Angular distributions of Drell-Yan leptons

in the TMD factorization approach

Based on S.Piloneta and A.Vladimirov arXiv 2407.06277 (July 2024)

XVI CPAN

Sara Piloneta. 19th November 2024

74
rnsTERo talento
DE CIENCIA
E INNOVACION : Cr || Programa de atraccion
L AcENClA de talento investigador
INVESTIGACIN Comunidad de Madrid

UNIVERSIDAD

PID2022-136510NB-C3]1 o g COMPLUTENSE

IPARCOS



Introduction

Hadron is a 3D object

What do we do? We are interested in the of
Work with particle involving hadrons
TMD factorization theorem factorized into different

do f %
dqr

Feynman diagrams
Parton's transverse momentum

Transverse Momentum Dependent Distributions (TMDs) /—ﬁ 1

Generalization of Parton Distributions Functions (PDFs) xP

Access to the of the
from the data

power helpful for

DY Angular distributions 19 November 2024 2/12



Introduction

Necessity for power corrections

Although it is a very , the of the has

Z-boson production ATLAS measurement comparison

L A
ATLAS 1

0.05 | 1
- [ Vs =13TeV | H s
S | :
% o0k | il ~37°158 - Very precise description at low g,
5 b |
S 0.03 - ] .
E [2305.07473v2] systematically
3 0%y I than the data at
T 001+ :
- e
o 1
 1.005 = | ) )
2 1000%5 ' Signal of the necessity
-~ - .
£ 099 ; . : for power corrections?
% o 14 I I2I1 S 2I8
qr [GeV]
Develop a theoretical framework including them
TMD-with-KPCs factorization theorem For details, see [AV, 2307.13054v2]
Focus on
Restore and
We that in the TMD factorization regime
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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 pi =n"p/, ph=n"p,

2 2
@) P1 — Po — 0
for the factorization theorem
of the "

“~Y /A

L | X
Collins-Soper (CS) frame / SRECHIREE q’csv/ A
»7

Dilepton rest frame
Angles 0 and gb P Hadron plane P
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Unpolarized Drell-Yan as a starting point

Cross-section decomposition and angular distributions

of the
do _ 3 : doV+T Unpolarized angle-integrated cross-section
dprdydQdS? 16m dprdydQ),

T T, T 71 —3cos*f
(14 cos® ) + ZCOS @—Fsin% cos

.2
0 cos 2
S 2008 ¢A2 + sin # cos —|— coSs

sin? 0 sin 2—|— sin 20 sin —0— sin # sin

( AO,...,? ) Angular distributions

described by the so far

When we we can describe them all!

Theoretical computation

But... its inclusion _ o
Numerical realization
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Obtaining the A angular distributions

Computation of the including

Unpolarized fl;f/p and Boer-Mulders hf;f/p distributions

Now it contains a more complicated

Makes
parameterized in terms of the @ and ¢
We have explicitly obtained the for the various A,,
We can themin a as
"""""" N Some combination of Convolution integral

l
] |
v Gauge boson i X | vector (v) and axial (a)
|
_propagators | coupling constants

— e o = = —— e o =

N o e ——

( 1
I I
X | involving f1 or hi |
1

. distributions |

|
1
________ /

@ The of leads to some

(v? +a?) (v*—a?) (av) Extra sensitivity to EW couplings
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Obtaining the A angular distributions

Computation of the including

Unpolarized fl;f/p and Boer-Mulders hf;f/p distributions

Now it contains a more complicated

Makes
parameterized in terms of the 0 and ¢
We have explicitly obtained the for the various A,,
We can them ina as
________ CTTTTTITTT | Some combination of \: [ Convolution integral |
\ | .

Ap ~ | Constants | X ! Gauge boson | w1 vector (v) and axial (a) 1 X ! involving f1 or h{- |

\ 7 | |

________ . ! i !

propagators coupling constants . distributions

———————————————————————————————

C[A:flf2] fQ1f@2+f(f1fqz
@ Two possibilities o m o
{ ey e i
C[A,\{fiji%é] Extra sen.5|t|V|ty to anti fosfar = FarFao
symmetric
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Perturbative and non-perturbative set-up

The have been in artemide github.com/VladimirovAlexey /artemide-development

is required

Technical difficulties and " computation time

We use the of ART23
elements and
distribution f1
ATLAS data for A, distribution hlL
(More details Iater!]
We the sufficiently well
of the for TMD distributions
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Angular distribution A,

Proportional to the

in standard fi

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 fi

Comparison as a of v with ATLAS, CMS and LHCb measurements

A4 A4 015
0.105—
0.05?— — -
S T

—&— ATLAS gy € [2.5,5.0] ——&— %L —e— ATLAS ¢y € [125,15]
——v - CMS gr € [0,10] ol ¥ CMS gr € [10,20]
—=— LHCb gr € [0,100] - —=— LHCb g7 € [0,100]

-0.15F

The is
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Angular distribution A,

0.06 0<lyl <1 Ay | 008 1<yl <2

0.05

0.04
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0.01

0.00

0.05

0.04

0.03

0.02

0.01

0.00

qr(GeV)

Contains both Boer-Mulders and unpolarized distributions

A? - 2(tA)?

A, ~ WE

2M?

(Wihi = =5 f1f)

DY Angular distributions

0.30
0.25
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0.15
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0.00
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[2105.13391] |

-
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Angular distribution A,

0.06
0.05 G
0.04
0.03
0.02

0.01

0<|y <1

Ay . 006 1<yl <2

¢ 005

0.04
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0.02

0.01

0.00

qr(GeV)

Contains both Boer-Mulders and unpolarized distributions

A,

m~

A2 —2(tA)? 71T 2M2

i

2M? [ CQ?

Dominantat g7 — 0

DY Angular distributions

0.30.
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Angular distribution A,

0.06 0< |y| <1 A2 0.06
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0.04
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0.00

<yl <2

L TR
qr(GeV)

Contains both Boer-Mulders and unpolarized distributions

A, ~ A? - 2(tA)

2M?

il )

Dominantat g7 — 0

s

DY Angular distributions

0.30.
0.25
0.20
0.15
0.10.
0.05
0.00

Dominant at larger g7

2< |yl <35 —e—ATLAS
—y— CMS
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Angular distribution A,

0.06 0<lyl <1 Ay | 006 1<yl <2 0.30 2 < |y <35 —e—ATLAS
0.05 0.05 0.25 —y— 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
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 unpolarized distributions
A —2(tA)* f-TT0 2MPA
Ao~ =t (Ele[le_: - sz{)

Dominantat g7 — 0  Dominant at larger g7

from ¢7/Q* corrections at large qr

We can quantify them using ATLAS measurement

2% - 4% at q7 ~ 20 GeV Explains with the data
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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 e [2105.13391]
0.03 0.03 0.15
0.02 0.02 0.10 + +
0.01 0.01 oos- | [ T
e
0.00 0.00 0.00 }
0 5 10 15 0 10 15
qr(GeV) gr(GeV)
n 2a+1 N N
We it with the following form hi (x,b) = xIn®(1/x
& r(,0) I'(ae + 1) cosh(Ab) (1/2)
the with ¢r < 10GeV Npt =12
Insufficient Fix A = 0.2GeV
" ahi(x,0=0.)
0.105
x?/Np: = 1.16 0.05f

: A4
N =—-0271031 and o =945

0.00+

1073
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Lam-Tung relation

( Arr = Ao — Ay )

If we use the theorem the

factorization theorem expression

Ao A tk) — (tk2))? — (k1 — k2)?
A = TCem Z Q4AZAG’{Z$’EZ§§C[2(( 1) — (tk2))” — (ka 2)  fifil

2
3N s ey Q
GG’ GG o ki+ k3 — ((tky) — (tk2))® ki + k3 ((tky) — (tk2))? — (k1 — k2)” plpl
+Z—|—E T+q [ MQ + M2 Q2 s 101 1]
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Lam-Tung relation

( Arr = Ao — Ay )

If we use the theorem the

factorization theorem expression

a = 70 S Qlagag (G aopep =t Bkl

2
3N.s ey Q
+ZGG’TGG’C[k% + k3 — ((th1) — (tk2))? N ki + k3 ((tk1) — (tk2))* — (k1 — ko)’ hihL]}
+€ " +q JVE M2 0?2 AR N
Ao — A @ -
0.05 o 'y i ] Prediction < ATLAS measurement large xx

Theory drops to O at large y

0.00
Tt —— y — integrated -

? 2. ’ : : o
o5l + ( lyl < J : Integrating to restrict the y-region

0 | | 5 | ‘10‘ . I15 | ‘20‘ ‘25‘ .
qr(GeV)

Good agreement
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Lam-Tung relation

Arr = Ao — Ay

If we use the

factorization theorem expression

5 ((th1) — (tk2))? — (k1 — ko)

q,G.G’

theorem the

_ em 4 £ A J{ZGG,Z
3N,5 D QAGAG 2

2
Q2 :flfl]

g opt K= (th) = (0ha))* | K () = ()" = B ol )

M2

0.05' o Q'.

0.00 =

j + Ty <2
—0.05+

—— y — integrated -

0 | ‘5‘ ‘10”Ill5 | ‘20‘ 25
qr(GeV)

DY Angular distributions

M2 QQ

by an extra factor at larger g, values
¢t/ Q”

in contrastto A,
and A, independently

only posible
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Angular distributions A, ; ;
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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 the proposed in

It can be to some that are power-suppressed, like the
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But... this is not all! Next step: SIDIS process

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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Power corrections

Motivation: a problem with normalization

Why should we study ?

TMD factorization theorem
High energies

Low energies Q ~ 10 — 15 GeV x

Violation of EM-gauge invariance
Some
Deficiencies in the data

but different normalization

gf *107° XIN,=0.61 +0.27 = 0.88 10 %1072 | X*IN,=0.92 +4.63 = 5.54

[y . (d10Y=23.7% o S Sk A (d/0)=59.6%
6l 6.75<Q<7.65 b o 4.05<Q<4.5

e 6F | _ Evidence of power
4l ‘ .
of | corrections?

2t 5 of i
R | . |

i i L i i L i i L 1 i
0.0 0.5 1.0 15 20 25 qr 0.0



Power corrections

The four types
to the powersof  Q (~ g™ ~q")
The power corrections can be categorized into conceptual
corrections ~ M /() hadron mass
power corrections ~ (A/Q)" 2 TMDs of larger
power corrections
rT T T T TN
{ Position space \
| ! : 1T
| bQ) / Q
N e e e e e e m— -
power corrections
s T TFEmEEEEEEmEE= ~
[ Position space \
|
: 9 l by
|~ Fi(x1,b) %Fz(ﬂfz,b) ’ ~ ?Fl(mlale)FQ(iEQ;kQT)
\
/
B —

of TMD distributions



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 }



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



The hierarchy of the TMD factorization theorem

of the

72
WHY — 1 d b‘ (,i(qu){

N, . (27r)2 / D, TMD of twist-n
_______ X Integral convolution
! » X (1)2 : O
! : k:/Q : D~ G transverse derivative
+—(|D Py X Py +j 4’2)(‘1’3)
(\?1 | k2./Q? : 5 %
X P
e (:.1)2<1>2 X By HD By x D3+ Dy x B3+ By x By + %)
|
k3 3
1 3 r/Q | 9 (1)2 X (1)2
~}——3 1D Py X @y +1D*“ Py X P33+ D Py X O3+ D (l)2+(b4+l)b—2+
- i
+ gt (D482 x @, 1.
a the
S
Same TMDs and perturbative part as LP

All power-suppressed terms containing twist-2 TMDs

Restoration of gauge and frame invariance



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 ——— -

————————



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 — iSinl’S’cosgb) —|—n‘“’q_Q (— cos ) — i81116’(308@5)
T qr| T ar|
Lsin@cosgb—(}'“isinﬁsinqb

+q"
|QT

|QT



Angular decomposition of the lepton tensor

Information about

Detected Measurement
Six-dimensional dPS = d%q d@)—b Lepton-pair angular part
q=1+0
Express via 0 and ¢
Convenient

( \ ———

Lo = (=) [P +a®)) D7 18u(0. 00k +i(av)i] D7 [Su(6. o)t

I C n=U,0,1.2.5.6 T T Tn=347

Combination of of independent of independent
EW coupling
constants



Angular structure functions

computation using the previous and
The is conveniently
do 3 >
_ = — Sn (0, = ==
dtqdl 167 n_{%: . Yy = dTU Normalization
EAE R q
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
3, ~ | Constants) X | Gauge boson I 5 | vector (v) and axial ! x I involving f1 or At |

' (a) coupling constants I distributions

B O Rn ORE

@ ~ (V¥ +a?) (v —d®) (av) Some due to the Z-boson

-— e - . -

I propagator
J

- ——

C[A;flfz]:l Symmetric flavor fy, fa + fa1 foo
@ Two possibilities Pl
C[A {{flfQ}A] Anti-symmetric flavor  fo1 Ja — Jau oo

— - —



Leading quark TMDs

Quark Polarization

Un-Polarized Longitudinally Polarized Transversely Polarized

(V) (L) (M

fl = @ h% = @ o @
Unpolarized Boer-Mulders
g1 =(=p = (2 | Mz =P~ (<
Helicity Worm-gear

1 /5 O L T = d> Bl d)
fir = 0~ C;/ giT = é—) — C—b ranjersw t t,
Sivers Worm-gear th = @ o Q/

Pretzelosity
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