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First Dimuon Experiment

P+U > u +u +X 29 GeV proton

| Lederman et al. PRL 25 (1970) 1523

Experiment originally
' designed to search for
. neutral weak boson (Z°)

Missed the J/¥ signal !

“Discovered” the Drell-Yan
process




The Drell-Yan Process

MASSIVE LEPTON-PAIR PRODUCTION IN HADRON-HADRON COLLISIONS AT HIGH ENERGIES*

Sidney D. Drell and Tung-Mow Yan
Stanford Linear Accelerator Center, Stanford University, Stanford, California 94305
(Received 25 May 1970)

A
(= prp=(RTuT)+ e, (1)
X —=7 H Our remarks apply equally to any colliding pair
ﬁ“-"”# X2 such as (pp), (pp), (mp), (¥p) and to final leptons
< | Lr), €@, (), and .
B

(4) The full range of processes of the type (1)
with incident p, p, 7, K, y, etc., affords the in-
teresting possibility of comparing their parton
and antiparton structures. (In particular no rela-
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List of Drell-Yan experiments with 7~ beam

EETE Y

WA11

WA39

NA3

NA10

E331/E444
E326
E615

40

150, 200, 280

140, 194, 286

225
225
80, 252

500 (semi-exclusive)
W (H,) 3839 (all beam, M > 2 GeV)
Pt (H,) 21600, 4970, 20000 (535, 121, 741)

W (D,)  ~84400, ~150000, ~45900 (3200, --, 7800)

C, Cu, W 500
W
W 4060, ~50000



List of Drell-Yan experiments with 7% beam

BT Y

WA39 W (H,)

NA3 200 Pt (H,) 1750 (40)

E331/E444 225 C,Cu, W



Drell-Yan experiments with K~ beam

TRy

WA39 W (H,)
NA3 150, 200 Pt 688, 90

Drell-Yan experiments with K+ beam

TRy

WA39 W (H,)

NA3 200 Pt 170

Drell-Yan experiments with p beam

TRy
WA39 W (H,)
NA3 150, 200 Pt 275, 32

ES37 125 W, Cu, Be 380



Ratios of (#— + A)/ (p + A) Drell-Yan cross sections
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From E331/E444

Rapid rise in R at large M
reflects the valence/sea ratio:
Uy (%)
uy (X,)




Ratios of (z~ +C)/ (= + C) Drell-Yan cross sections

I ' I ’ I

12 —
| .25822‘::?2 ') | [pefning
: V,(x) =0 () =d". () =d". (x) =07 (x)
”'BE S.(0=u_(x)=d_()=d_(x)=0_(x)
5 {\ Vi (%) =[u,(x)+d (x)]/2
0'% .2 06 | |8y =[u,(x)+d,(x)]/2
Considering only the u and d flavors:
From E331/E444
o (77 +C)
) oy (77 +C)

~ Vﬂ(Xl)VN (X2)+5SE(X1)VN (X2)+5V7z(x1)SN (X,) +10S,(X,) Sy (X,) _ A+B
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1/4<R<1 :




(7~ +W) versus (z* +W) Drell-Yan cross sections

|5L -

WA39, 40 GeV

5

o

+ JEL
+
*\ NMo(x=+W)>o(z" +W)

23<M <27 GeV| {

b/W NUCLEUS / GeV/c® Zunit X)

N

+
b
+$¥

L |\v

| (p) 40<M <5.0GeV

o

dM) (n

2
d crf(an

OL 1 | L
04 02 0O 02 04 06 08 |0 10

N /| X




(7~ +W) versus (p+W) Drell-Yan cross sections

10

x T W __uf;_[ X
(b) o B W uu X
125 GeV/c

Valence quark x-distribution
In pion IS broader than that
In proton

- [E537. 125 GeV
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Ratios of (K™ + D)/ (z~ + D) Drell-Yan cross sections

V,(x)=d (x) =0 (x)
S, ()=u_(x)=d_(x)
VE(X) =T (x); V(0 =St (x)
Sc(X) =U, () =d, (=5, (X

0.8

06

Ly ON /dx, |[K™

0.4+

et gt 1| V() =[ug () +dy ()]/2
0O 02 04 06 08 10 X, SN (X) = [Up(X) + d_p(X)]/Z
From NA3; 150 GeV, Pt target Ignoring the sea-sea terms:
R _ Tov (K™ + D)
ooy (77 + D)
_ VOOV (%) + AV, (%) Sy () +Vi (%18, (%;) + 95, (6 )V (%,) Vi (%)
4V7Z(X1)VN (Xz) + 5S7r(X1)VN (Xz) + 5V;z(X1)SN (Xz) V;z(xl)

R= (1-x)****%%" = softer u-valence than s-valence in kaon| ,,




Difference of (#~ + D)and (z" + D) Drell-Yan cross sections

Defining

V. (x) =’ (x) = dY. () = dY. () =0 ()
S, () =u_()=d_()=d_(x)=0_(x)
Vi (x) =[u,(x) +d (x)]/2

Sy (X) = [Up(x)+ch(x)]/2

Opy (77 + D) oc AV, (X, )V (X;) + 55, (% )V (%) + 5V, (%) Sy (X,) +10S  (x,)Sy (X;)
Gy (2" + D) 2V, (Vi (%) + 55, (Vi () + BV, (%)5,, () +105_ (x5, (%,)

Opy (7™ +D) =0y (7 + D) oc V(X )V, (X,)
Only the valence-quark term remain!

e Only very low statistics data for o, (z™ + D) are available!

e o, (7" + D) is more sensitive to pion's sea-quark content than o, (7~ + D)!

See Londergan et al., PL B361 (1995) 110
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Difference of (K™ + D)and (K™ + D) Drell-Yan cross sections

V() =T, (x) =d 7. (x); V(x)=s, (x)=5,.(x)
Sc(X)=u_(x)=d _(x)=s_(x)=d . (x)=T,_(x)=s,.(x)
Vy (x) =[uy (x)+d (x)]/2

Sy (x) = [T, (x)+d ()17 2; 5 (X)=5,(x)=5,(X)

o (K D) e AV, (% Vi, () + AV 068y, (%,) Vi ()5, (0,)
+5S, (X )V (X,) +10S, (X,)Sy (X,) +2S, (X)S, (X,)

Oy (K™ +D) e V2 (), (5,) + Vi (%)5,, (%)
+55, (X, Vy (%) +108, ()5, (%,) +25, (%5, (%)

Opy (K™ + D) —opy (K" + D) oc 4V, (X, )V, (X,)
Only the valence-quark term remain!

oy, (K™ + D) is more sensitive to kaon's sea-quark content than o, (K™ + D)
(especially data at low x, and large x, (negative x.) region!)

See Londergan al., PL B380 (1996) 393 14




Attemps to extract the pion valence quark distribution
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Attemps to extract the pion valence quark distribution

10 : T T I T T T T ] 160. i L L M 1
i Wt X ] 3
125 GeV/c ++ ve "“.‘
S E Fa(x) 107 3
: ' : E615, 252 GeV
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g ] . —NATD 194 GeV
- |E537, 125 GeV J( ]
1"D-:l' i r ¥ i ] ¥ ¥ ¥ J 1
0.00 0.50 1.00
X
0.442 1.248 0.6 1.26
F7(x) = Ax""(1-X) F7(x)=Ax"(1-X)

A global fit to all data Is needed
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Four pion PDF sets available at LHAPDF library

» OW-P (PRD 30, 943 (1984))
- LOQCD

— J/Psi data from NA3 and WA39: D-Y data
from E537 and NA3
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Four pion PDF sets available at LHAPDF library

« ABFKW-P (PL 233, 517 (1989))
~ NLO QCD

— Direct photon data from WA70 and NA24;
Sea-quark distribution from NA3
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0.7 |
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o |
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o L
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Four pion PDF sets available at LHAPDF library

 GRV-P (Z. Phys. C53, 651 (1992))
— LO and NLO QCD

— Only valence and valence-like gluon at initial
scale. Sea Is entirely from QCD evolution

! T [ T I 1 i T 1T T T T T 7 T

' i
0.8 |- <22=}F -

0.6

0.4

—— HO, p%= 0.3 GeV?

0.2
----  LO, p?=0.25GeV?

0.0

1 L
0.0 0.2 0.4 0.6 0.8 1.0
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Four pion PDF sets available at LHAPDF library

» SMRS-P (PR D45, 2349 (1992))

— NLO QCD
— NA10 and E615 D-Y data, |
WA70 direct photon data
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Contributions from partonic subprocesses n %

]-{ID TTTT TTTT TT

80

a0

Massive Lepton Pairs as a Prompt Photon Surrogate

Edmond L. Berger®, Lionel E. Gordon®®, and Michael Klasen®

S RSe s L A PR D58, 074012 (1998)

- oAl

________ ] |Dimuons at high p; are dominated
- = { |by quark-gluon process. They are
= 7 |senitive to pion's gluon distribution,

just like direct-photon production

1 2 3 4 s 6 1 8 9 10
21



(K™ +Pt)/(z~ + Pt) ratios for J/'¥ production

From NA3; 150 GeV, Pt target

Ratios for D-Y

Ratios for J/V

Lo

N /dx, | K™

700events K~
21220 v -

02r4.l £ Ms85

] 1 1 1
0 02 04 06 08

10 X,

Ratio

Similar behavior at large x. for D-Y and J/'¥ production?
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J/Y production in the Color Evaporation Model

e Use GRYV for pion and kaon PDF and
CTEQSL for proton PDF

« Use same normalization factor for pion and
kaon beams

» Take into account the proton and neutron
numbers In the platinum target

e Compare the calculation with NA3 data

23




J/Y production in the Color Evaporation Model

7 +Pt—>J /Y +X

K +Pt—>J /¥ +x

Pi— + Pt = J/¥ + X at 150 GeV
GRV/CTEQ5L K = 0.389

(@]
T

do/dXe (ub)

0
Xs

N R B B B
0.2 04 0.6 0.8

OH

do/dXe (ub)

K—+4+ Pt = J/¥ + X at 150 GeV
GRV/CTEQ5L K = 0.389

LA e e L e
-0.8 -0.6 -0.4-0.2 0 02 04 06 0.8
Xe

g — @ annihilation is imr

portant at large x.
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Comparison between data and calculations

(K™ +Pt)/ (7 + Pt) ratios for J/¥ production

same pdf for K~ and 7~

modified pdf for K~

Ratio

Ratio

TReees,y,*, X, *
0‘8\‘\'\L'\‘\
+

o

| K—/Pi— Ratio at 150 GeV For J/Psi |

:

04 05 06 0.7 08 09
Xe

Modified kaon PDF
has the ubar valence
quark distribution
multiplied by (1-x)%-18
and the strange quark
distribution divided
by (1-x)018

The K / zratios of J/'¥ production at large x. might indicate
a softer U In K™ than s, similar to the D-Y data?
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Drell-Yan decay angular distributions
h+h >y +x—=>1"+1"+x (Q+T—>7)
[ © and ® are the decay polar

i B ﬁy and azimuthal angles of the
N E u* in the dilepton rest-frame
S_— Collins-Soper frame

A general expression for Drell-Yan decay angular distributions:

(1 j(daj :[i}{HZCOSZ 0+ usin 20003¢+%sin2 900324

o )\L.dQ A7

"Naive" Drell-Yan (transversely polarized y,
no transverse momentum) > A =1 u=0,v=0

Ingeneral: A1 u+#0,v+0

26



Decay angular distributions in pion-induced Drell-Yan

140 GeV/c

194 GeV/c

286 GeV/c
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inties only. The horizontal bars give the size of each interval, The dashed curves are the predictions of perturbative

to the statistical uncerta
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24 28
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4 2Aa
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(b)

2. 24 2.8
P, [GeV/cl
(c)

respond

NA1O = +W

Z. Phys.
37 (1988) 545

Dashed curves
are from pQCD
calculations

v #0 and v Increases with p-
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Decay angular distributions in pion-induced Drell-Yan
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Decay angular distributions in pion-induced Drell-Yan
Is the Lam-Tung relation violated?

140 GeV/c 194 GeV/c 286 GeV/c
O3 BERRE 0.3 e : 0.3 e :
021 | i 0.2} * 1 o02f |
O1F | IO 0.1F 1 o0af l | :

0 i ] i ]
Y g . O: I ] Oi ]
ooy 1 Q-oaf + 1 &-o01f | T :
< —0.2f 1 L oaf 1L 0af ]
L-o3p e 1 1 -o03f 1 —o3f -
—0.4¢ - —0.4 1 -osf .
—0.5¢ i ~0.5f {  -05} -
—0.6f ; ~0.6] 1 -o0.6f |
-0.7 e e T T I ]
0 05 1T 15 2 25 3 05085 T 95 2 25 3 %005 75 2 45 3

Pr (Gev/e) pr (GeV /) pr (GeV /)

Data from NA1O (Z. Phys. 37 (1988) 545)
Violation of the Lam-Tung relation suggests interesting new origins
(Brandenburg, Nachtmann, Mirkes, Brodsky, Khoze, Miiller, Eskolar,
Hoyer,Vantinnen, VVogt, etc.)
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Boer-Mulders functionh,* @ - @

e h represents a correlation between quark's k. and
transverse spin in an unpolarized hadron (analogous to Collins function)

e h’ isatime-reversal odd, chiral-odd TMD parton distribution

L Ih L
e h’ can lead to an azimuthal dependence with v o« [ n, )[h;_ j
| | | | | 1 1

0.4

v 0.35 /

0.3 | 7 hlJ_(X, k_?) :a—TC
T

M.M,,
"kZ+M

2 2
v =16k, ZQTMCZ >
(Qf +4M()

e f,(x)

0.25

0 05 1 15 3 25
Q1 [GeV]

Boer, PRD 60 (1999) 014012 x;=0.47, Mc=2.3 GeV

v>0 Implies valence BM functions for pion and
nucleon have same signs 30



Can one test the predicted sign-change from DIS
to D-Y for pion’s B-M function?
1) From NA10 pion Drell-Yan data, one deduces that the product
of the pion valence quark B-M function and the proton valence
quark B-M function is positive. Using u-guark dominance, we have:

"' (p) * h;,”" (7) >0
Therefore, either a) h,;”" (p) >0; h;;”" (7) >0 (sign —change)
or b)h.”" (p)<0;h;”" (x) <0 (nosign-change)
2) In polarized = — p D-Y, the sin(¢+ ¢, ) modulation Is sensitive

to the sign of h;.”" () (being measured at COMPASS)
3) Need to measure the sign of pion's B-M function in DIS

HOW?
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From TDIS to TSIDIS at EIC
TSIDIS (Tagged Semi-Inclusive DIS)

TSIDIS

e +po>e +N+7 +X
underlying process:
e +7" >e +7+X
1) An independent check of pion's PDF
2) Could allow valence-sea flavor separation
Detected 7~ is most likely from tu (ord) seain z°*

Detected 7+ is most likely from valence u(ord) in z*
3) Pion B-M function is extracted from cos2¢ modultion
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Exclusive dilepton production in 7N 1nteraction
Tpo>yn—ouun

E. Berger, M. Diehl, B. Pire, Phys. Lett. B523 (2001) 265

‘ Probe pion distribution amplitude (¢_) and nucleon GPD (H,E)

T (q) Y4(q’)
. A ' 2
Bjorken variable 7 = 5+
f -X
/n Skewness _ (p—'p")"' _ T
R~ T )T T 2T
N(p) N(p’)
(b)
do o« ON N2 2
A7 dri(cosaydp — 35613 0 mfG Yoy [MEAEsIne 0
MONA(mp — y'n) = —ie 3 L L a(p, 3) [yhas A0, 0) + 1 G2 E0(n. 1) | u(p, )
,}'_Z(,’“( 1) = Bag fl d> on(z) fl I 4 o Cu [EN( t) — ﬁ.n(_1 n,1)]
n, 3> Jo1dz g ndn —c—ic | —ito—ic xT, 1, xr,n,t
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DEMP versus exclusive dilepton production

v +N >7+N

Deep Exclusive Meson Production

space-like photon

7+N >y +N

Exclusive Dilepton Production

cf‘::»O e

time-like photon
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Longitudinally polarized dilepton 1s expected

T poyn—u un

I*I"cm.

do — oem 12 JON A
dQ2 dt d(cosf)dp ~ 25672 Q° Eva M l

Crucial Test of the validity of the twist expansion

Transversely polarized dilepton for inclusive Drell-Yan
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Evidence for longitudinally polarized dilepton
In meson-induced Drell-Yan at large x7?

| 1 | | |
04 05 06 07 08B 09 1
Xar

As x_ — 1, inclusive Drell-Yan becomes exclusive dilepton!

do (1+ Acos’ 0)
dQ)

A =1:transversely polarized

A =—1: longitudinally polarized
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PHYSICAL REVIEW D 93, 114034 (2016)

Accessing proton generalized parton distributions and pion distribution
amplitudes with the exclusive pion-induced Drell-Yan process at J-PARC
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Summary and future Prospect
e Pion valence-quark distribution

* Need more dataon z~+ D and 7z~ + p (1o
minimize nuclear effects)

* Need more data on 7~ + D (to isolate valence

quark distribution from o(z~ + D) —o(z" + D))
e Pion sea-quark distribution

* Need more data on 7" + D at negative X.
e Pion gluon distribution

+ Need low-mass high - p, Drell-Yan dataon 7" + D
(where ¢ -G process dominates)
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Summary and future Prospect
e Kaon parton distributions

+ Need D-Y dataon K™+ D and K™ + D (see talk by
Stephane Platchkov)

* Need J/¥Y dataon K™+ D and K™ + D (to probe both
the valence-quark and gluon distribution of kaon)
e Pion's Boer-Mulders function
* Feasibility to measure TSIDIS at EIC?
* Test sign-change prediction for pion B-M function?

e Exclusive Drell-Yan with #z= and K~ beams
* Probe pion and kaon distribution amplitudes
* FIrst measurement seems feasible at J-PARC 39
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