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Introduction

The

Includes the

is a powerful tool

Deeper knowledge about unveil

Its current form has

We

Some interesting are
An is to study them
Incorporates
that in the TMD factorization regime

DY Angular distributions

qr < @

15 October 2024



Unpolarized Drell-Yan as a starting point

Kinematics and Collins-Soper frame

of using the

hi(pr) + ha(p2) — v/Z(q)+X — () +T (1N +X

( . . 3
L Kinematics )

o q" gauge boson momentum
g°> = Q® = large scale

O pf =nlpy, ph =ntpy

Op%:pg:o

for the factorization theorem

/ Lepton plane

Dilepton rest frame
Angles 0 and gb P Hadron plane P

DY Angular distributions 15 October 2024

of the

3/14



Unpolarized Drell-Yan as a starting point

Cross-section decomposition and angular distributions

of the
do B 3 doVtEk {
dppdydQd) — 16m dprdydQ
1 —3cos?0
(1+ cos* ) + 2cos Ao |+ sin 26 cos A,
in” 0 cos 2
o ZCOS Ao|+ sin 0 cos A3 |+ cos A4

sin? 0 sin 2¢) As|+ sin 26 sin @A |+ sin 0 sin ¢A7_

Ao,...7 Angular distributions
Only at Ay, Ag, Ay, As
The are

TMD factorization with
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The hierarchy of the TMD factorization theorem

of the
WH — d*b ,—i(bgr)
N 27r)2 D, TMD of twist-n
B Lp X Integral convolution
2 2
1 D ~ 8;;‘ transverse derivative
Q—(D Py X Oy + ‘ng‘bg) NLP
1 Poy x P:
+@(D2@2X@2+D by x O3 + P35 x O3 + by x Oy + 2TZ->NNLP
1 Py x O
@(D3<b2x<l>2+l) Gy X O3+ D Py X Pg+ D @2+@4+D%+...>
1
o (D4 Oy x Py + )
Hv
‘o }
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The hierarchy of the TMD factorization theorem

of the

N, (27r)2 D, TMD of twist-n
:_ _(b_z_le)z_ _| X 5 Integral convolution
1 /1 N : D~ BT transverse derivative
+Q—(:D @2X‘l’2+:: q’zX‘bg):
+i2(:|1)2<1>2><<b2+i%) @y x O3 | By x Dy DBy x By + %)
11 |
+i3 (:11)34)2 ><(I>2+:%) bs ><(l>3+H) P4 ><(1>3+:1) ‘1’2+‘1’4+D%+...>
- r I |
R AT o
v Each column
T - } Series of KPCs to the first term

Unique non-perturbative content

Independent contributions
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The hierarchy of the TMD factorization theorem

of the
1 [ d®b ilhee) {
Ny (27r)2 / d, TMD of twist-n
: , Sl : X ) Integral convolutlon‘ |
i k./Q : ~ transverse derivative
(lD DOy X Oy +1 Py X @3)
el Oy x D
CLDQ Gy X Og +1D Py X O3 + P35 x O3 + by x Oy + %)
, L/ : P. )>< P
(:11)3 Dy X By +1D? Py X O3+ D P35 x B35+ D Dy + Oy + D% + )
e ! ’
(040: 2, 11..)

the

Same TMDs and perturbative part as LP
All power-suppressed terms containing twist-2 TMDs

Restoration of gauge and frame invariance
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Hadron tensor in TMD-with-KPCs factorization theorem

Theory of for developed in
series to the derived and summed at all powers

computed in this framework

Starting point
f1,f/p and Boer-Mulders hll;f/p distributions

DY by Q?
Weer = Evj Lo (u ) /d4k1d4k25(’f%)5(’f§)5(4)(l<:1 + k2 —q) W =0

[ derdeasr —ewt)otes — )Y |

q

i ) “ . Ju'lafkale 6#25k§k12/2
Tr (7(;‘%276”%1) fl,q/h fi,q/m, '+ Tr (’ngﬂc:fﬁg) fl,q/hlfl,q/hl M2 (

———————‘ —— e ——— -
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Hadron tensor in TMD-with-KPCs factorization theorem

Theory of for developed in
series to the derived and summed at all powers

computed in this framework

Starting point
f1,f/p and Boer-Mulders hll;f/p distributions

coefficient function as

o= -y

Qv PTPE{ Q2 47, 14 5 21 £(4)

i ) “ . P‘vlﬂfkak{l 6#25k§k12/2
Tr (Yako G K1) fr,q/m0 fran '+ T (VK9G Ko) fra/m fiog/m,' — Y (

________ (===
Tr QY oh2vzY, Jﬂlvlyhlq/hlhfb/h“_kﬁn?ty ohviaL, Juzyz)hlq/hlhlq/hﬁ)}
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Hadron tensor in TMD-with-KPCs factorization theorem

Theory of for developed in
series to the derived and summed at all powers

computed in this framework

Starting point
f1,f/p and Boer-Mulders hll;f/p distributions
coefficient function as

Main with Convolution integral

o o -
— o e e e M e e M M e e M M e e e ey

W.UU _ p-li-p2_|’c Q2 | d4]€ d4k 5 kQ 2\ ¢(4) ‘ v
= iCo 1d" koo (k1) (k3)0" (k1 + ko — q) | QW =0

i ) “ . P‘vlﬂfkak? 6#25k§k12/2
Tr (7(;‘%276”%1) fl,q/h fi,q/m, '+ Tr (’ngﬂc:fﬁg) fl,q/hlfl,q/hl M2 (

———————‘ —— e ——— -

————————
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Angular decomposition of the lepton tensor

Information about

Detected Measurement
Six-dimensional dPS = d%q d@)—b Lepton-pair angular part
qg=1+1
Express via 0 and ¢
Leptons
poo CHAL e A
2 2

Ay = ﬁ“q+Q (COSQ — iSini’S’cosgb) —|—n‘“’q_Q (— cos ) — iSintﬁ’COSggb)
T qr| T ar|
Lsin@cosgb—(}'“isinﬁsinqb

+q"
|QT

|QT
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Angular decomposition of the lepton tensor

Information about

Detected Measurement

Six-dimensional dPS = d%q d@)—b Lepton-pair angular part
qg=1+1
Express via 0 and ¢
Convenient
v 2 (2 2y ) [ W N ; L/
LG’G” — (_Q ) '\(?_"?_ + (1; _)5_: Z Sﬂ(g (J))‘g% —H g"{“_)i_n Sﬂ(9= (.D)Siz
I n=0.0,1,2,5,6 n=3,4,7
Combination of of independent of independent
EW coupling
constants
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Angular structure functions

computation using the previous and
The is conveniently
do 3 >
_ = — Sn (0, = ==
diqd 167 n_[%;_”’? Yy = dTC; Normalization
We have explicitly obtained the for the various >2,,
We can themina as
¢t T T T T A
Y G N | Some combinationof I | Convolution mtegral
> Constants « | Gauge boson1 ' vector (v) and axial ! x I involving f1 or hi |
n I propagator | I
- ———- | Propagator 1 (a)coupling constants distributions !

R O e L OREY
@ ~ (V¥ +a?) (v —d®) (av) Some due to the Z-boson
C[Afﬁfz]:l Symmetric flavor fy, fa, + fa o
@ Two possibilities P
C[A ‘{flfz}A] Anti-symmetric flavor  fo1 /3. — Jau fo

— - —
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Perturbative and non-perturbative set-up

The have been in artemide

is required

Technical difficulties and " computation time

We use the of
elements and
distribution f1
ATLAS data for A, distribution hlL
(More details Iater!]
We expect to the sufficiently well

of the for TMD distributions
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Angular distribution A,

Proportional to the

in standard f1

distributions

Comparison as a of ¢, with ATLAS, CMS and LHCb measurements
: _ 018
0.030 0<ly <1 Ay 0.09 1<yl <2 2 < |yl <35 +
; 0.16 +
0.025 0.08 L I
0.020, % 0.06 m 0.12
| : 0.10
0.015 0.05 + @ ATLAS
_ . 0.08
0.010 ] 0.04 —v— OMS
3 0.03 0.06 —=— LHCbH
0 5 10 15 ' 0 5 10 15 0 5 10 15
gr(GeV) qr(GeV) qr(GeV)
Theory very well
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Angular distribution A,

Proportional to the distributions

in standard f1

Comparison as a of v with ATLAS, CMS and LHCb measurements
A4 A4 015+
0.10;
0.05; — -
32 123y
—&— ATLAS gy € [2.5,5.0] ——&— %L —e— ATLAS ¢y € [125,15]
~—y- CMS gr € [0,10] ol Y CMSgr € [10,20]
—=— LHCb g7 € [0, 100] [ —=— LHCb g7 € [0,100]
-0.15F

The is
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Angular distribution A,

0.06 0<|y <1 A | 006 1< |yl <2 0.30 2< |y <35 —e—ATLAS
0.05 005 0.25 —¥— CMS
—=— LHCb
0.04 0.04 020 ¢ [2105.13301]
0.03 0.03 0.15
0.02 0.02 0.10 + + +
0.01 0.01 005 1 T
e
0.00 0.00 0.00 : |
0 5 10 15 0 5 10 15 0o 5 1 15
qr(GeV) qr(GeV) qr(GeV)
Contains both Boer-Mulders and distributions
2 2 pm===n 2
4 AT-20tAP T 2M
2 17eq feq ! f 1 f 1
20?2 T Q?

Dominantat g — 0  Dominant at larger g1

from ¢7/Q* corrections at large qr

We can quantify them using ATLAS measurement

2% - 4% for Y7 at qr ~ 20 GeV
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We the function from the data for the A, measured at

0.06 0< |y <1 A, - oe 1<y <2 030 2 < |yl <35 —e—ATLAS
0.05 005 0.25 —¥— CMS
—=— LHCb
0.04 0.04 020 ¢ 12105.13301]
0.03 0.03 0.15
0.02 0.02 0.10 + +
0.01 0.01 005 | T T
T
0.00 0.00 0.00 . !
0 5 10 15 0o 5 10 15
g7 (GeV) gr(GeV)
- 2a+1 N N
We it with the following form hi (z,b) = rIn“(1/x
& v (@0) ['(aw + 1) cosh(Ab) (1/z)
Fix the parameters with ¢r < 10 GeV Ny =12
Insufficient Fix A = 0.2GeV
" ahi(x,0=0.)
O.IUj
x?/Np: = 1.16 0.05f
0.34 h4 . :
x
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Lam-Tung relation

( X = X2 — 2o )

If we use the theorem the

factorization theorem expression

. ((thy) — (tkz))? — (ki — k2)?

Aoy

Sir = 5= Y ngag,{zg"f’zigfb[z o  fufi)
e
: / k2+k2—((tk ) — (tk ))2 k2 + k2 ((thy) — (tk ))2—(14: —k:)2
Ga . GG 1 2 1 2 1 2 1 2 1 2 11
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Lam-Tung relation

If we use the

( YT = 22 — 2 )

theorem the

factorization theorem expression

4“.052111 4 A * GG' GG’ ((tk’l) _ (tk’ﬁ))g _ (kl - k2)2
By = 5 ;ﬂcg Agag{z“ L9 C[2 7 Al
g,
120,06 o KR K8 = (k) = (tka))? | KR + k3 ((thn) — (t2))? = (ks — K)?
+- +q M2 M?2 Q2
Ao — A @ -
0.05 o 'y el ] Prediction < ATLAS measurement large xx

0.00

—0.05F

Theory drops to O at large y

—— y — integrated -

Tyl <2

Integrating to restrict the y-region

10

qr(GeV)

15

20 25

Good agreement
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Lam-Tung relation

( YT = 22 — 2 )

If we use the theorem the

factorization theorem expression

4“.052111 4 A * GG GG ((tk’l) - (tkz))g - (kl - k2)2 .
By = 5 ;ﬂcg Agagf{m L9 C[2 7 Al
g,
/ k24 k2— ((thy) — (tk))? k2 + k2 ((tky) — (tko))? — (k1 — k2)?
"E'zf? Tgf Cl 1 ° MfZl T lm*z : Q2 - ,hf‘hil‘]}
j Ao — Az ,--0-1; Y-term suppressed in Lam-Tung relation
0.05 o Lo e

_ ’ 47/ Q°

0.00

Good agreement in contrast to A,
and A, independently

—— y — integrated -

j + Ty <2 ]
—0.05+ 1

70 T . : Description only posible due to KPCs inclusion
qr(GeV)
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Angular distribution A, ,; ;

. S oo 020 —
Ay 0<ly <1 2<|y| <35 —e— ATLAS
0.10 0.10
: 0.15 —v—CMs |
0.08 0.08 = LHCb
0.06 0.06 0.10 3
0.04 0.04 ) l <‘
: 0.05 e -
0.02 002 o gep— 0 b |
0.00" 0.00 0.00 - +
0.02 oo02 Y a4 === [2105.13391]
! L . L N N L 0.055 - - ! — 1
0.03 0.08 —® ATLAS 2 < |y[ <3.5
I | —»— CMS
0.10
0.02E 0.06 — = LHCb
0.01
: 0.04
_ _ 0.05
0.00
0.01 002
' 0.00
0.02 0.00
b [ R —
0.015 As 0<yl<1 - 0.015 1<yl <2 0.10 2 < |yl <3.5
0.010 1 | 0.010 J.
0.005 | | © 0.005 l ° ° 0.05 w .
0,000 -S— s () 1) , 0.00 e
0.005 ® ® o5
¢ ¢ ¢ 1 -0.05 _e— ATLAS
0.010 © 0.010 v OMS
0.015 © 0.015 -0.10 —=— LHCb
0 5 10 15 ' 0 5 10 15 ' 0 5 10 15
qr(GeV) qr(GeV) qr(GeV)
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Conclusions

First practical of the
The of the Drell-Yan leptons can be
The has been using the A, from
The peculiar of A, at is an evidence of the

We have tested the method proposed in

Good description of the
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But... this is not all! Next step: SIDIS

The can be done

decomposition over

do cos ¢
~ FUU,T‘|‘5FUU,L‘|‘\/25 1+ ¢€) cosop, F; h
dx dy dip dz déy, dP? | { (L+e) vu
+ e cos(20p) Féﬁwh + ...
We have already computed a in the

factorization theorem

Currently We the of to be
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