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Early Muon Pair Data—soon to be called Drell-Yan

L0G,, do/dm,, [""%ev /C,]

VOLUME 25, NUMBER 21 PHYSICAL REVIEW LETTERS 23 NOVEMBER 1970

Observation of Massive Muon Pairs in Hadron Collisions*

i
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¥ Columbia University, New York, New York 10027, and Bvookhaven National Laboratory, Upton, New York 11973
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. Muon Pairs in the mass range 1 <m,, <6.7 GeV/c?
‘ . . . .
-35} : have been observed in collisions of high-energy
t protons with uranium nuclei. At an incident energy
. f of 29 GeV, the cross section varies smoothly as do/
i dm,, = 107?/m, > cm* (GeV/c)? and exhibits no
{ resonant structure. The total cross section increases
—37 } i by a factor of 5 as the proton energy rises from 22 to
29.5 GeV.
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Early Muon Pair Data—soon to be called Drell-Yan
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5
Drell and Yan’s explanation

VorLume 25, NUMBER 5 PHYSICAL REVIEW LETTERS 3 Aucust 1970

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)

Om the basis of a parton model studied earlier we consider the production process of
large-mass lepton pairs from hadron-hadron inelastic collisions in the limiting region,
s—=, @°/s finite, §° and s being the squared invariant masses of the lepton pair and the
two initial hadrons, respectively. General scaling properties and connections with deep
inelastic electron scattering are discussed. In particular, a rapidly decreasing eross
section as Q%/s —1 is predicted as a consequence of the observed rapid falloff of the in-
elastic scattering structure function vW, near threshold.

Also predicted
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Drell-Yan Cross Section

Next-to-Leading Order

= These diagrams are responsible for up to 50%
of the measured cross section

= Parton distributions are Universal!

" |ntrinsic transverse momentum of quarks
(although a small effect, A > 0.8)

= Soft gluon resummation at all orders

Angular Distributions

d

2 x 1 + A\ cos? 6 + jusin 26 cos ¢
df

—|—g sin? # cos 2¢

Higher Twist??
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Drell-Yan Cross Section

= Measured cross section is a convolution ]
of beam and target parton distributions 10

®=  Proton Beam

T 1 |||l|l'|

— Target antiquarks and beam 10 2
d?o Ao -
drodr,  ToTes Z 63 9 (ze)ab (zb) 3
bEt bt qge{u,d,s,... } 10 0
= y-quark dominance +n, (21,)q¢ (24)]

(2/3)% vs. (1/3)2
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Drell-Yan Cross Section

Measured cross section is a convolution ]
of beam and target parton distributions 10

Proton Beam

— Target antiquarks and beam 10
d*o A or® B
dxydx B AN Z 63 [Qt (2+)gp (xb)
b b efud,s,... } 10

u-quark dominance
(2/3)% vs. (1/3)2

-3

T 1 |||l|l'|

Acceptance limited
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Drell-Yan Cross Section

Measured cross section is a convolution ]
of beam and target parton distributions 10

Proton Beam

— Target antiquarks and beam 10
d?o A o? B
drydx - ThI+S Z €q [Qt ('(I’lt>q1b (xb)
b b e tusd,s,... ) 10

u-quark dominance
(2/3)% vs. (1/3)2
T beam

- Valence beam anti-u quark and u
target quark

d?o A [4 (. )ux (2x)
= —Ur (Tr)un (T
drrdrN| - n  TzTNS |9 NASN
1 _
—|— §dﬂ- (azw)dN (xN)
4 -
+ §u7r (ww)uN (wN)
1 _
—|‘§d7r (ZIJW)CZN (wN)
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Drell-Yan Cross Section

= Measured cross section is a convolution
of beam and target parton distributions

= Proton Beam
— Target antiquarks and beam

d?o

drpdx

47TC¥2 Z
TprItS

ge{u,d,s,... }

= u-quark dominance
(2/3)% vs. (1/3)2

= U beam
- Valence beam anti-u quark and u
target quark
Ara? [4

- LTrNS §U7r (xW)UN <xN)

d?o

diL}rdCEN N

Valence x Valence

Valence-sea xV4

Sea-Sea

Paul E. Reimer QCD-N12 Drell-Yan
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Acceptance limited
Beam Target Experiment
Hadron Beam valence quarks | Fermilab E-906,
. RHIC (forward acpt.)
target antiquarks J-PARC
Anti-Hadron | Beam val. antiquarks | G3-FAR
Fermilab Collider
Target valence
quarks
Meson Beam val. antiquarks | COMPASS

Target valence
quarks
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Drell-Yan Cross Section

Measured cross section is a convolution
of beam and target parton distributions
®=  Proton Beam

— Target antiquarks and beam

d’o A o?

21—
— e g (x T
drpdry THTtS Z q [It ( t)Qb ( b

ge{u,d,s,... }

0
\
= y-quark dominance ]

(2/3)% vs. (1/3)2

In leading order w/above assumptions

oPd 1 d(x)

200 2 |7 a(x)

Suggested by Martin, Stirling and Roberts
Phys.Lett. B308 (1993) 377

Paul E. Reimer QCD-N12 Drell-Yan
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Next-to-leading order
terms have minimal effect
on the ratio
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Light Antiquark Flavor Asymmetry: Brief History

225

= Naive Assumption: [ o

— . 2 F No Data,d=u
d(x) = u(x) :
1.75 F
= Why shouldn’t it be s s
— the sea is generated by gluon '
splitting. 125 F
B -
— Gluons couple to color, not o -
flavor! Lt
""""""""" 0.75 F
05 F
025 |

O : L1 1 1 l L1 1 1 I L1 1 1 l L1 1 1 I L1 1 1 l L1 1 1

-

0.1 0.2 0.3 0.4 0.5 0.6

X
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Light Antiquark Flavor Asymmetry: Brief History

Paul E. Reimer QCD-N12 Drell-Yan

25 October 2012

225 [
= Naive Assumption: A NA5I1
d(z) = u(x) 2 F —A— — MRSI2
= CERN NMC (Gottfried Sum Rule) 1.75 | CTEQdm
1 —_
/ d(x) — a(z)] de £ 0 L5
0
1.25
[~ csR ‘2
03 NMC  Q° =4 GeV? o1 <o
x % 0.75 NA 51 Drell-Yan
3 Yo O confirms
% ° o . ' &L 0.5 d-bar(x) > u-bar(x)
o o L
;;: 0.1f ¢O¢° 0.05 0.25
+ ¢ OO O B 1 L1 1 I L1 L 1 I L1 1 L l L L1 1 I L1 1 L l L1 1 1
Loy . 02 03 04 0.6
1077 | H‘w‘(‘)’z = 1(;1 X
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Light Antiquark Flavor Asymmetry: Brief History

= Naive Assumption: 2.25
7, — @ E906
d(z) = u(x) 5 1 / 34°10" pOT

= NMC (Gottfried Sum Rule) - B ES66
1 C
7 _ L75 A NA51
dlx) —u(x)| dx #0 L
/O [ ( ) ( )] # s — MRS12
15
= NAS51 (Drell-Yan) i CTEQ4m
- 125 F CTEQO
d>uat x=0.18 8 n
o ’ /
n i} I !
E866/NuSea (Drell-Yan) -
d(z)/u(z) for 0.015 < x < 0.35 075 F
" Knowledge of sea dist. are data driven | 5 d
— Sea quark distributions are difficult for Lattice QCD E
. (0.25 - 866 Systematic Error S
= Non perturbative QCD models can explain S ———
excess d-bar quarks, but not return to 0 Illm\!i{:
symmetry or deficit of d-bar quarks 0 0.1 0.2 0.3 0.4 0.5 0.6
X
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Light Antiquark Flavor Asymmetry: Brief History

= Non perturbative QCD models can explainz'25 -
excess d-bar Clua.rk.s, but not return to 5 _ L ® ]3521016018 POT
Symmetry__?_r_.q._e__ﬁflt of d-bar quarks B E866
_ L75 ¢ A NAS5I
A x — MRSr2
\ E CTEQ4m
@ + 125 F CTEQ6
0rs | \/
***** 05 [
025 | E866 Systematic Error S
O:Tmlzﬂlxll|||||||||||T,\s!iis|i||4=:
0 0.1 0.2 0.3 0.4 0.5 0.6
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N
Structure of nucleonic matter:

How do sea quark distributions dlffer in e nucleus"

Comparison with L3 | I ' |
Deep Inelastic Scattering (DIS) ey E'/”H 1 ('a/NH —
=  EMC: Parton distributions of bound b | |
and free nucleons are different. | % | |
= Antishadowing not seen in Drell-Yan— L0 5 ; ARER: ¢ !
Valence only effect i i % % !
. 2 09| + -
© NMC DIS T os L i
1.05 - Eﬁ E139 DIS - - Alde et al (Fermilab E772) Phys. Rev. Lett. 64 2479 (1990) | -
5 A B665RCDIS | % T
I Fe/*H - | ¢ — E772 W/*H |
| — Jl o Ve — - _
15 =5 9 = 1= 7 11 — EMCSn/*H (DIS) T
= | T — =Tl { l
0.95 I -
s % m L0 . [ b g % |
o Q [ 5 L8] RN
0.9 [ 0.9 - 1@ i
B ﬁ ' | ——- Pion Excoess 1 % |
IREEEEEEE Quark Cluster | |
0.85Z 0.8 | —— Rescaling 1 %
7) O.*‘F | | | | | | | |
0.8 0.0 0.1 0.2 0.1 0.2 0.3
| L1 l L1 l | I l L1 11 l L1 11 l L1 11 l L1 11 ‘ L1 .
0 01 02 03 04 05 06 07 X

X
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Structure of nucleonic %

matter: Where are the 1.2
nuclear pions? |15

= The binding of nucleons in a nucleus
is expected to be governed by the
exchange of virtual “Nuclear”

- _1.05
mesons (pions). 2
= No antiquark enhancement seen in o 1
Drell-Yan (Fermilab E772) data.
0.95
0.9
0.85
0.8

Paul E. Reimer QCD-N12 Drell-Yan
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1.25

Structure of nucleonic

- B E772 Drell-Yan .7':"' Coester
matter: Where are the 1.2 I~ @ E906 Drell-Yan /=== Jung and Miller
. - Proposed) L

2 (Prop Y Brown et al.
nuclear pions!? 115 - /o Closeetal
= The binding of nucleons in a nucleus I A Miller.
is expected to be governed by the o — Dieperink and

exchange of virtual “Nuclear” L T 1pa (rang

mesons.

= No antiquark enhancement seen in
Drell-Yan (Fermilab E772) data.

= Contemporary models predict large
effects to antiquark distributions as
X increases.

L L L L l 1 1 1 1 I L II 1 I L L L L I 1 1 1 1
=  Models must explain both DIS-EMC 0.8 0 0.1 0.2 0.3 0.4 0.5

effect and Drell-Yan X

Paul E. Reimer QCD-N12 Drell-Yan

21
S 25 October 2012



Pionic Parton Distributions:
interested in the pion?

1.

Explains quark asymmetry in nucleon sea.

2. Key role in nuclear binding and structure

3.

. Simple quark-antiquark system (valence).

Should have an easy theoretical interpretation.

What about mass—constituent quark mass
=300 MeV each?

QCD’s Goldstone Boson

How do we treat 3 and 4 in a unified way?
Models predict different behavior as x->1

At some base Q,
pPQCD: xq(x)/ (1-x)P B =2
NJL: xq(x)/ (1-x)P B =1
DSE: xq(x)/ (1-x)P p ~ 1.9

Evolution to experimental Q increases f.

Paul E. Reimer QCD-N12 Drell-Yan
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Pionic Parton Distributions: Why are should you be
interested in the pion?

1.

Explains quark asymmetry in nucleon sea.

2. Key role in nuclear binding and structure

3.

. Simple quark-antiquark system (valence).

Should have an easy theoretical interpretation.

What about mass—constituent quark mass
=300 MeV each?

QCD’s Goldstone Boson

How do we treat 3 and 4 in a unified way?
Models predict different behavior as x->1

At some base Q,
pPQCD: xq(x)/ (1-x)P B =2
NJL: xq(x)/ (1-x)P B =1
DSE: xq(x)/ (1-x)P p ~ 1.9

Evolution to experimental Q increases f.

Paul E. Reimer QCD-N12 Drell-Yan
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“Pion targets are not abundant” Hecht
DIS on virtual pions:
ep—~>eNx HERA data [zeus, NPB637 3 (2002)]

P055|ble JLab and EIC.

Q’ 7.0 GeV? |

e ZEUS 95-97
.......... F; SMRS
— F}GRV

25 October 2012
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CERN NA3 (7*) NA10 ()

Pion Drell-Yan Data
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Soft Gluon Resummation 045 | 22 0335
= 04 resummed
o 1 | A1  NIO -iieeeenn
04 + § 035 L pFrs
0.35 Hecht et al. e g 03+
03| e = 025}
5 02 &
0.25 - q '
i ’§ 0.15 |
0.2 : -8 o1 L
0.15 0.05 |
0.1 ob——rr—— =
0.05 | 0.9 | 12 = 0.289
‘ 0.8 L P resummed ——
0 ; . ” - > ‘ o7l : N1  NLO -
§ 06 I
7 A 3 ] L
vy (z) = Afa® (1—2)” (14 va°) 02
B=2.03 £0.06 03
0.2 t
QCD and Dyson-Schwinger survive! 01k |
pQCD: xq(x)/ (1-x)F f = 2 ol v v
DSE: xq(x)/ (1-x)f B ~ 1.9 0 0.1 02 03 04 05 06 0.7 0.8 0.9

X

paul E. Reimer QCD-N12 Drell-Yan Caveat: Better data would really help establish this.
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Longitudinal Structure: Other topics

= Partonic energy loss

— quarks traveling through cold, strongly interacting matgr, E
— Are antiquarks the same? £12 O MRST2001 A¢u+d)/(dutd)
e 11 F @ E906 p-p — WX (Proposed)
= Large-x proton parton distributions S
= =
§0.9 —Fermllab E866/NuSea
Sog E*pPP—oHM X {
= :' ggo/_)N%rLan Uncertalnty
. . o 0.7 ¢
Longitudinal Structure: What S i I |

data would | like to see? (My personal v1ew)

=  Proton deuterium Drell-Yan ratios —dbar/ubar
— Fermilab E-906/SeaQuest

= Deuterium/A ratios—EMC and nuclear binding
— Fermilab E-906/SeaQuest

= Unpolarized nt-p Drell-Yan—nature of Goldstone Boson
— CERN Compass
— K-p Drell-Yan (another test of low energy QCD)

= Double Polarized Drell-Yan—Aq(x) nice complement for SIDIS and W+
— CERN Compass, J-PARC, RHIC

Paul E. Reimer QCD-N12 Drell-Yan
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Transverse Momentum Distributions:

Introduction

@ - ©

\

k; - dependent, T-even

=@
S . K S.'s, < g,
urvive k _ o . c_,
integration SiL
Sivers'
Function\ 6 o
1
f = —_
k; - dependent, i ?
NaiveT-odd N
hy = o B 0 .
s (pxk,)<h
Boer-Mulders
. 1
Function

K (spxS,) < hllL

/
@ -

o
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Transverse Momentum Distributions: Introduction

Survive k
integration

fl =o

SL S, 2 81

glfo_' B 0*
o &

Sivers'
Function\
k; - dependent,
NaiveT-odd

Boer-Mulders
Function

Sy '(f)ka) g f]?
1
flT

@ - ©

\

k; - dependent, T-even

W@ - @

kT '(ST XSL) g hILL

/
@ -

o

Paul E. Reimer QCD-N12 Drell-Yan
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Generalized Angular Distributions & Lam Tung relation

Chi-Sing Lam and Wu-Ki Tung—basic formula for lepton pair production angular
distributions PRD 18 2447 (1978)

do _1 1 (a
M s

dtqdQ; 2 (27)*

2
) [WT (1 + cos? (9) + Wy (1 — cos? 6’)

+ W asin 260 cos ¢ + W aasin? 6 cos 2gb]

Structure function formalism p o Ky
B Derived in analogy to DIS - N )

= 2
B Independent of Drell-Yan and parton “models” Pl W N

B Showed same relations follow as a general
consequence of the quark-parton model

Lam-Tung relation

B Derived in analogy to Colin-Gross relation of DIS ‘ 1 / — 2 ‘ /‘ /
T — AA

Paul E. Reimer QCD-N12 Drell-Yan

S 25 October 2012
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Generalized Angular Distributions & Lam Tung relation

Chi-Sing Lam and Wu-Ki Tung—basic formula for lepton pair production angular

distributions PRD 18 2447 (1978)

do
d)

Structure function formalism
B Derived in analogy to DIS
B Independent of Drell-Yan and parton “models”

B Showed same relations follow as a general
consequence of the quark-parton model

Lam-Tung relation
B Derived in analogy to Colin-Gross relation of DIS

Paul E. Reimer QCD-N12 Drell-Yan

1%

— 14 Acos®d + psin 26 cos ¢ + §Sin2(9(:os2qb

] F
\\/ 1 q
I
\
//\ c:"‘hhi kz
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NA10 Lam-Tung Relation vs. p;

0.6
0.4
fj 0.2
I 0
N
0.2
0.4

140 GeV 194 GeV 286 GeV

:_ % Large statistical :_ % :— ‘+_ 1

- -A— uncertainty - C T

- A 3 —+—+ ] _)[\_

- I B + ;+_+_

- ] ] ] | ] ] ] - ] ] ] | ] ] - ] ] ] | 1 1 1

0 2 0 2 0 2 4
pr (GeV) pr (GeV) py (GeV)

Violation of Lam-Tung relation as p; increases in higher momentum data.

Statistics poor in 140 GeV data.

Note: Correlation between A and v uncertainties not considered.

Since most data 1s at low p, on average the Lam-Tung relationship holds

For all three energies A ~1 and v > 0

Paul E. Reimer QCD-N12 Drell-Yan
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Pionic Data Fermilab E615

= Significant non-zero v coefficient

= Shows other kinematic dependencies
2

2v-(1-1)

0-; : —*—_+_—+—+

i

o T

|
0 0.5 1 1.5 2 2.5
pr (GeV)

= (lear violation of Lam-Tung Relation
VS. Pr-
» Violation larger than NA10

Paul E. Reimer QCD-N12 Drell-Yan
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A A r
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-150 ' — ———r
0.00 1 3.00
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075 F——u—o Lo .
ﬁ /f—LT
O.m e e — —— — — — — — — — — —— — -
{ 4.05<my,8.55 GeVc? !
0.20<x,<1.00 .
_Oo75 v ¥ v SR L) . 2 Ll L
0.00 % 300
Pr (GeV/C]
1.00 P N —
$ -
oot _______ g

4.05<m,,£8.55 GeVc?
0.20<x,<1.00

n (O\1/n)

N
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Why is Lam-Tung relation important? What does it
have to do with Transverse Momentum?

B [Lam-Tug Relation is theoretically robust?
—> Unaftected by O(o,) (NLO) corrections
- NNLO [O(a,?)] corrections also small Mirkes and Ohnemus, PRD 51 4891 (1995)

— Soft Gluon Resummation—Berger, Qiu and Rodrigues-Pedraza showed that the Lam-Tung
relation is preserved under resummation. arXiv:0707.3150, and PRD 76 074006 (2007)

B Kk, dependent transverse momentum distribution (Boer Mulders hlJ‘)
B Factorization breaking QCD Vacuum

B Alternatives:
— Nuclear effects

— Higher-Twist effects from quark-antiquark binding in pion

—> Neither seen in data

Paul E. Reimer QCD-N12 Drell-Yan
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Boer-Mulders Structure Function

B Relates transverse spin and transverse momentum (k) in an unpolarized nucleon.

0.4

B Presence in both quark and antiquark in o
annihilation could form correlation contributing " %7 194 GeV NA10 /7 o

to cos(2¢) distribution | T E
0.25 a

J_ J_ 02t ;

v o< hy, (z1)hig (T2) =

\®)

B Reasonable fits to pionic data 005 A S

05

oAl 140 GeV I 104 GeV I 286 QeV

-

| TlGeV]

03

021
-~

0.1

00

-0.1 L 1 " L L N 1 N 1 " N 1 " 1
0 1 2 3 0 1 2 3 0 1 2

3
(@) Q. GeV (b) Q, GeV () Q. GeV
Paul E. Reimer QCD-N12 Drell-Yan Lu, Ma, PLB 615, 200 (2005)
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Lam-Tung Relation—Alternative View: QCD effects

= Factorization breaking Brandenburg, Nachtmann and Mirkes, ZPC 60, 679 (1993).
— QCD Vacuum may correlate the spins and momenta of incoming partons

— Effect could be instanton-induced Boer, Brandenburg, Nachtmann, Utermann, EPJC
40 55 (2005), Brandenburg, Ringwald, Utermann NP&35754, 107 (2006).
. I |

4

) ) J 4 F NA10 194 GeV data -
1 ZK: — 2}":[_} y }T - 0.4
Py + my 0.3
A1l =0 v 02
— Fit NA10: o
k=0.17 0

mT = 1_5 0.1 [ i | | |

0 0.5 1 1.5 2 2.5 3
c |kp| in GeV

Should be flavor blind and seen in both sea and
valence distributions

Paul E. Reimer QCD-N12 Drell-Yan
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Protonic Drell-Yan

E-866/NuSea: Angular distrib.

do

df

2v-(1-A)

2.5

1.5

0.5

-0.5

x 1+ Acos® @ + jusin 26 cos ¢

—I—g sin® 0 cos 2¢

A consistent with 1
L consistent with O

v consistent with O (or slightly
positive) \

- B Fermilab E-866/NuSea pp

— ® Fermilab E-866/NuSea pD

o5 > a5 3 35 4
pT(GeV)

Paul E. Reimer QCD-N12 Drell-Yan

__ \0.2

®LE-866/NuSea pD
lE-8|66/N|uSea pp
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Lam-Tung Relation

M v Drell-Yan
— Violates L-T relation
— Large v (cos2¢) dependence
— Strong with p

Paul E. Reimer QCD-N12 Drell-Yan

175 'm Fermilab E615
"A CERN NAI10

pr (GeV)

25 October 2012
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Lam-Tung Relation

B s Drell-Yan
— Violates L-T relation

— Large v (cos2¢) dependence

— Strong with p

M Proton Drell-Yan
— Consistent with L-T relation
— No v (cos2¢) dependence
— No p; dependence

Paul E. Reimer QCD-N12 Drell-Yan

[ @ Fermilab E615
A CERN NA10O
| ® Fermilab

pr (GeV)

25 October 2012
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Lam-Tung Relation 175
1.5
B 5 Drell-Yan 1.25

— Violates L-T relation ‘E 1
— Large v (cos2¢) dependence 1075
— Strong with p - 0.5
Proton Drell-Yan 025
— Consistent with L-T relation 0 22
— No v (cos2¢) dependence
— No p; dependence
With Boer-Mulders function h, 0.8
- vit-W = prpX
N N 0.6
valence h,”(rt) * valence h;”(p)
—vpd > puX _ 0.4

valence h,”"(p) * sea h,”(p) 0.2

Consistent story but need better statistics
— 1-p = W' X—CERN Compass
— pd = p*uwX—Fermilab E906/SeaQuest -0.2

—Remember QCD effects are important too!!

Y

Paul E. Reimer QCD-N12 Drell-Yan

[ @ Fermilab E615
A CERN NA10O
| ® Fermilab

0 .
pr (GeV)
- @ Fermilab E866/NuSe
- ACERN NAIO (pj i
— B Fermilab E¢
- P IR U EPU R SR R
0 05 1 1.5 2 25 3 35

pr (GeV)
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- DiEll-Yan feactions
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Single Spin Leading Order Drell-Yan Cross Section

do

LO Ck2

dtqdQ)  Fq2 Y
—|—SLDL

Ay
A
Ar

A

cos 2¢
sin gbs
sin (2¢+¢s)

sin (2¢—¢s)
T

510 [1 + DLY, . 29 cos 2¢

Sln

Asm °? gin 20

SlIl

+ | S| AS 9% sin g

—+ §T DL A%n(2¢+¢g) sin (2gb —+ gbs)

SlIl

+|Sr| Dy p AT sin (26 — ¢s)

Sln

Boer-Mulders of beam hadron

Sivers' for target nucleon

y1e1 TT0z Ausiansues |

9plIS
‘e|nwJoA

s,A0SIUQ 83]0 JUa3U0d

ueluIZ10y Wedy Wodj

Boer-Mulders of beam hadron and h;+ and pretzelosity of target nucleon

Boer-Mulders of beam hadron and h, and transversity of target nucleon

Paul E. Reimer QCD-N12 Drell-Yan
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Transverse Momentum
Distributions:
The Sivers’ function

1. What is the Sivers’ function?

L ST'(f)ka)e]{i;

k; - dependent,
Naive T-odd

2. When will we have Drell-Yan data?

Paul E. Reimer QCD-N12 Drell-Yan




Transverse Momentum
Distributions:
The Sivers’ functic
1. What is the Sivers’ function?

S, (pxky) < f-

k; - dependent,
Naive T-odd

flJ_ (kaT

Paul E. Reimer QCD-N12 Drell-Yan




HERMES
SIDIS Sivers’ measurementss o1 - 1
COMPASS Loosh, #+ #4L 4t [ et b
., g et -t
o0 . + R S S o S
oy S BN — - —
LA AN— L — SR — % F " + + 4 |+++ +
P — ot Tl o te p 4l
A 004 W { r 3 i T i C
002+ L L 0.1 /——= PR PR PE—— ! P P
o—-—}—-}-;—-;-é—+--+--{ ....... _*{'++ _______ * ________ _i§++{+++ 0.05 —n — — +
002 : ; } + NI, ; 3+4.+ |+ Rt
1(;7 ' 161 — ' 53 ' Y E— 0:_ ______ 4 _“+-"“|":__J“"+_T_ _*_:_I__ LI SRR
X z p’}(GeV/c) i | T i i
-0.05 | g
= Global fit to sin(db, —d<) asymmetry in SIDIS from 107 04 06 P:'5[Gev1]

HERMES, and COMPASS

= Comparable measurements needed for single spin asymmetries in Drell-Yan process

= Caution:
— Must cover same kinematics with Drell-Yan and SIDIS (or have robust QCD evolution)
- Right now, nothing excludes a node

Paul E. Reimer QCD-N12 Drell-Yan
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N
Future Polarized Drell-Yan Measurements

mm

COMPASS 160 GeV

(CERN) T 4P -17.4Gev %=0.2-03 2x10% cm™s? 2014
PAX N collider _ .

- P+ Pu o 18 GaV =0.1-0.9 2x10% cm?s >2017
rgg;)A Poar + P’ :(z S ;vs GeV x,=0.2-0.4 2x102cm?2s? >2016
e P tp e TmGay (=01-08  1x10%mist 200
::..ﬁ':;x p' +p :,Z'Eds;'o eV x, = 0.05 — 0.1 2x10%cm?st  >2018
SeaQuest (unpol.) 120 GeV =0.35-0.85 . 54

(FNAL) \s = 15 GeV xt 0.1—0.45 3.4x10>* cm?s’ 2012

Actual luminosity at Fermilab limited to 2 103° cms! by proton needs of other experiments

Paul E. Reimer QCD-N12 Drell-Yan
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A Sn(@y-#s) prediction Anselmino et al

0.3

02 F

01 F

ASIn(0y705)

ASIn(0y45)

01 F

02 F

-0.3

0.15

01 F

0.05 F

0F

4<M<9 GeV
E,=160 GeV

-0.5 0

\s=200 GeV
4<M<9 GeV 0O<y<3

o

0.4
XF

0.2 0.6

Paul E. Reimer QCD-N12 Drell-Yan

0.8

SSVdINOD

A sin(e.-9s)

JIHY

-0.05 F

0.1

005 F

-0.1

Ep=120 GeV
4 2<M<8.5 GeV

0 0.2 04 06

ge|iwa4

Anselmino, et al Phys. Rev. D79 (2009) 054010
and private communication (for Fermilab)
Uncertainties in predictions dominated by
uncertainties in SIDIS data
Also predictions for GSI PAX, GSI PANDA, J-
PARC, JINR NCIA, IHEP SPASCHARM

25 October 2012
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COMPASS@CERN

= See talk by S. Takekawa (next)
= Very well understood apparatus

— A, angular measurements already completed for SIDIS

— MC and test data match
= Polarized target
= Datain 2014

“Polarized target: or

Acceptance
(70mrad)

Dilution refrigerator Targets

Paul E. Reimer QCD-N12 Drell-Yan

10°

10?

10

—

COMPASS DY beam test 2009

J/
- 3170+70 events
=3 M=3.092+0.005 GeV
- 0,,=0.227+0.004 GeV
__ Expected: J/yp 3600+600 and DY110+£22
| Measured: J/y 3170+70, and DY 84+10
E_ L1 | 111 1 | I I | | 11 I%\I_Jm
0 1 2 3 4 5 6 7

M, GeV
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Comparing with theory predictions

...but: Q2 evolution not
properly accounted for

DY: 4 < M,, <9 GeV/c?

in the predictions... 0

0.15

fT® SiverspP

Anselmino et al, o
PRD79(2009)054010°

0.1

025

-

08 05 404 02 0 02 04 06 08
X=X X

=

02

BM™ % pretzel.? ™

Zhun Lu et al,

arXiv:1101 2 o

0.1

sin (26 + os)

: )
S
«

«©

08 45 44 02 0 02 04 06 08

Xe=XeX s

Transverse spin physics from the Drell-Yan process in COMPASS

©
NS©
N

B. Zhang et al,
PRD77(2008)054011

BM™ % transv.P

A.N. Sissakian et al,
Phys.Part.Nucl.41:

64-100,2010

08 06 04 02 0 02 04 06 08
X=X X 1

C. Quintans
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Polarized Drell-Yan@Fermilab Main Injector

= Polarized beam

Anselmino et.al

— Major advantage—the beamis a 0.05—
blow torch— Luminosity - Ay2=20 error band

— Major disadvantage—the beam
polarization is presently .

) < 0.06]

virtual—only a proposal

= Spectrometer:

— By 2014, spectrometer will be well B FNAL pol DY stat errors
. . 005+ 3.2x 10" POT
understood, including angular L ~1,288k DY events
acceptance 1 1 L l 1 1 L l 1 1 1 l | L 1 l

Recycler Ring (above MI) 0.8

Polarized Source\
A : Rotator Polarimeter .0

Polarime}gs\ fi*i\‘ (.‘) 1)

o) N A
—mwawsanw e -

7 W \ &2
O
\Beoater 400 MeV Linac

@

Fast [;rated “
Polarimet, @b@
@@Mﬁn Injector

Paul E. Reimer QCD-N12 Drell-Yan

Pulsed Quads ?
\Partial Snake

Y SeaQuest

Beamline CNI Polarimeter Fast Polarimeter
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Drell-Yan Data:
What data would | like to see? (My personal view)
Siver’s function relation to DIS tested

1
fir

DIS

1
:_flT

DY

— CERN COMPASS, GSI PAX, J-PARC, RHIC

Unpolarized Angular Distributions—Boer-Mulders Structure Function, QCD
— Fermilab E-906/SeaQuest, J-PARC, RHIC (pp, pA)
— CERN COMPASS (mtp)

Double polarized Drell-Yan—h,(x)

Dy

de™m — do™

CIT T ot 4 dot
— q Zi (.i? [JIFL,'(.’ﬂl)J'rFL,( ) -+ JIFL,(Fl)J:FL (]" }]
— 7T :
> € [f(fl)f( o) + fi(@y) fi(: )]
~ 7T hlu(m] )M“(Jfg} — GSI-FAIR PAX antiproton-proton
w(xy) + ul(xs)

Paul E. Reimer QCD-N12 Drell-Yan

— Fermilab polarized beam and target

25 October 2012

50



Future Drell-Yan
Experiments

Fermilab E-906/Drell-Yan
— Better statistical precision (unpolarized)

— Polarized extension under consideration

COMPASS
— Pion beam—valence distributions ||

- Existing Facility
— New Facility

Booster ESIS &

GSI FAIR—PAX experiment
— Antiproton beam will sample valence distributions of targets

- - Hadron Experimental Facility

J I N R D u b na- N I C A Malﬂals and Life ¢ §uence Facility

The second
possible
detector

Accelerator-Driven

L Transmutation Experimental Facility

Paul E. Reimer QCD-N12 Drell-Yan
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Epilogue:

This 1s a “simulated” (that is, equivalent to Monte Carlo?) picture of
what the effect might look like done with GIMP software.

Paul E. Reimer QCD-N12 Drell-Yan
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NA10 angular distributions vs.
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Paul E. Reimer QCD-N12 Drell-Yan
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