THE DRELL — YAN STRUCTURE FUNCTIONS IN kr FACTORIZATION
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THE DRELL — YAN PROCESS AS A PROBE OF THE HADRONS STRUCTURE

Definition 0.1 (The Drell — Yan process)

Hadron + Hadron — Electroweak Boson + X — Lepton + Antilepton + X
Hi(P1) + Ha(P2) — V*(q) + X(px) — I(l) +1(l2) + X(px)




THE DRELL — YAN PROCESS AS A PROBE OF THE HADRONS STRUCTURE

A (HyHy — Y17 X) = (L )ieT-0(la) Dy (q) . (Xlieft)|Hy Ha)

o | do AP _ a2
The diff 1 : - S
e differential cross section dM2dQdYyd?gr  1287S ~ 8S

Dy (M?) ‘ZWW,LW

LA - Standard QED calculation
W, - Sensitive for an internal hadron structure
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STRUCTURE FUNCTIONS ARE MEASURABLE SOURCE OF INFORMATION
ABOUT HADRONS

The lepton angular decomposition can be written as

do
dM2dQdYd?gr

x [(1 — cos? 19) Wr + (1 + cos? 19) Wr + sin® 9 cos(2¢) Wrr + sin(219) cos ¢ Wit

+ 2 cos WWp + 2sin ) cos pW,4 + sin? 0 sin (2¢) Wy + sin(20) sin ¢Wg 4 2 sin 9 sin ¢Wo | .
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STRUCTURE FUNCTIONS ARE MEASURABLE SOURCE OF INFORMATION
ABOUT HADRONS

The lepton angular decomposition can be written as

parity conserving

do ) R - '
dMPAQdYd2qy x [ (1 — Cos '19) Wi + (1 + cos 79) Wt + sin” ¢ cos(2¢) Wrr + sin(29) cos Wit

+ 2 cos 9Wp + 2sin ¥ cos pW 4 + sin® 9 sin (2¢) W7 + sin(299) sin ¢Wg + 2 sin 9 sin ¢Wy |.

parity violating



STRUCTURE FUNCTIONS ARE MEASURABLE SOURCE OF INFORMATION
ABOUT HADRONS

The lepton angular decomposition can be written as

parity conserving

do
dM2dQdYd?gr

o [ (1 — cos? '19) W + (1 + cos? 79) W 4 sin® 9 cos(2¢) Wrr + sin(209) cos ¢Wir

+ 2 cos 9Wp + 2sin ¥ cos pW 4 + sin® 9 sin (2¢) W7 + sin(299) sin ¢Wg + 2 sin 9 sin ¢Wy |.

parity violating

ATLAS collaboration used the parametrization:

do 3 do 1
= 3 o9+ A (1-3cos?) + Aysin (2
dM2dYd237dQ ~ 167 dM2dYd2qy [ + cos“ ¥ + >40 ( 3 cos 79) + Aj sin (299) cos ¢

1
+ EAZ sin? ¥ cos (2¢) + Az sin ¥ cos ¢ 4+ Ay cos ¥

+ As sin® 9'sin (2¢) + Ag sin (209) sin ¢ + Ay sin ¥ sin ¢ |,



STRUCTURE FUNCTIONS ARE MEASURABLE SOURCE OF INFORMATION
ABOUT HADRONS

The lepton angular decomposition can be written as

parity conserving

do
dM2dQdYd?gr

o [ (1 — cos? '19) W + (1 + cos? 79) W 4 sin® 9 cos(2¢) Wrr + sin(209) cos ¢Wir

+ 2 cos 9Wp + 2sin ¥ cos pW 4 + sin® 9 sin (2¢) W7 + sin(299) sin ¢Wg + 2 sin 9 sin ¢Wy |.

parity violating

ATLAS collaboration used the parametrization:

do 3 do 1
= 3 o9+ A (1-3cos?) + Aysin (2
dM2dYd237dQ ~ 167 dM2dYd2qy [ + cos“ ¥ + >40 ( 3 cos 79) + Aj sin (209) cos ¢

1
+ EAZ sin? ¥ cos (2¢) + Az sin ¥ cos ¢ 4+ Ay cos ¥
+ As sin® 9'sin (2¢) + Ag sin (209) sin ¢ + Ay sin ¥ sin ¢ |,

2w oW AWy e 2Wp
WL +2Wr T W+ 2W TR T W 2W T W 2wy

=" et
Wi +2Wr e

where Ag =



THE STRUCTURE FUNCTIONS CAN BE CALCULATED IN QCD

Theorem 1 (Factorization Theorem)

Hadronic cross section = (Parton Distributions) ® (Partonic cross section within the perturbative QCD)




THE STRUCTURE FUNCTIONS CAN BE CALCULATED IN QCD

Theorem 1 (Factorization Theorem)

Hadronic cross section = (Parton Distributions) ® (Partonic cross section within the perturbative QCD)

Ly Z d\ 1fi <x 1, /zf / dxzf] X2, /g)dAW) Collinear factorization

do

1; d2 ds d? /
Lo, Z/ L\]/ /U]T \1 Pl 12 / \2/ V°T T 7-p%T*/1%>d&i(jrr) kt factorization
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THE LAM — TUNG RELATION BREAKING IS NOT COMPLETELY EXPLAINED

» The Lam — Tung relation is of the form:
(WL —2Wrr =0 <= Ag—A;=0.]
» Fulfilled up to the NLO (for V+jet) in collinear perturbative QCD

» Breaking of Lam — Tung relation may be traced back to a difference between partonic and
hadronic collision planes — sensitivity to partons’ transverse momenta
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TRANSVERSE MOMENTUM FACTORIZATION AS A POSSIBLE SOLUTION

» We want to take into account the effects of partons transverse momenta — kr factorization
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TRANSVERSE MOMENTUM FACTORIZATION AS A POSSIBLE SOLUTION

» We want to take into account the effects of partons transverse momenta — kr factorization

» The leading contribution comes from the gluons

a8 — qV*

g — qqV*

L K X
X K K
PP




SCATTERING AMPLITUDES FROM THE SPINOR - HELICITY FORMALISM

Example diagram:

Py

ko Pa

From the expression for full diagram

Aub,u — _igZ <TuTb>ijAu

ij,U30‘4 03047

we can extract the spinorial part

Aty T, ()P AT 2 P ) = [7]
2

o
where

I, = (v +ays)Y",
which can be divided into left and right chiral parts

Al = (w+a)RE . + (v—a)Lt

0304 0304 0304



THE SPINOR - HELICITY FORMALISM

We introduce the spinorial notation
" AA o guAA _ [0 Paa
Paa = Pu0 4, p=pPoyu = P=1 44 0

Dirac bispinors u, and v,, are defined as

ir(p)=1lpl=@* 0], u-(p)={pl=1[0 Ap),l,

in order to satisfy the Dirac equation and such that they have specified helicity (chirality)

1+

- ®

Pilp)=1Ip), P+lpl =0, P_|p) =0, P_|p]=Ip,  wherePs =
A lot of products vanish automatically
prirf A pe] = [pr [y A p2) = 0= (paly™ . A po) = [pr [ A" pa], - (2)

if n is even.



SCATTERING AMPLITUDES FROM THE SPINOR - HELICITY FORMALISM

Example diagram:

e From the above identities

k1 P3 (1) — Ri_ =0= Lli+,
(2) — RE, =R_=0=LF =L"_.
—> We are left with two non-vanishing terms:
’Ul RY and LY _.
q
v L =(ps | L 2| pal
1 2

-~ E e

22 [+
U303/ P3 Py

ko Pa




SYMMETRIES SIMPLIFY CALCULATION

Spinorial products satisfy the following identities

[p1| T+ [p2) = (p1 | Tx | p2l, [p1| T+ [p2] = — (p1|T'x|p2).

where I';. —any composition of the gamma matrices and one of the projections P-..



SYMMETRIES SIMPLIFY CALCULATION

Spinorial products satisfy the following identities
Pl |p2) = (P T pal,  [p1 [T |pa] = = (p1[Txlp2)-

where I';. —any composition of the gamma matrices and one of the projections P-..

This leads to the relations between left and right chiral amplitudes

TH Sk TH Sk
R, =T, , 1" =R{_, R‘'_=-TI%,, " =-R.,



SYMMETRIES SIMPLIFY CALCULATION

Spinorial products satisfy the following identities

p1 1T+ [p2) = (p1| 5 | p2l, P11 T+ [p2] = — (p1ITxp2)-

where I';. —any composition of the gamma matrices and one of the projections P-..

This leads to the relations between left and right chiral amplitudes

TH Sk TH Sk
R, =T, , 1" =R{_, R‘'_=-TI%,, " =-R.,

— 1 independent expression for each diagram



RESULTS FOR THE LAM — TUNG RELATION

» The “Weizsdcker — Williams” model (in analogy with photon flux)

1 k< K3

Fww (x, k~2r> = lzl(l —x)7x ™ % 2\ - Wide in kr
ko <0> k> kg
K
» The Gaussian model
A2
k
FG (x, k%) = Np(1-— x)7 exp [— (;)) k%] — Narrow in kr

Avt
Ao(qr)-A2(q1)

= ATLAS data
— WW TMD

045 Tttt Gaussian TMD

----------- qriGeV]
1 10 50 100 500



RESULTS FOR THE LAM — TUNG RELATION

ALt
Ao(qT)-A2(q7)

m  ATLAS data
0.20

— WW TMD
015~ "= - Gaussian TMD | P '

"—%

0.10

0.05 —H#&‘
| ----l"'EEEEEEEE=~
S — — = e g7[GeV]
1 10 50 100 500

-0.05
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RESULTS FOR THE PARITY CONSERVING STRUCTURE FUNCTIONS

= ATLAS data

— Ww T™MD

Gaussian TMD

0.10
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qrleev) s IOV
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RESULTS FOR THE PARITY VIOLATING STRUCTURE FUNCTIONS

A3(qT)
[ ’
i m  ATLAS data /
0.10 -
— WW TMD
0.08 - ’

----- Gaussian TMD

0.06 -

0.04 -

0.02 -

e Ge
500 qr(GeV]

14 / 25



RESULTS FOR THE PARITY VIOLATING STRUCTURE FUNCTIONS

A4(qT)
®  ATLAS data
0207 — WW TMD
----- Gaussian TMD
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SUMMARY

» The Drell - Yan process is an excellent probe of internal hadron structure: nine structure
functions, three kinematical variables dependence (47, Y, M?).

» NNLO calculations exist in pQCD that do not fully explain Lam — Tung relation breaking

» Lam - Tung relation breaking is sensitive to partons’ kr. The wide in kt Weizsdcker — Williams
TMD model gives reasonable description of the data, and also of the other structure functions.

» We continue program of constraining gluon TMD with Drell — Yan observables.
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THE DRELL — YAN HELICITY STRUCTURE FUNCTIONS

Useful definition of structure functions can be done in terms of coordinate vectors, where we define
(X,Y,Z) such that Z and X are in the hadron scattering plane, Y is perpendicular to this plane and
all the spacelike coordinates are orthogonal to the time direction specified by T# = g /M

WH =g (Wr + Wrr) — 2XPXYWrr + ZFZY (W — Wr — Wrp) — (XPZY 4+ ZFXY) V2Wir
V2 1 V2

iR, T~ = Wa 4 i 2, Tas Wy + 1 (ZHX" = X1Z") == W
C] 1 1

— (XMYY + YXY) Wy — (ZMYY + YHZY) V2 Ws.
where helicity structure functions are given by helicity amplitudes
Wi = eDWmel"),
as

(Wio+ Wor —W_o—Wo-),

N

WL=Wp, Wr= Wi +W__), Wir=

N =

1 c
Wrr =5 (Wi + Wei), Wa= ZI (Wio+ Wor + W+ Wo—), Wp=c (Wiy —W__).
In order to define these structure functions uniquely, one has to choose the polarization vectors

1 .
5?0) = Z'u, 8/{:‘:) = :Fﬁ (X'LL + ZYH) .



LEADING DIAGRAMS

LIPATOV EFFECTIVE VERTEX

LS K
PRI
g
==
K K

KK
KK
bt

V

K%w

nnnnnnnnnn
0000000058

0000000000
A

) K2 2k?2
THve — g |:<X1 + ; 1ST> P/i‘ + (xZ + xZST> Pg — (le — sz)M:| PTPE) 19 / 25
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RELATIONS BETWEEN COLLINEAR AND HIGH ENERGY CHANNELS

The gyag™ — qV channel

» contains § — g LO DGLAP splitting for gy,9 — V matrix element and the NLO ¢ — qV
contribution.

» neglects the NLO loop corrections for g5 — V.

The g*¢* — qqV channel
» contains § — gsea, § — § NLO DGLAP splittings for the gseaf — V matrix element
» and g — gsea, § — 9 LO DGLAP splittings for gseag — qV and qg — gV respectively.
» contains the leading contribution to the NNLO collinear gg — g7V matrix element.

» neglects the loop corrections for gseag — g9V, q¢ — gV and q9 — V.



RELATIONS BETWEEN COLLINEAR AND HIGH ENERGY CHANNELS

(b) N
(@) § — gsea splitting
(b) g — 7 splitting
() § = gsea and g — 7 splittings
(d) g — g splitting
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PROOF OF THE BISPISNOR PRODUCTS IDENTY

The charge conjugation acts in the following way

cy=C {"ﬂ B [Xﬁ] —3',  satisfes:  (P=1, Cy'C=1", CyC=1s,
X n

and is anti-linear. Now we will define another anti-linear operator
Q == ~sC, which satisfies Q2= —1, QWQ 1=+, QO !=—ns.

For any two bispinors we have that

Q1 Qin = 1t
It can be directly shown that Q|p] = |p), Q |p) = —|p|, and in consequence

P3| T | pa) =|p3)T [pa) = Qlps|T'Qlpa] = Qlps] QU|pa] = |pa]T|pa) = (p3 | ' | pal, [p3 | T | pa] = — (p3|T|pa)-

Q exchanges the projections QP+ Q™! = P, so

P3| Tx | ps) = QlpsIT'+ Qlpsa] = Qlps] QT x|pa] = (p3| '+ | pal, P3| Tx | pa] = — (p3|Tx|ps)-



THE AMPLITUDES SQUARED

Full amplitude A* is given by the sum of all diagrams.

» For the qy,8* — qV* there are two diagrams with the same color structure which gives the
amplitude
Al = A+ AY = —igTy; (AL + AY),

so the amplitude square is

y g2
M* NRETT) ZA“A = A“A
Jﬂ

» For the g*¢* — gqqV* the amplitude can be decomposed into symmetric (S) and antisymmetric
(A) parts in the adjoint color indices

8
1
A=A = AL+ AL where AL =—ig ( 5755 + d”bCTf]) Al AL = gfTRAL.

n=1
In the amplitude squared, the symmetric and antisymmetric parts in the adjoint color indices
do not interfere:

gt (N? - 2) 8N v _ gy g
MW = N AR = S T ARAG S ARAG = ME + MY

(N2 -1 A 2N (N2 1) 2(N2 1)

N
N



THE AMPLITUDES SQUARED
COMPARISON WITH THE TRACE METHOD

The spinorial matrix 2}, appearing in the amplitude A}, is defined by:
Ay = Ty (P3)2n Vo, (pa)-

In an analogous way we define the matrices 5, 2.
The amplitudes squared can be computed as traces

> g el () 2 1y ) ),
M =y (e ) 4 1 )

Using the trace formulas one can check numerically the helicity structure functions of the form
Moy = Dz,

where r, 7’ € {4, —, 0} are basis polarizations of V*.

N
w»



THE CUTTED CROSS SECTIONS

From the obtained squared amplitudes one can derive the polarized cross sections by integrating
over the phase space with the parton distributions.

> Jvag* — qV*

daﬁfrvflg : 5 ) (
_—nn K qvalg )f
szdequ /dxqpf val Xq, HE / k2 (xg7 T :UF) (87r)2xq(1 _ XF)SZ M1’17‘2

> g*g" = qqV*

da,f;zg> d2 it 1 X A2kt 2m)* | (g dzdgs
szdeZqT /dxl/ & 1T <xlak1Tqu>/dx2/ Fk%T‘F(xZak%T?:U’F) 23 Mnrz 8(271’)9




GLUON TMD MODELS

» The Weizsdcker — Williams model

N 1 k3 < k3
F J3) = (1 —x) 2\ b )

() RO (8) g

kr
» Modified Weizsacker — Williams model (for b = 1)
1 K<k
2 2 Xfy (x, %)

‘FII/VW(x’kTv'LL): > 2 X k% k2 >k2'

kg [1 + log<g)} k% T Z Ko

» The Gaussian model

A2
x\ "k

.FG (x,k%) = Nz(l - x)7eXp [— <x0> kg] .
0

FKMR (X,k%vlﬁ) [xfg(x QT. ¢(Q, )}

» The KMR model

Y
@=8

T dp? o (p?) / (P+H)
r—r,g'(Q,M)eXp{/Q2 7 on /O Py (2) +2qu

where
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