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The Drell-Yan Process
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Angular Distribution in the “Naive” Drell-Yan
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(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?§) rather than sin®0|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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Drell-Yan angular distribution
Lepton Angular Distribution of ““naive” Drell-Yan:
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Why 1s the lepton angular distribution
1+ cos?0 ?

Helicity conservation and parity
/M' RL - RL
B do ~ (1+cosb)’
q — 3 0 — q

RL - LR
f Dilepton do ~ (1-cos @)’
rest frame

ut LR — LR

do ~ (1+cos )’
LR - RL

Adding all four helicity configurations:

do ~1+cos” 6@

do ~ (1-cos @)’



Drell-Yan lepton angular distributions for p+ > 0

© and ® are the decay polar
P - hy and azimuthal angles of the ur
\\29/ - in the dilepton rest-frame

e Collins-Soper frame

A general expression for Drell-Yan decay angular distributions:

( 1 j(daj :|:i:||:1+/10082 6 + 15in 26 cos ¢+ — sin Hcos2¢}
o )\ dQ 4r 2

Lam-Tung relation: 1-A4 =2v

— Reflect the spin-1/2 nature of quarks
(analog of the Callan-Gross relation 1n DIS)

— Insensitive to QCD - corrections



Decay angular distributions in pion-induced Drell-Yan
(lj (Zj—gj = {%_ [1 +Acos” @+ usin 26 cos ¢ +%sin2 0 cos 24
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Decay angular distributions in pion-induced Drell-Yan
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Is the Lam-Tung relation (7-A-2v=0) violated?
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Violation of the Lam-Tung relation in NA10 and E615 suggests interesting

new origins (Brandenburg, Nachtmann, Mirkes, Brodsky, Khoze, Miiller,

Eskolar, Hoyer,Vantinnen, Vogt, etc.)
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Boer-Mulders functionh* @ - @

e Boer pointed out that the cos2¢ dependence can be caused by

the presence of the Boer-Mulders function.

L 7. L
e /i~ can lead to an azimuthal dependence with v oc (}} j(}} ]
‘ ‘ ‘ ‘ 1 1
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* The violation of the Lam-
| | Tung relation is due to the

Vo
presence of the Boer-
Mulders TMD function
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Boer, PRD 60 (1999) 014012

The puzzle 1s resolved. It also leads to the first
extraction of the Boer-Mulders function .




Azimuthal cos2® Distribution in p+d Drell-Yan

Lingyan Zhu, JCP et al., PRL 99 (2007)
082301; PRL 102 (2009) 182001
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With Boer-Mulders function h™:
v(m W= irX)~ [valence h, ()] * [valence h;(p)]
v(pd-> tp-X)~ [valence hy;(p)] * [sea h;(p)]

Sea-quark BM function is much smaller than valence BM function |,




Angular distribution data from CDF Z-production
p+p—oe +e +X at v/s =1.96 TeV
arXiv:1103.5699 (PRL 106 (2011) 241801)
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Strong pr (qr) dependence of A and v

Lam-Tung relation (1-A = 2v) 1s satisfied within

experimental uncertainties (TM]

to be important at large p)

D 1s not expected
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1

CMS (ATLAS) data for Z-boson
productlon n p+p c0111s10n at 8 TeV
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(arXiv:1504.03512, PL B 750 (2015) 154)

 Striking q; (p) dependencies for A and v were
observed at two rapidity regions

» Is Lam-Tung relation violated? 12



Recent data from CMS for Z-boson production
in p+p collision at 8 TeV
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* Yes, the Lam-Tung relation 1s violated (1-A > 2v)!

e Can one understand the origin of the violation of
the Lam-Tung relation (It cannot be due to the
Boer-Mulders function)? 13



Interpretation of the CMS Z-production results

do (1+cos’ 0) +i(1 —3cos’ 0) + A4 sin26 cos ¢
dQ) 2
+ %sin2 Ocos2¢+ A, sin@cosg+ A, cosd
+ A sin” Osin2¢ + A, sin20sin ¢ + A, sin Osin ¢
Questions:

e How 1s the above expression derived?

e Can one express 4, — A, in terms of some quantities?

e Can one understand the g, dependence of 4, 4,, 4,,etc?

e Can one understand the origin of the violation of Lam-Tung relation?

_2-34, . 24,
2+4, 2+ 4,

A

; L-Trelation, 1-A4 =2v, becomes 4, = 4,
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How is the angular distribution expression derived?

Define three planes in the Collins-Soper frame

1) Hadron Plane

e Contains the beam P, and target P, momenta
e Angle /3 satisfies the relation tan S =¢q, /O

2) Quark Plane
e ¢ and g have head-on collision along the z’ axis
e Z' and Z axes form the quark plane

e Z' axis has angles 6, and ¢, in the C-S frame

15



How is the angular distribution expression derived?

Define three planes in the Collins-Soper frame
1) Hadron Plane

e Contains the beam P, and target P, momenta
e Angle [ satisfies the relation tan B =¢q, /Q

2) Quark Plane
¢ ¢ and g have head-on collision along the Z’ axis

e Z' axis has angles 6, and ¢ in the C-S frame

3) Lepton Plane

e /" and I" are emitted back-to-back with equal |P |
e /" and z form the lepton plane

e /" 1s emitted at angle @ and ¢ in the C-S frame
16



How is the angular distribution expression derived?

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

do
——oc 1+ acos @, +cos’ 6,

d ()
| Azimuthally symmetric ! |

How to express the angular
distribution in terms of 6 and ¢?

Use the following relation
(addition theorem):

cos 6, =cosfcosf, +sm s cos(¢—g,)

17




How is the angular distribution expression derived?

do
——oc 1+ acos @, +cos’ 6,

d(
cos g, =cos@cosO +sin@sin b cos(g—¢,)

do ) sin” 6
— x (14cos”0) +

1 —3cos?6
TS ( Ccos“0)

1
+ (5 Sin 261 coS ¢1) Sin 26 cos ¢

1
+ (5 sin’ 01 cos 2¢1) sin® 6 cos 2¢
+ (asinfq cos¢1) sind cos¢ + (acosdq) cosH

1
+ (5 sin’ 01 sin2¢1) sin® 6 sin 2¢

1
+ (5 sin 261 sin¢1) sin 26 sin ¢

+ (asinfq singq) sin o sing.

18



All eight angular distribution terms are obtained!

do o (14 cos? ) +
d2

. 9
sin“ 6o
L(1 = 3cos?)

1
+ (5 sin 261 cos ¢1) Sin 26 cos ¢

1

+ (5 sin’ 01 cos 2¢1 ) sin® 6 cos 2¢

+ (asin#q cos¢)sinf cos¢ + (acosbq)cosb
1

+ (5 sin” 61 sin 2¢1) sin® 6 sin 2¢
1

+ (5 sin 261 sin¢1) sin 26 sin ¢

+ (asinfi sing1) sin@ sing.

do
dQ)

— oc (1+cos’ 9)+%(1—30082 0)

+ A, sin26cos ¢

+ % sin® 0 cos2¢

+ A,;sinfcos ¢+ A, cosl
+ A, sin” @sin 2¢

+ A, sin20sin ¢

+ A, sin@sin ¢

A, — A, are entirely described by 6, ,¢, and a

19




Angular distribution coefficients Ay — A,
A, = <sin2 81>

A4 = %(sin 20 cos g, >

<sm & cos 2¢1>
A3 a<sm 0 cos ¢1>
A, = a<cos 6’1>

N
|l

sin” @ sin 2¢1>

1
5 §<
%(sm 20, sin ¢1>

=aq <sm @ sin ¢, > 20



Some implications of the angular distribution

coefficients A, — A,

A, = <sin2 6’1>

IS

= %(sin 20 cos ¢, >

A, :<sm 7 cos2¢1>
A, = a(sm 6 cos ¢1>

A, = a(cos 491>

1
A, §<sm 6, sin 2¢1>
A = %(sm 20, sin ¢1>
A, = a<51n 6, sin ¢1>

o4, =24, (or1-A-2v =0)

e Lam-Tung relation (4, = 4,)

1s satisfied when ¢, =

e Forward-backward asymmetry, a,

is reduced by a factor of <cos 6’1> for 4,

e Some equality and inequality relations

among A, — A, can be obatined

21



Some implications of the angular distribution
coefficients A, — A,
A, :<sin2 6’1>
| Some bounds on the
A :5<sin 26,cos¢)  coefficients can be obtained

4, = (sin 6, cos 24, 0< 4, <1
A, :a<siné’lcos¢1> ~1/2 <4, <1/2
A4:a<cos<91> e 4 <1
A, l<sm o sm2¢> 2
5 : —a< A, <a
A = %(sté’ sm¢1> —a<A4,<a

4, a(sm@ sin ¢1>
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What are the values of 8, and ¢, at order a7
) g7 = 7 (Z°)g In ¥* rest frame (C-S)

(T)
9 /
9 [
B\ ,
(T) g >
9 g I Pg Pr !
60,=pf and ¢,=0;|A,=A,=sin’B
22734y _20°-qr 24 24,

T 214, 20°+342° 244, 20°+38



What are the values of 8, and ¢, at order a7
2) gg = v (Z%)q In y* rest frame (C-S)

0,>p and $,=0; 4,=4,~5¢; (0 +5q¢7)

22734 20° -5q; Lo 24 10g;
2+ A4, 20°+15¢;° 2+ 4, 20°+15q;
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Compare with CMS data on A
(Z production in p+p collision at 8 TeV)

2 2
0s [ 1Y A= 2Q2 qu for gqg —> Zg
SN 207 +3q;
0.6 | ""'-. e CMS,y=1.0 2 g, 2
SERANN | A= 2Q2 SQTz for G — Zg
04 1N\ o CMS,yz1.0 - 20° +15¢;
< LR\ 7
> For both processes
o1 A — 1 at qT= O (91=00)
0.2 |- A=-1/3 at Q= °° (91=900)
—0.4 [

e T T T Data can be well described

with a mixture of 58.5% qG
The scaling variable is ¢, / QO |[and 41.5% qq processes

O 1s the mass of dilepton

25




Compare with CMS data on v
(Z production in p+p collision at 8 TeV)

— 2A2 . _ c 2 . _ )
1 ——————— V_2+AO’A2_<SIH910082¢1>9A2—<Sln91>
: e CMS,y=1.0
0.8 - o CMS,y21.0 when ¢ =0, then
| 24, _
for — 7,
1 2
V= 20% - for ¢G— Zg
207 +15¢;

Dashed curve corresponds to
a mixture of 58.5% ¢gG and 41.5%

—02 qq processes (and ¢, = 0)
—0.4 | Solid curve corresponds to
0 50 100 150 200 250 300 |; . , .,
qr (GeV) <sm 6, cos2¢, >/<sm (91> =0.77 (¢, #0)

¢, # 0 implies that the g - g axis 1s not on the hadron plane

What can cause ¢, = 0? 26



Origins of the non-coplanarity

1) Processes at order ¢ or higher

2) Intrinsic k from interacting partons

(Boer-Mulders functions in the beam and target hadrons)

27



Compare with CMS data on Lam-Tung relation

4“"
® CMS, ByBQ
O CMS, ByBO1

Solid curves correspond to
a mixture of 58.5% ¢G and
e o |41.5% gq processes, and

<sin2 0, cos 2¢1> / <sin2 91> =0.77

Violation of Lam-Tung relation
Is well described with a finite
non-coplanarity angle
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Compare with CDF data
(Z production in p + p collision at 1.96 TeV)

b\ o cor @ Solid curves correspond to
B a mixture of 27.5% gG and
72.5% gq processes, and

<sin2 0, cos 2, >/<sin2 01> =0.85
(¢ #0)

Violation of Lam-Tung
relation is not ruled out
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Geometric interpretations on the rotational
invariance of some quantities

On the Rotational Invariance and Non-Invariance of Lepton Angular Distributions
in Drell-Yan and Quarkonium Production

Jen-Chieh Peng®, Daniél Boer®, Wen-Chen Chang®, Randall Evan McClellan®?, Oleg Teryaev®

(Phys Lett B789 (2019) 352)

Quantities invariant under rotations along the y-axis (Faccioli et al.)

F— 1+ AN+v }._1—|-)t[|—2)tﬂsi]12915i112¢1_1_|_)\D_2)tﬂy%
3+ - 3+ o =31
A= A A= Ay =34, sin” 6 sin” _A —34)1

2V L+ Jysin 6,50 ¢, 1+ 700
oo (A- v)2)? + 447 s N2 +a2)? (1 - )

y, =sin @ sin g, is the component of Z"along the y-axis in

the dilepton rest frame; invariant under rotation along y-axis ?°




Other implications
Extend this study to W-boson production at CDF

PHYSICAL REVIEW D 103, 034011 (2021)

Lepton angular distribution of W boson productions

Yang Lyu % Wen-Chen Chang . Randall Evan McClellan,"* Jen-Chieh Peng.' and Oleg Teryae\-'ﬁ
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W-boson production in p-pbar collision from CDF |




Other 1implications

» Extend this study to Z plus jets data at LHC

— The angular distribution coefficients are expected to be
different, in general, for Z plus single jet and Z plus
multi-jets events

— Lam-Tung relation 1s expected to be satisfied by Z plus
single jet events, but badly violated by Z plus two or
more jets.

— The g dependence of A, would be difterent for Z plus a
single quark jet events and Z plus a single gluon jet
events (can lead to the validation of various algorithms
for quark/gluon jets separation)

— Would be great to have these data from LHC!

32



Expected Z plus jets results

.. (a) I 9 I’
- ® CMS, |yi=1 o
1 ‘ % Z plus single gluon jet
2 — : -
q I’
7. I
— : Z plus single quark jet
; o 9 q
05 Phys. Lett. B797 (2019) 134895
C Z plus single jet
z 05 . /
ToL ety 7 .
°““’ ---------------------------- e Very different results for Z plus
oSt single jet, depending on whether
o sw w0 20 20 3 jt js @ quark jet or gluon jet.

q; (GeV)




Summary

e A "geometric model" is developed to understand many
features of the lepton angular distribution in Drell-Yan
and quarkonium productions in hadron collisions

e The lepton angular distribution coefficients 4, — 4, can

be described 1n terms of the polar and azimuthal angles
of the g — g axis (natural axis)

e Violation of the Lam-Tung relation 1s due to the acoplanarity
of the ¢ — ¢ axis and the hadron plane. This can come from
order o’ or higher processes or from intrinsic k.

e This approach predicts different behavior in the lepton angular
distributions for Z plus quark jet, Z plus gluon jet, and Z plus
multiple jets, to be tested with future anlaysis of LHC data

34
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