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The Drell-Yan Process

S.D. Drell and T.M. Yan, PRL 25 (1970) 316

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)

On 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 sealing properties and connections with deep
inelastic electron scattering are discussed. In particular, a rapidly decreasing cross
section as ©%/s —1 is predicted as a consequence of the observed rapid falloff of the in-
elastic scattering structure function W, near threshold. PRL 25 (1970) 1523
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FIG. 1. (a) Production of a massive pair @* from C ] i .
one of the hadrons in a high-energy collision. In this 0 I \ | x
case it is kinematically impossible to exchange “wee” 0 5 10 15 20 25 30 8 ]
partons only. (b) Production of a massive pair by @ (Gev?) n
parton-antiparton annihilation. FIG. 2. do/dQ* computed from Eq. (10) assuming e g‘" 7
identical parton and antiparton momentum distributions M, (GeV/?)

and with relative normalization.
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Drell-Yan Process with QCD Effect

(a)

Quark-antiquark annihilation
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Quark-antiquark annihilation
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(c)

Quark-gluon Compton scattering
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Factorization of Hard Processes
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Parton distributions of Protons
From Global Analysis

MMHT14 NNLO, Q% = 10 CeV?
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Light Antiquark Flavor Asymmetry:
Drell-Yan Experiments

Naive Assumption: d(z) = a(x)
NMC (Gottfried Sum ” | / = 5566

C A NAS1
RUIe) / |dz #0 1.75 — o l(\ffESéim
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Origin of & (x) # d(x):
PQCD or non-pQCD effect?

« Pauli blocking
- gh—> uil is more slupprles%ed(thalrag —adci in
the proton since [p>=|uud> (Field an
Feynman 1977) 0000000 ¢4
— pQCD calculation (Ross, Sachrajda 1979)Y q

* Meson cloud in the nucleons
(Thomas 1983, Kumano 1991): Sullivan process in
DIS.
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él-og_d_(x)>U(x) ™,

Results of d(x) — t(x) from
Lattice QCD
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E906/SeaQuest

« Schedules:
— Run 1 (Mar. 2012 — Apr., 2012): commissioning run.
— Run 2 (Nov. 2013 — Sep. 2014) : 1st physics run.
— Run 3 (Nov. 2014 — Jul. 2015): 2" physics run.
— Run 4 (Oct. 2015 — Aug., 2016): 3" physics run.
— Run 5 (Nov. 2016 — Jul., 2017): 4™ physics run.
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Preliminary Results of d /i (x)from

3- Random bg. subtraction
- ) Is found not properly done!
o 5[ NO nuclear correction . Results to be updated soon...
- for deuterium
21—
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Angeles-Martinez et al., arXiv: 1507.05267

Why TMDs?

The Z-boson transverse momentum g, spectrum in pp collisions at the LHC
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At large qT, the
NNLO pQCD
describes the
data better than
10%.

For qT<10
GeV, pQCD
calculation fails:

multi-parton
QCD radiation.
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Multi-dimensional Partonic Structures

Wigner Distributions

® Beyond collinear
approximation

® Related to the orbital
motion and spln-orbltd?},cl
effects.

Parton Distribution Functions Form Factors

http://www.int.washington.edu/PROGRAMS/17-3/



http://www.int.washington.edu/PROGRAMS/17-3/

Leading-Twist Transverse-momentum
Dependent Parton Density Function (TMDs)
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Accessing TMDs
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SIDIS cross-sections
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Polarization-dependent Terms:
Transverse Spin Asymmetry (TSA) Ay

F. 1 N'-N*

A TF, S NT+N?

f: dilution factor due to non-polarizable content of the target

ST: polarization degree of nucleon transverse spin

« Advantage: most of the systematics due to instrumental artifacts cancel.
« Disadvantage: unpolarized structure function F;; has to be well known.
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SIDIS and single-polarized DY x-sections at twist-2 (LO)
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Key Issues of TMDs to be
Answered/Tested by Experiments

« Signals

« Factorization and universality: different
processes

 QCD evolution: different energies

 Flavor dependence (u, d, 1, d, s, 3, g):
different targets and tagged hadrons

20



Leading-Twist Transverse-momentum
Dependent Parton Density Function (TM
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Sivers Asymmetry Ag;,, In SIDIS
(Left-Right Asymmetry w.r.t. S )

1

, C 2 il
forpr (6 K7, S7) = Fyp (6 K7) = T (x k2)S. - (P x k)
«_Siven N
The orbital motion of an u quark inside a proton
!4 causes positive-charged pions (ud) to fly off
predominantly to beam-left.
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Nonzero Sivers
Asymmetries from SIDIS

' l:x(geV) e ST B kj(coaeV) s
COMPASS, PLB 744 (2015) 250 Sivers Functions

& 012
™ 0.05- 0.08f
=
= 0.04F
= 0
o 3
-0.04F o-1Gev u,
-0.08 F -
. s | | 102 107
o, 4 ~ £ Phys.Rev. D86 (2012) 014028 X
= 0.05F °*T - mm=s Phys.Rev. D88 (2013) 114012 |-
— — Phys. Rev. D89 (2014) 074013
012
_ 0.08F a=1Gev d, r
0 - -l X
; % = 0.04F :
=3 0 =———
| | | ‘;3
0.5 I 15 -0.04F ]
p; (GeV/c) .08k ]
al al
10 107
Signals of Sivers functions in SIDIS. X
Flavor dependence. PRD 86, 014028 (2012) 23

[arXiv:1204.1239]



Non-Universality of Sivers Functions

J.C. Collins, Phys. Lett. B 536 (2002) 43
A.V. Belitsky, X. Ji, F. Yuan, Nucl. Phys. B 656 (2003) 165
D. Boer, P.J. Mulders, F. Pijiman, Nucl. Phys. B 667 (2003) 201
Z.B. Kang, J.W. Qiu, Phys. Rev. Lett. 103 (2009) 172001

Drell-Yan SIDIS

‘Sivers loy = —SIVErS |1 ‘

* QCD gluon gauge link (Wilson line) in the initial state (DY) vs. final
state interactions (SIDIS).

« Fundamental predictions from will be
tested. 24



2015 U.S. Long Range Plan

REACHING FOR THE HORIZON

The Site of mwngm Brothers’ First Airplane Flight

& K ‘:

X |
)

LONG RANGE PLAN
for NUCLEAR SCIENCE

A nonzero Sivers function Is consldered to be strong
evidence for the presence of quark orbltal angular
momentum. Indeed, It has been measured to be nonzero
In the HERMES and JLab experiments. Figure 2.5 shows
the unique potentlal of the JLab 12-GeV program to map
the Sivers function for the up quark. The Sivers function
has a quite Intriguing property predicted by QCD. When
measured In SIDIS, It will have one sign, yet when
measured In a collision with a proton or plon beam, It
should have the opposite sign. This sign change Is due
to the nature of QCD color Interactlons and provides an
Important test of our understanding. It Is Imperative that

the quark Sivers functlons that will be measured In SIDIS
are also accurately measured with hadron beams, such
as the proton beams avallable at RHIC or Fermllab and
the plon beams used by the COMPASS-Il experiment at
CERN.

25
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Transverse SSA of W production
In polarized pp collisions at RHIC
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QCD evolution of Sivers function

DGLAP (2016)
M. Anselmino et al., arXiv:1612.06413
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COMPASS Collaboration

(Common Muon and Proton Apparatus for Structure and Spectroscopy)

e 24 institutions from
13 countries —
nearly 250
physicists

* Fixed-target
experiment at SPS
north area

* Physics programs:

* Nucleon spin
and partonic
structures

« Hadron
spectroscopy




COMPASS Setup (Drell-Yan Runs)

Beam: m 190 GeV/c
Target: polarized NH, target
Nuclear targets

Muon Wall 2

SM2

Muon Wall 1 N\,

Target Region

SM1
AH;AAbsorber

Smdll Angle

! Spectrometer
NH3 Polarized Target \ d (SAS)
ﬂ Hodoscopes 29

Large Angle Spectrometer (LAS)



Polarized NH, Target

Cryogenic
= 3He-4He dilution refrigerator
s [~50mK

| 1000 mm

Magnet

sSuperconducting solenoid : 2.5 T
«Dipole filed: 0.5 T

_—
—_—

. ;%i
'S
LIt iR
T

Two 55 cmlong target

cells spaced by-20.cm

Targ et

=Materials: p(NH;)
=Dilution factor: ~0.15
=Polarization: >90%

—

30




Hadron Absorber & Nuclear Targets

« Absorber: 236 cm long,
made of Al,O,.

e « Radiation lengths (muttiple
| scattering for ) X/Xy = 33.53

« Hadronic interaction lengths
(stopping power for n)Z X/}”int -
7.25

« 7 cm Al target
« 120 cm W beam dump

S fE—

Aluminum cone

20cm
downstream last
alumina layer in
the simulations

Space for
vertex detector Stainless Steel

20 cm

alumina
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0 %I(GeVlc)

Sivers Asymmetries (x,z,p%,0?)
In SIDIS

"~ e h' 1<QUGeVicy<d | z>0.1
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< = I "y I .
Q s &= |
@ = _ o® 4 P oo o °
:‘2/ o) 0 Q‘ ‘1 A A il o A ‘ .‘ N A A ‘
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P —
S -005p ————ell =~ ————— [ |
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~ R . . . °
= 91 + +
Z 7 o005 - 1 ; . . . _
AL - i 4 1o d] i U e ' S % e
75 : led” %4 e A [ e 4 A
< ) ot 4 ] _ A iy * [ & A

Sivers asymmetry extracted in

SIDIS at the hard scales of the
Drell-Yan process at COMPASS

COMPASS, PLB 770 (2017) 138



COMPASS-II Transversely
Polarized Drell-Yan Program

 Schedules:
— 2014 Oct — Dec: commission Drell-Yan runs

— 2015: first year of transversely polarized Drell-
Yan runs with 190 GeV 7~ beam

week ending

PRL 119, 112002 (2017) PHYSICAL REVIEW LETTERS 15 SEPTEMBER 2017

First Measurement of Transverse-Spin-Dependent
Azimuthal Asymmetries in the Drell-Yan Process

M. Ag]ltiﬁ}-’él]l,24 R. A]\']nlnzymm\a_? G.D. Alexeev,” M. G. Alexeev.” A. Amoroso, ° V. Andrieux,””* N. V. Anfimov,’
V. Anosov,” A. Antoshkin,” K. Augslen,?"g W. Auguslyniak,zg A. Auslregesilu,'ﬁ C.D.R. Azevedo,' B. Badetek.”
F. Balestra,”® M. Ball,® J. Barth,® R. Beck,” Y. Bedfer,”” J. Bernhard,'*” K. Bicker,”” E.R. Bielert,” R. Birsa,**

M. Bodlak.'” P. Bordalo,'"" F. Bradamante,”* A. Bressan,”* M. Biichele.,” W.-C. Chang,”' C. Chatterjee.’
M. Chiosso,”* 1. Choi,”” S.-U. Chung,”’”C A. Cicuttin* M. L. C.'re:-‘.pn._nd S. Dalla Torre,” S. S. Dm-‘.gupla?‘;’4



Dimuon Vertex Distributions

rell-Yan Runs)
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Dimuon Invariant-mass Distributions

(2015 Trans.-pol. Drell-Yan Runs)
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Kinematic Acceptance
(2015 Trans.-pol. Drell-Yan Runs)
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dJLO

Transverse Spin Asymmetries
in Trans.-pol. Drell-Yan: Sivers
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Sivers Asymmetry in Drell-Yan:

Hint of Sign Change!

DGLAP (2016)

M.

COMPASS, PRL 119 (2017) 112002
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2018: Polarized Drell-Yan program (improved statistics
errors of Sivers asymmetries are expected).
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Angular Distribution in the “Naive” Drell-Yan

VOLUME 25, NUMBER 5 PHYSICAL REVIEW LETTERS 3 Aucust 1970

(3) The virtual photon will be predominantly
transversely polarized if it is formed by annihi-
lation of spin-3 parton-antiparton pairs. This
means a distribution in the di-muon rest system
varying(as (1 +cos?f) rather than sin®¢|as found
in Sakurai’s' vector-dominance model, where 6
is the angle of the muon with respect to the time-
like photon momentum. The model used in Fig.
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Angular Distributions of Lepton Pairs

Collins-Soper Frame A = 2— 3A\)
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d—ro(1+2,cosz0+ysin20cos¢+%sin26’0052¢) 2+ Ao

oc [(1+ cos® 6’)+%(1—30032 6?)+Asin29003¢+%sin200032¢]
qq annilation parton model: O(a)) A=1, u=v=0; A, = A, =0
A(A —
PQCD: O(«;), ; 1-4—2v= (A= A) =0;A =A

2+ A 41
Lam-Tung Relation [PRD 18 (1978) 2447]




E615 @ FNAL: Violation of LT Relation

PRD 39, 92 (1989)
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Leading-Twist Transverse-momentum
Dependent Parton Density Function (TM
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Boer [PRD 60, 014012 (1999)].
Hadronic Effect, Boer-Mulders Functions

Spin-orbit correlation of transversely polarized noncollinear partons inside an unpolarized hadron
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e Boer-Mulders Function h," : a correlation between quark’s k. and
transverse spin S; in an unpolarized hadron
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Angular Distributions of Z Production
CMS, PLB750, 154 (2015)
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Angular Distributions of Z Production

ATLAS, JHEPOS, 159 (2016)
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Observations and Interpretations
of DY Angular Distributions

« Strong g; dependence and certain rapidity
dependence of 4; (4, u, v).
« Lam-Tung Violation: (4, # A4,)
— Small gr:
* Intrinsic partonic transverse momentum k
» Boer-Mulders functions (Boer 1999)
— Large gr:
 Hard multi-gluon radiation (0 (a?) or higher)
« A simple and intuitive interpretation: the geometric
picture

— J.C. Peng, W.C. Chang, R.E. McClellan, O. Teryaev
Phys. Lett. B 758, 394 (2016).

— W.C. Chang, R.E. McClellan, J.C. Peng, O. Teryaev
Phys. Rev. D 96, 054020 (2017).
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How Is the angular distribution expression derived?

Define three planes in the Collins-Soper frame

Collins-Soper (y"/Z rest) Frame

1) Hadron Plane (P, x P.)

e Contains the beam P, and target P. momenta
e Angle g satisfies the relation tan f =¢, /Q

2) Quark Plane (2'x 2)
e  and @ have head-on collision along the Z’ axis
e 7" axis has angles &, and ¢, in the C-S frame

3) Lepton Plane (F X 2)
e |” and I* are emitted back-to-back with equal |P |
e | is emitted at angle @ and ¢ in the C-S frame
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How Is the angular distribution expression derived?

What is the lepton anqular distribution
with respect to the 2’ (natural) axis?

99 14 a.cos &, +cos” b,
dQ

a: forward-backward asymmetry coefficient

How to express the anqgular
distribution in terms of 8 and @?

Cos @, = cos O cosd, +sindsin 6, cos(p —¢,)
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How Is the angular distribution expression derived?

. 2
99 & (1 +cos26) + T 1 _300620) do (1+cos® 6) +i(1—3C052 0)
ds 1 dQ 2
+ (5 sin 201 cos ¢p1) sin 20 cos ¢ + Aisin 260 0S¢
+ (%sin2 01 cos 2¢1) sin’ 6 cos 2¢ +isin2 0c0s2¢
2

+ (asinfq cos¢q)sind cos¢ + (acosbq) cosb

+ A;sin@cos¢ + A, cosé
+ A sin® @sin 2¢
1
+(§ sin 261 sin¢1) sin 26 sin ¢ +A65in2(93in¢
+ (asinfi sing1) sin@ sing. +A7sin95in¢

1
+ (5 sin” 61 sin 2¢1) sin® 6 sin 2¢

A, — A, are entirely described by 6,, ¢, and a.
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Some implications of the angular distribution
coefficients Ay — A

A
A

& F P FE PP

=(sin’ 6),)

%(sin 26, cosd, )

(sin? 6, cos 24 )
a(siné,cosg,)
a(cos6,)

(sin? 6,sin 24, )
(

N[~ N|F-

sin26,sing,)

a(sing;sing)

tand, =q, /Q

oA 2 A (or1-4A-2v2>0)

e Lam-Tung relation (A, = A,) is satisfied
when ¢ =0.

e Forward-backward asymmetry, a,
is reduced by a factor of (cosé,) for A,.

o A.,A,A areodd functions of ¢ and must
vanish from symmetry consideration.

e A, A and A, increase with g, monotonically
while A, decreases with g, monotonically.

e A (oc(sin28) ) first increases with g,
reaching a maximum, and then decrease.

e Some equality and inequality relations
among A, — A, can be obatined. 51




Angular Distributions of Z Production
CMS, PLB750, 154 (2015)
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61 and ¢ at 0(as): qq > v /Zg

Collins-Soper (¥ /Z rest) Frame

45 9 I

| add Or
1T A = ~(Collins 1979)
Q°+q

iq, B

q

R
AD_AZ—<S|n 91>_ >0

Q"+
_2-3A _ 2Q°-q;
2+ A, 2Q°+30;
2y ZAZ 2C|T
’ 2+AO 20 + 302

(a) (b)

4B [

a
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ar

45

ar

0; and ¢ at O(as): q9 ~ v*/Zq

Collins-Soper (¥ /Z rest) Frame

(a)

(c)

O,=p;¢=

A" = 5 ~(Thews 1979)

Q" +5¢;

A=A =(sin?g)~

507

>0

_2-3A, _ 2Q°-5q
C2+A  2Q%+15¢7
_2A 10g;
2+AO 2Q +1507

Q* +50;
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Origins of the non-coplanarity
1) Processes at order o or higher

q — q axis is non-coplanar relative to the hadron plane
2) Intrinsic k; from interacting partons
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Compare with CMS data on A
(Z production in p+p collision at 8 TeV)

2 2
| A= 2Q2 qu for q — ZG
08 7\ : 2Q° + 305
SRR i 2 En2
06 * CMS,y=1.0 | A= 2Q2 5qT2 for QG —> Zq
[ 2Q° +15q;

0.4 Ly o o CMS,yz1.0 -

| | For both processes
[IA=1latgy=0 (6,=0°

02 L

O ||A=-1/3 at gy = o (8,=90°)
0:4 : 1 | Data can be well described

ar (GeV) and 41.5% qq processes
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0.4 |

Compare with CMS data on v

(Z production in p+p collision at 8 TeV)

N
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Dashed curve corresponds
to a mixture of 58.5% qG
and 41.5% qq processes

Solid curve corresponds to
(sin” 6,cos24,) /(sin® 6, ) = 0.77

q — q axis is non-coplanar relative to the hadron plane




Summary

« Unique information of the x-dependence of sea
guark flavor structure has been obtained with
Drell-Yan experiments. SeaQuest experiment will
extend the measurement of d(x)/u(x) to the

large-x regions.
« COMPASS experiment has founo
asymmetry is consistent with the

that DY Sivers
oredicted sign

change. It provides a further gooc

understanding

of transverse orbital motion of valence quarks.

 Violation of the Lam-Tung relation is observed at
large-q regions of Z production. It could be
Interpreted by the non-coplanarity effects induced
by the higher-order QCD processes.
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