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Introduction
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H2(P2)

Hi(P1) + H2(P2) — v/Z° + X — £7(q1) + £1(q2) + X
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Drell-Yan process fundamentals

Factorization of hadronic and leptonic processes,
collinear factorization and v/Z° interference




Cross section factorization

Using the dilepton center-of-mass frame, the cross section
is factorized into leptonic and hadronic tensors

do o?

07 d0, dyder — a(znyiqase AL OWH (PP, 0)

Hadronic tensor in terms of structure functions
WHY = (XXY + YHYY)Wr + i(XHYY — XV Y)Wy,
+ (YRYY — XEXY)Wan — (XVYH + XEYVIWAn,
— (XVZH + XEZV)WA — (YVZH + YRZY ) WA,
+i(XVZF = XHZV )Wy +i(YRZY =YY ZH)Wy,
+ZrZYW,

£t(q1)  H(P1)

£7(92)  H(P2)

hadronic plane

leptonic plane

Basis of unit vectors:

=% _(1,0,0,0)
- O - bl b b

XlJ‘ = (07 1’ 07 0)

Z‘J‘ = (07 0’ 07 1)

Y = etveBT,Z, X5 = (0,0,1,0)

Relationship with hadron momenta

Ry =L (T“m £28 = pXH), p= 5

Qr



Collinear factorization

Collinear factorization in the Drell-Yan process

1 d£ df
407 o, dyda dQT o /x L 2 fay1(61)6ab(§1,€2)Fp/2(€2)

In particular, for structure functions

2 ~ N ~ X2 Xj
Y I R R



Interference of v and Z°

For consideration of the v/Z° interference, we require the following specific electroweak couplings

gé\7\/1 =1 +292q gz/ Re[Dz(Q%)] + ( ng géq )( gze géz ) IDz(Q?)?

Gewir = 2% [29% (989%:) 1D2(Q*)12 + g3, Re[Dz(Q2)]]

Here, couplings of the Z° boson with leptons

1 —4sin? 6 1
v _ w - _
9z¢ = 2sin20y 92 2sin 26y’
with u
p (u), and down (d) quarks y v . s
L y 70 =~ <ng =927 )
v :1—8/3S|n Ow v o_ _1-4/3sin" Oy
2 2eqsin20y X 2eqsin20y
1 1
A A — _
9zu = 2eq sin 20y ’ 9z4 2eq sin 20y
and real and imaginary parts of the Breit-Wigner propagator
(M2 — Q%)Q? MzI'zQ?

Re[Dz(Q?)] = Im[Dz(Q%)] =

(% — Q)+ MET3 (M5~ Q%)+ 3T
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Next-to leading order pQCD results

Next-to leading order perturbative QCD predictions for parton-level
subprocesses contributing to the Drell-Yan process




Quark-antiquark annihilation

Couplings
_Cr_

Cim= ==
N 2N2 9

NZ—1 4

z
9qa;i = (87°€F as) Cqg Gew, = GiCag

Structure functions

G 1 P2\ 22 4 23
w;l_q = Jqq;1 p—Q (1 + 7) 1 2

2 2122
2 2
G 5 7224z
~q9 _ o9 ~q9 _ _ 1 2
Wt =2w = 1
L An = Yq; 7123
_ R __ 5
&X = ggg1 B
Tp 21z
2 2
qq _ . V1+p?zi+2Z3
wr, =@z — 5
P P 2122

1+ p2? 22 — 72

P Z1Z2

~49 _ 4
Wy, = 995;2

q g q
flp\ / EIP\‘ %

772N,
q

v/Z°

Y

q

/2°

g



Quark-gluon scattering

Couplings

Te 1 1

Ne  2N. 6

Cog =

z
gqg;j = (8 7r293 O(s) ng gE\7\I;i = G,‘ng
Structure functions

1 1—2o

-9 _
wr =Jqgi1 —

2
T2 (21— 220242 (1= 2L — 2129(z1 + 2
2 iz (2+( 1Z2) +p< > 1Z2(Z1 + 2))

~q9 _ 5 ~49  _
W =208 = Y9agin

2:222 (Z% +@& +Z2)2)

11—29 (
~qg 2 2
o = [ E—— 4 72z>
A = Y9qg;1 » 717 1 2

V1itp2l—z
539 — 7;’0 i (z§+(1—22)2—(1—21)2)

w! = .
Tp = 9qg:2 p .
- V1+p?1—29
5L = gogr Y =22 (1-23 - (1-21) +222(1 - 1))

P Z12Z2
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Comparison with experimental data

Comparison of angular coefficients and forward-backward asymmetry
with experimental data from the ATLAS [JHEP 08 (2016) 159] and

CMS [Phys.Lett.B 718 (2013) 752-772, Phys.Lett.B 750 (2015) 154-175]
Collaborations




Angular coefficients

The lepton angular distribution, which encodes information about polar and azimuthal asymmetries, can be pa-
rameterized by seven angular coefficients

dﬂ _ do ( do )71
dQ ~ dQ2dQrdydQ \ dQ2dQsdy

3 1 .
= K{1-1—00329-1-5A0(1—300329) + Ay sin 20 cos ¢
us

1
+ 5A2 sin? # cos 2¢ + A3 sin 6 cos ¢+ Agcosb
+ As sin? 0'sin 2¢ + Ag sin 20 sin ¢ + A7 sin0'sin ¢

Relationship with structure functions

Ao = 2W, A= 2Wa 7 - AWan 7 - 2WVp 7 = 2WTP 7
2Wr + W, 2Wr + W, 2Wr + W, 2Wr + W, 2Wr + W,
Wan, Wa, Wy
5:2W'['-‘y-WL7 6:2WT—|—WL7 7:2W7'-|—WL



Angular coefficients

The lepton angular distribution, which encodes information about polar and azimuthal asymmetries, can be pa-
rameterized by seven angular coefficients

dﬂ _ do ( do )71
dQ ~ dQ2dQrdydQ \ dQ2dQsdy

3 1 .
= K{1-1—00329-1-5A0(1—300329) + Ay sin 20 cos ¢
us

1
+ 5A2 sin? # cos 2¢ + A3 sin 6 cos ¢+ Agcosb

Relationship with structure functions

. 2W, A — 2Wa A, — AWAA . 2WVp . 2WTP
_2WT+WL7 1_2WT+WL7 2_2WT+WL7 3_2WT+WL7 4_2WT+WL

Ao



Angular coefficients

The lepton angular distribution, which encodes information about polar and azimuthal asymmetries, can be pa-
rameterized by seven angular coefficients

dﬂ _ do ( do )71
dQ ~ dQ2dQrdydQ \ dQ2dQsdy

3 1 .
== {1—1—003294- —Ao(1 —3cos?6) + Ay sin20cos¢
167 2
1
+ 5A2 sin% 6 cos 2¢ + A3 sin 0 cos ¢ + A4 cos 9}

Relationship with structure functions

_2w A= 2Wa _ 4Wan _ 2y, A, — 2Wr,
_2W7'~|>WL7 I_QWT+WL7 2_2WT+WL7 3_2WT+WL’ 4_2W7'+WL

Ao



Angular coefficients

The lepton angular distribution, which encodes information about polar and azimuthal asymmetries, can be pa-
rameterized by seven angular coefficients

dﬂ _ do ( do )71
dQ ~ dQ2dQrdydQ \ dQ2dQsdy

3 1 .
= —{1-1—00329-1- —Ao(1 —3cos?6) + Ay sin20cos¢
167 2

1
+ 5A2 sin% 6 cos 2¢ + A3 sin 0 cos ¢ + A4 cos 9}

Relationship with structure functions

2WL 2Wa AWan QWVP 2WTP
Ao = , AL = y, Ag= - A3= — 0 Ay= ————
2Wr + W, 2Wr + W, 2Wr + W, 2Wr + W, 2Wr + W,
Forward-backward asymmetry
1 do 0 do
_Jo dcose_ 1dcos€ _ 3
Arg = = §A4

fO dcosG + f—l dcosG
Convexity (asymmetry of the transverse and longitudinal structure functions)

3
Aconv = g (2 - 3AO)



Forward-backward asymmetry
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Forward-backward asymmetry
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Leading order in small-Qr expansion of structure functions

LP;qG /0 ,0 LP; 9qg;1 | /LP;
wr qq(x1ax27’-p) 22 — W qq(xhxzvl-p) Gaa2 Wy qq(x17x2va)
qq;

_ Yqgn1 1
p2x9x9 Cr

4010 (Pag ©2) () + (Paa @ 1) ) 200

{ — Cr (2L, +3) 1 (X2) G2 (x2)

LP;qg ,,0 ,0 9qg;1 4 /LP;

Wy qg(XhXQva) Wr qg(xpxza Ly)
9qg;2
29qg;1
pzx‘l)xo

910) (Pf ®92) (3).

LPiqg gqg 1 0
WP x4, L) = S a1 () (Pag ©.92) ()
Angular coefficient A4 in terms of structure functions

LP LP
AP = W YR 6
WP+ WP WP T G



Angular coefficient A;and Acony

Ao

Theory/Data
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Angular coefficients A; and A,
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Angular coefficients A;and A,
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Conclusion

We presented analytical results for the Drell-Yan T-even hadronic structure functions
in the framework of the pQCD based on the collinear factorization scheme
and at the leading order in the o expansion

We demonstrated that our theoretical predictions for angular coefficients and
forward-backward asymmetry are in good agreement with data from
ATLAS and CMS Collaborations

We proposed a novel quantity "convexity" in context of Drell-Yan process and found
that our prediction for it is in good agreement with data from ATLAS Collaboration

We proposed systematic and analytic Q% /Q? expansion for structure functions
in Drell-Yan process up to desired order

Additionally we pointed out that the small Q7/Q limit plays an important role for the
forward-backward asymmetry
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your
attention!
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