A

QCD
(Boer, Vogelsang;
Berger, Qiu,
Rodriguez-Pedraza)

> 0.1 |

0.05 |

0.05 |

_0.1-IIIIIIIIIII
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Nuclear modification of spHalependent PDF?

1.2 — : :
| 1B } I ]
21 ‘EIH‘I”
., U1 EMC effect
O e I S ]
2 (X)
= s | ¢  Experiment: 2C fOr gl X
L --—--- Unpolarized EMC effect 0? = 5CeV?
06 | —— Polarized EMC effect: RS ’ -
0 ” Iz | IIZITJI IP | In.lal ” 1
! Bentz, Cloet, Thomas

et al., arXiv:0711.0392

Figure 7: EMC ratios for 'B. The experimental data refer to 12C.

Remains to be tested by experiments

Measure the nuclear modification of Boer-Mulders
functions with Drell-Yan ?
(only unpolarized Drell-Yan is required)

41



Polarized Drell-Yan with polarized proton beam?

A Polarized DrellYan experiments have
never been done before

A Provide unique information on the qu
(antiquark) spin

(&

q(x)
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