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Angular distributions in DY

Drell-Yan process

Differential DY cross section

dapp—)fZX .

)
d4qdQ  2(27)*s2Q*

o WH

Fabian Wunder, University of Tiibingen NLO Drell-Yan at low g1



Angular distributions in DY
Reference frames

kinematic variables

S = (P1+P2)27 q2 = Q2, qg=x1P"+xP +qr, PQ = Q%/Qz‘

Tepton plane (cm)

Tepton plane (cm)

Figure: Collin-Soper frame (I.) and Gottfried-Jackson frame (r.)
[Boer & Vogelsang, 2006]
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Angular distributions in DY

Angular distributions

Helicity structure functions for pp — ~* — 00

+ WL(1 — cos® )

do a? [
d4qdQ  2(27)*s2Q*
+ WA sin 20 cos ¢ + Wan sin? 6 cos 2@5]
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Angular distributions in DY

Angular distributions

Helicity structure functions for pp — ~* — 00

do a? [
d4qdQ  2(27)*s2Q*
+ WA sin 20 cos ¢ + Wan sin? 6 cos 2@5]

+ WL(1 — cos® )

Basis of covariant projectors

- W, = g, W,
. Wy = Py, Py, WH
Wy = Py, Py, WH |
Wiy = (PyyuPay + PayPry) WH

4
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Angular distributions in DY

Helicity structure functions in terms of covariant projectors

1 1
Wy = —~ {W 5 (x12 Wi + 3 Ws — xi le)
Q%+ Q7
1
Wi = o gz WA+ W — oW
1

Wa = —— [x2W, — x2W.

AT @ gy e

1 1

D 7/ —

2{ Q@)

X [(24 p*) i Wi + (24 p°)x5 Wa + (2 — p?)x1e Who ] }

-

Wan = —
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Angular distributions in DY
Collinear factorization

Collinear factorization for DY differential cross section

dapp—>éZX Pl, P2

d4qu - Z/ dfl/ d§2 a/p 61 fb/p(§2)

% dUab—>€ZX(§1P17 52P2)
d*q dQ
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Angular distributions in DY
Collinear factorization

Collinear factorization for DY differential cross section

dapp—>éZX Pl, P2

d4qu - Z/ dfl/ d§2 a/p fl fb/p(§2)

% daab—>€ZX(§1P17 52P2)
d*q dQ

Collinear factorization for hadronic tensor; z; = x;/&;
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Angular distributions in DY

Partonic helicity structure functions in CS-frame

A 10~ 1 A 7 )
Wy = =5 | + g (W + 5V — mmti)
" 1 A A 7
| = m [zf Wy + 22Wy — 212 le]
Wa = ;2 [ZfVAVl - 222W2]
p(Q%+ Q7)
A 1 (A
W, =< W, T =
w3t e

X |:(2 T p2)212 Wl T (2 = p2)222 W2 T (2 — p2)2122 Wm] }
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LO QCD calculation [Boer & Vogelsang, 2006]

@ contributions from annihilation process qg — 7*g and
Compton-like process gg — 7" q
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LO QCD calculation [Boer & Vogelsang, 2006]

@ contributions from annihilation process qg — v*g and
Compton-like process gg — 7" q
@ simple tree-level results, functions of z;, z and p?

Fabian Wunder, University of Tiibingen NLO Drell-Yan at low g1



LO QCD calculation [Boer & Vogelsang, 2006]

@ contributions from annihilation process qg — v*g and
Compton-like process gg — 7" q
@ simple tree-level results, functions of z;, z and p?

1 1 A
5
@ phase-space proportional to/ dzl/ dz, 5(522)
X1 X2
with & =8+ 1+ 0 — @?
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1 1 2
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LO QCD calculation [Boer & Vogelsang, 2006]

@ contributions from annihilation process qg — v*g and
Compton-like process gg — 7" q
@ simple tree-level results, functions of z;, z and p?

1 1 2
@ phase-space proportional to / dzl/ dz (5(%)
X1 X2

with & =8+ f+ 4 — Q?
@ small Qt-expansion achieved by expansion of delta
function

Delta function expansion

22p*\  (1-—z) 61— 2)
- 1+Pz) C(l-a) " (1—2);
—(S(]. — Z]_)(S(]. — 22) Ing2 aF O(pz)

5((1 —z2)(1- 2)
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LO results for small Q;
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LO results for small Q;

Wr = 52 {Ge(2In g +3)a(x)a)
+ q(Xl)(qu X (7)(X2) - (qu & q)(Xl)C_I(X2)

+ () (Pag ® 8)(x2) + (Pgg @ 8)(x1)a(x2) + O(p*)]
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LO results for small Q;

as 1 g
e = 2L (6ol 4 e

+ Q(Xl)(qu ®q
+ Q(Xl)(qu ® g
s
WL = %[CF(2 Inp? +3)q
+q(x)(Py ® G
+ q(x1)(Pge ®

(%2

vv/\v\/
2
~
—
9
~
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+ Q(Xl)(qu ®q
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Angular distributions in DY

Effects of resummation on small-@Qt behvior

&b )
Wi [ e Y el bo/B)G bo/ ) e

with Sudakov form factor
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Angular distributions in DY

Effects of resummation on small-@Qt behvior

&b )
Wi [ e Y el bo/B)G bo/ ) e

with Sudakov form factor

~ — — (CSS-Resummation
2
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Angular distributions in DY

Effects of resummation on small-@Qt behvior

d?b
WT:/ . qubZe ga(x1, bo/b)Ga(x2, bo/b) e 50,0

with Sudakov form factor

s6.0 = [ % [aeton (&) + Blasteo)

32 K

AR IR AR RARLS RS AR R
pp— Z/~* — €7 (13 TeV)

76 < Q < 106 GeV

0.06[~ SCETLIB B

L = N*LLO4NNLO, -

]- == NNLL”+NLO,

L
T
~ — — (CSS-Resummation——> " e ‘
p2 -l St -+ CcMS (35.9fb7") |
b N

[arXiv:1909.04133] |

0 ‘5 “10‘ 15‘”20 H25 30 35 40
!Figure from [Ebert et al., 2021] ar [GeV]
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Perturbative NLO calculation
NLO calculation

@ NLO for Drell-Yan differential in Qt calculated by Mirkes
in 1992 [Mirkes, 1992]
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@ NLO for Drell-Yan differential in Qt calculated by Mirkes
in 1992 [Mirkes, 1992]

@ real corrections slightly wrong caused by erroneous
recursion relation for one class of angular integrals
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Perturbative NLO calculation
NLO calculation

@ NLO for Drell-Yan differential in Qt calculated by Mirkes
in 1992 [Mirkes, 1992]

@ real corrections slightly wrong caused by erroneous
recursion relation for one class of angular integrals

@ independent recalculation using Mathematica and
FeynCalc

@ new general results for angular integrals, including double
massive integral, all-order e-expansions
[Lyubovitskij et al., 2021]

@ slight improvments on partial fraction decomposition and
loop integrals compared to the literature
[Lyubovitskij et al., 2021]
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Perturbative NLO calculation
NLO calculation

@ NLO for Drell-Yan differential in Qt calculated by Mirkes
in 1992 [Mirkes, 1992]

real corrections slightly wrong caused by erroneous
recursion relation for one class of angular integrals

independent recalculation using Mathematica and
FeynCalc

(<]

new general results for angular integrals, including double
massive integral, all-order e-expansions
[Lyubovitskij et al., 2021]

slight improvments on partial fraction decomposition and
loop integrals compared to the literature
[Lyubovitskij et al., 2021]

® gg — 7*qq subprocess as first example for Qt expansion

(<]
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Perturbative NLO calculation

g 14
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Perturbative NLO calculation

NLO calculation

2
X1 X2 2 T .
Use @ z1 = =, z = =, and p> = —L as independent
_ &1 &2 Q?
variables.
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Perturbative NLO calculation

NLO calculation

2
X X;
Use Q2 z; = =, z, = =2, and p° = % as independent

1 2
variables. The Mandelstam variables can be expressed as

@M@ @zt

712 ’

21
b Q*(1 -z + p) . RU(1—2)1—2)+ p*(1 -z — 2))
Z2 ’

712 '
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Perturbative NLO calculation
NLO calculation

2
X X;
Use Q2 z; = =, z, = =2, and p° = % as independent

1 2
variables. The Mandelstam variables can be expressed as

@M@ @zt
B 2122 ’ N V4l ’
po Ql-n+p)  QR-2)1-2)+P0-n-2)
Z2 ’

712 '

Example for Angular integral

1
dQ
/ fake (1 — ki)?(p2 — k1)?

22 Z
razm Amz12;log ((1+p2)(pl—1zf)(1—zz)> +0(=Y)
= — 19
eQ*p? (1+ p?) Q*p? (1 + p?)

Fabian Wunder, University of Tiibingen
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Perturbative NLO calculation

Results — general structure

Vi=c1+ clo 0_2 clo raz
Wi=atel g<ué)+ 'g<<1+p)2<1—zl)<1—zz))
1+ -2z)zn 1+ - 2)2
H(l—z+ ) >+C5'°g( a(l— 2z + p2) )
_ p22122
' (1+p2)<1—z1)(1—z2)>

(14 p2)(1— 22 )
71— (1+p*)z+ (1 - 2)p?

(
(

+ cglog <1+ 1+ -2z —22)
(

+c4log<

2122
14+ 021 — )3z
+ oo log ( P)(2 22) 1 i
2(1 = z(1 + p?) + p*(1 — z1))
4z z
L1~ ey
+ c1o log =
1=\/1- GAarar
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Perturbative NLO calculation

Naive small Q¢ limit; Wt and Wi

Just expand partonic helicity structure functions in p? and
keep only the leading term.
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Perturbative NLO calculation

Naive small Q¢ limit; Wt and Wi

Just expand partonic helicity structure functions in p? and
keep only the leading term.

L g 4melal 1

2
{(1 — 22 +222)(1 — 225 + 223) log (%)

T p—
Caz12p p? F

2z — 21 — 2)2z1z0 — 21 — 20 + 1)] + O(po)
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Perturbative NLO calculation

Naive small Q¢ limit; Wt and Wi

Just expand partonic helicity structure functions in p? and
keep only the leading term.

~ 747Tea 1

1-2 222)(1 -2 222) |
CAZlZ2P {( 71+ 27 2+ 22 og( )

2z — 21 — 2)2z1z0 — 21 — 20 + 1)] + O(po)

. 47w (z — z)e2al 1

. Q2
Wp=—r" 229 357 1(_142 -2 | =T
A Conm P [( +2(z1+ 2) — 27125) log (Mf: )

+l—z— 2+ 22122] + O(p)
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Perturbative NLO calculation

Naive small @t limit; W and Wana

L 5 4melal [ 5 5 (Qz)
= 8ziz5 —4z120 +2) log | —
CA2122 ( 142 142 ) g ,U%

2

(22~ 1)@~ 1)1og (%) + (v, 2)|
F
4mreln?
Cj_' > g(zlaz2) +O(p2)
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Perturbative NLO calculation

Naive small @t limit; W and Wana

A2 47762 2

Q2
{(82%222 — 4712, + 2) log (—2)
T

C/_\2122 F
Q2
—(227 — 1)(223 — 1) log ( ) + f(21a22)]
I
47Te2 2
c, > g(z1,2) + O(p?)
;  2me2a? Qf
Wan = — CAquZ2 [(_1 27 =25 +4az - 4212222) o8 (M_21>

4122223 + 2 4+ 22 —8z1z0 + 21 + 22]

2mela?
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Perturbative NLO calculation

Naive small @t limit; W and Wana

A2 47762 2

Q2
{(82%222 — 4712, + 2) log (—2)
T

C/_\2122 F
Q2
—(227 — 1)(223 — 1) log ( ) + f(21a22)]
I
47Te2 2
c, > g(z1,2) + O(p?)
;  2me2a? Qf
Wan = — CAquZ2 [(_1 27 =25 +4az - 4212222) o8 (M_21>

4122223 + 2 4+ 22 —8z1z0 + 21 + 22]

2mela?

Lam-Tung relation 2Wan = W, only holds for the log 12 part.
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Perturbative NLO calculation

Geometry behind Lam-Tung relation

Lam-Tung relation
2Wan = Wi,
holds if quark plane and

hadron plane coincide
[Peng et al., 2019]
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Perturbative NLO calculation

Geometry behind Lam-Tung relation

Lam-Tung relation
2Wan = Wi,
holds if quark plane and

hadron plane coincide
[Peng et al., 2019]

Figure: Contribution to
Lam-Tung violation
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Systematic small gt-expansion

Setup

We have results of the form

X
X1X2pr = Z/ le/ d22 a/p < ) fb/p ( 2) Wab(Zl,ZQ,p2),
)
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Systematic small gt-expansion

Setup

We have results of the form

X
X1X2pr = Z/ le/ d22 a/p < ) fb/p ( 2) Wab(Zl,ZQ,p2),
)

where

V,Viab(zl,ZmPZ) < ) ZS 21’22’ ZR'(21’22”022

singular for p2—0 regular for p2—0

and ,
S (1—21)(1—22)—}—[) (1—21 —22)

Q? 212>
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Systematic small gt-expansion

Singular parts

@ Regular parts can be directly expanded in p? in the
integrand; integration boundaries x;, x; into regular term
as 6 functions
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Systematic small gt-expansion

Singular parts

@ Regular parts can be directly expanded in p? in the
integrand; integration boundaries x;, x; into regular term

as 6 functions
1 1

1—z' 1—2+p?

e Singular parts Si(z1, 22, p°) e.g.

log(1 — z + p?)

and products thereof
1-— 7>
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Systematic small gt-expansion
Singular parts

@ Regular parts can be directly expanded in p? in the
integrand; integration boundaries x;, x; into regular term

as 6 functions
1 1

1—z' 1—2+p?

e Singular parts Si(z1, 22, p°) e.g.

log(1 — z + p°)
1-— 7>
@ Number of different singular parts can be drastically
reduced by partial fraction decomposition w.r.t. z; and
7, total of 44 S,'(Z]_, Zo, p2)

and products thereof
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Systematic small gt-expansion
Singular parts

@ Regular parts can be directly expanded in p? in the
integrand; integration boundaries x;, x; into regular term

as 6 functions
1 1

1—z' 1—2+p?

e Singular parts Si(z1, 22, p°) e.g.

log(1 — z1 + p?)
1-— 7>
@ Number of different singular parts can be drastically
reduced by partial fraction decomposition w.r.t. z; and
7, total of 44 S,'(Z]_, Zo, p2)

Problem:
Singular factors can not simply be expanded about p°.

and products thereof
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Systematic small gt-expansion

Example

S>>0

S, <0

Z1
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Systematic small gt-expansion

Example

S>>0

S, <0

Z1

When we take the limit of the
integration area, each term gives a
contribution from the area where
1 — 2z ~ p?. This is of the order

2n
2 p
P X =1
p2n+1

for every term.
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Systematic small gt-expansion

Example

S>>0

S, <0

Z1

When we take the limit of the

integration area, each term gives a

contribution from the area where

1 — 2z ~ p?. This is of the order
2n

2 P
P X =1
p2n+1

for every term.

— can not just trunctate the series )

Fabian Wunder, University of Tiibingen NLO Drell-Yan at low g1



Systematic small gt-expansion

What if we really want to drop some terms?
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Systematic small gt-expansion

What if we really want to drop some terms?

Introduce subtractions to the regular part s.t. the contribution
from the s, > 0 area is negligible. Then drop terms in the
series.
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Systematic small gt-expansion

What if we really want to drop some terms?

Introduce subtractions to the regular part s.t. the contribution
from the s, > 0 area is negligible. Then drop terms in the
series.

(21, 22)
/dZI/ dZ2 1—21+P

Fabian Wunder, University of Tiibingen NLO Drell-Yan at low g1



Systematic small gt-expansion

What if we really want to drop some terms?

Introduce subtractions to the regular part s.t. the contribution
from the s, > 0 area is negligible. Then drop terms in the
series.

H(z1,22) H(z1,22) — o(1, 22)
/le/ dZ2 1—Z1+p /le/ dZQ@ 1—zl—|—p

(1
/dzlgb 22/d221—21+p

log(1—z2+p?)—log(p?)

In the first integral the denominator is ~ (1 — z), hence the
overall integral is ~ p° in the s, < 0 region.

Fabian Wunder, University of Tiibingen NLO Drell-Yan at low g1



Systematic small gt-expansion

What if we really want to drop some terms?

Introduce subtractions to the regular part s.t. the contribution
from the s, > 0 area is negligible. Then drop terms in the
series.

H(z1,22) H(z1,22) — o(1, 22)
/le/ dZ2 1—Z1+p /le/ dZQ@ 1—zl—|—p

(1
/dzlgb 22/d221—21+p

log(1—z2+p?)—log(p?)

In the first integral the denominator is ~ (1 — z), hence the
overall integral is ~ p° in the s, < 0 region.
— we can put p?> = 0 and ©(s;) — 1; error of O(p?)

Fabian Wunder, University of Tiibingen NLO Drell-Yan at low g1



Result in terms of distributions

1 —aifi P2 {1 —lzllr + 31— 21) [log(1 — 22) — log(4*)] +O(r").,
@) [t ) - )
where/0 dz[l_z]+ :/0 dzﬁ'
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Result in terms of distributions

1 —aifi P2 {1 —lzllr + 31— 21) [log(1 — 22) — log(4*)] +O(r").,
@) [t ) - )
where/0 dz[l_z]+ :/0 dzﬁ'

Can we do better than O(p?) errors?

Fabian Wunder, University of Tiibingen NLO Drell-Yan at low g1



Result in terms of distributions

1 —aifi P2 {1 _121L + 31— 21) [log(1 — 22) — log(4*)] +O(r").,
@) [t ) - )
where/0 dzm:/0 dzﬁ'

Google taylor X & ® Q
n Taylor Swift
Q Al (@ Ima s American singer-songwriter

taylor series expansion
About 1.020.000 )
taylor series formula

Fabian Wunder, University of Tiibingen NLO Drell-Yan at low g1



Systematic small gt-expansion

Taylor polynomial subtraction

Let ¢(z1, z) be a sufficiently regular function,
T 021, 22). 73 1y0(21, 22), and ﬁ;:gqﬁ(zl,zz) its one- and
two-fold Taylor polynomials. Then
(21, 22) = T 1)0(21, 22) — T 1)P(21, 22) + 7?17:;;¢(21, 2)
~ (1 o Zl)n-i—l(l o 22)m+1

Np2(n+1) +p2(m+1)

in the s, < 0 region.
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Systematic small gt-expansion

Taylor polynomial subtraction

Let ¢(z1, z) be a sufficiently regular function,
T 021, 22). 73 1y0(21, 22), and ﬁ;:gqﬁ(zl,zz) its one- and
two-fold Taylor polynomials. Then
(21, 22) = T 1)0(21, 22) — T 1)P(21, 22) + 7?17:;;¢(21, 2)
~ (1 o Zl)n-i—l(l o 22)m+1

Np2(n+1) +p2(m+1)

in the s, < 0 region.

Therefore...

Regularization to higher order makes singular part finite in
s, < 0 region, which allows for expansion in p?. Error from
O(sy) — 1 suppressed by powers of p?.

Fabian Wunder, University of Tiibingen NLO Drell-Yan at low g1



Systematic small gt-expansion
Overview of @t expansion algorithm

1 1

/dzl/ de?(52)5(21,Z27P22¢(21722)
0 0 ~
\

Fabian Wunder, University of Tiibingen NLO Drell-Yan at low g1



Systematic small gt-expansion
Overview of @t expansion algorithm

1 1

/dzl/ de?(52)5(21,Z27P22¢(21722)
0 0 ~
\

Master formula for p? expansion

Fabian Wunder, University of Tiibingen NLO Drell-Yan at low g1



Systematic small gt-expansion

Overview of @t expansion algorithm

1 1
/ le/ dz, ?(52)5(21, 22, P22¢(21, 22)
0 0 ~

\d

Master formula for p? expansion

Calculate Mellin moments

Fabian Wunder, University of Tiibingen NLO Drell-Yan at low g1



Systematic small gt-expansion

Overview of @t expansion algorithm

1 1
/ le/ dz, ?(52)5(21, 22, P22¢(21, 22)
0 0 ~

\d

Master formula for p? expansion

Calculate Mellin moments

Log-Laurent expansion

Fabian Wunder, University of Tiibingen NLO Drell-Yan at low g1



Systematic small gt-expansion

Overview of @t expansion algorithm

1 1
/ le/ dz, ?(52)5(21, 22, P22¢(21, 22)
0 0 ~

\d

Master formula for p? expansion

Calculate Mellin moments

Log-Laurent expansion

Reduce distributions

Fabian Wunder, University of Tiibingen NLO Drell-Yan at low g1



Systematic small gt-expansion

Overview of @t expansion algorithm

1 1
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Master formula for p? expansion

Calculate Mellin moments
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\
/ d21 / d22 Z Ci SEISt' (217 22) @(Zl7 22)
0 0 i
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Systematic small gt-expansion
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Notation | - brace yourselves, lots of formulas are coming

Degree of divergence

ny, ny are the smallest integers s.t.
lim (1 —2z)™(1 — 22)™Sp,.n,(21, 22) is finite.

21722—)1

- -

Generalized Plus distributions

+,m>

b _ 2
/ le/ d22 [Iog 1—21)|og (1 2) ¢(21,22)

1-— 21)"1(1 — 22)n2

+,m

log" (1 — z1) log®(1 —
/d21/d22 og'(1— z1)log?(1 — 2)

1 — 21)”1(1 — 22)"2
X [¢(217 2) = T1oy(21, 22) — T2y 8(z, 22) + Ty 621, 22)}
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Systematic small gt-expansion

Notation |l: Mellin moments

Single moments

M(f)(ki, 22) =

M(f)(z1, ko) =

A\

Double moments

M(f)(kl,k2):/o dzl/o dz(1— 2)(1 — 2)°f(z, 2)

'
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Systematic small gt-expansion

Master formula for distributional expansion

+,mo

N
Smm(21,22,0%) = Y _ p*" [8&"3)

(
n;"’,n.
1M
n=0

Fabian Wunder, University of Tiibingen NLO Drell-Yan at low g1



Systematic small gt-expansion

Master formula for distributional expansion

N +,mo
Sn1,nz(zljz2>/02) = szn |:Sr(7€7n)) (n)(zl7z2):|

n=0
T 5(1(1)(1 — Z]_)

kq! [M (Snlmz) (k17227p2)]+’m2

k1=0
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Systematic small gt-expansion

Master formula for distributional expansion

N +,mo
Sn1,nz(zljz2>/02) = szn |:Sr(7€7n)) (n)(zl7z2):|

n=0

m - S(ki)(1 _
= 2) g (Spm) Uy 22, )]

= k!
= 0k (1 — zy)

T2 [M (Snl,nz) (Zla k2a Pz)} +,m
k=0 ’
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Systematic small gt-expansion

Master formula for distributional expansion

N +,m2
8"17172(21’ 22, 102) = Z 102" |:Sr(7€7n)) ) (217 Z2):|

i
n=0 +,my

m - S(ki)(1 _
= 2) g (Spm) Uy 22, )]

= ki !
2 50 (1 — z,)
T2 [M (Snl,nz) (Zla k2a Pz)} +,m
ko=0
my,my 5([(1)(1 . 21)5(1(2)(1 _ 22) m
s k) (M (Snm) (ke ko )] o,
1,ko=
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Systematic small gt-expansion

Master formula for distributional expansion

N +,m2
8"17172(21’ 22, 102) = Z 102" |:Sr(7€7n)) ) (217 Z2):|

i
n=0 +,my

m - S(ki)(1 _
= 2) g (Spm) Uy 22, )]

- kq!
= 0k (1 — zy)
————= [M(Snm) (21, h2, )],

- k! ,

my,my 5([(1)(1 . 21)5(1(2)(1 _ 22) S
- Z kilky! [M (Snl’nZ) (kl’k2’p )}+,m1

k1,ko=0
=+ O(p2(N+1))
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Systematic small gt-expansion

Log-Laurent expansion

[S(Zla 22) ijZf =
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Systematic small gt-expansion

Log-Laurent expansion

l ax /max aFs
S = S S log (1 — 21) log(1 — )|
21,22 +m*ZZZ kk// k k
' =1 k2 1 /1—0 /2—0 e (1 - Zl) 1(1 N 22) ’ +7m1
v
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Systematic small gt-expansion

Log-Laurent expansion

185Gz, 2)L i = mir:l mfr:llz: y Clom log" (1 — 21) log"(1 — ) o
o =1 ke=1 h=0£=0 o (1—z1)k(1 - z)k +,my

+ %ﬂz: c 'Og’l(li—zl) o

= = kl/l (1 —z1)k .
v
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Systematic small gt-expansion

Log-Laurent expansion

Akl il /max /max / . +,ms
log™(1 — z1) log?(1 — z)
+om
[8(21’22 +, mi Z Z Z k1k2/1/2 [ (1 _ Zl)kl(l _ 22)k2

kl 1k2 1/1 0/2 0

mtl i Iog (1—z)
+ Z Z Cklll (1 _Zl)kl

+,m

+,mz

ki=1 h= +,m
my+1 I3 +,m2
CRAg: Iog (1- 2)
+ Z Z Ckzlz Zl 1 _ Zg)kz
ko=1 h= +,m
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Systematic small gt-expansion

Log-Laurent expansion

Akl il /max /max / . +,my
log™(1 — z1) log?(1 — z)
+om
[8(21’22 +, mi Z Z Z k1k2/1/2 [ (1 _ Zl)kl(l _ 22)k2

kl 1k2 1/1 0/2 0

mtl i Iog (1—z)
+ Z Z Cklll (1 _Zl)kl

+,my

+,mz

ki=1 h= +,m
my+1 I3 +,m2
CRAg: Iog (1- 2)
+ Z Z Ckzlz Zl 1 _ Zg)kz
ko=1 h= +,m

+ [Sl‘lnlte(z17 22)} Iij

with coefficients C,Ei)Q,lb and finite functions C,E;SIZ(Z2), C,Ef,g(zl),

and Sfinite(ZI’ 22).
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Systematic small gt-expansion

Reduction of distributions |

+,m
Iog’l(l — z1) Iog/2(1 — 2) ’
(1 = Zl)nl(l = 22)”2

+,m
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Systematic small gt-expansion

Reduction of distributions |

+,m—1

Iog’l(l — z1) Iog/2(1 — 2) o - Iog’l(l — z) Iog/2(1 — 2)
(I—z)m(1l-2z)" S| Q-z)m(A - 2)m

+,m—1
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Systematic small gt-expansion

Reduction of distributions |

Iogh(l — z1) |og/2(1 _ 2) +,mz B |Ogh(1 —2) Iog/2(1 _ ) +,m—1
(—a)(1-z) T T emara-ar

+,m—1

1/ |0gl2(]_ ) +,m—1
_ —1 (k) (] _ 5y |lo8” (1~ 2)
Z kl kl —n + 1)5 ( Zl) [ (1 = 22)”2 ‘|

ki=m
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Systematic small gt-expansion

Reduction of distributions |

- +,m—1
log" (1 — z1) log"(1 — 22)] - [Iogh(l — 21) log?(1 - 22)] |

(1-z)"(1-2z)" (1 —2)"(1-2z)" +,m—1

1/ |0gl2(]_ ) +,m—1
_ —1 (k) (] _ 5y |lo8” (1~ 2)
Z kl kl —n + 1)5 ( Zl) [ (1 = 22)”2 ‘|

kl n
+,m—1
_ Z —5<k2>( o) |10 =2)
k>! k2 — ny + 1)

ko=n3

(1 = Zl)”1
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Systematic small gt-expansion

Reduction of distributions |

- +,m—1
log" (1 — z1) log"(1 — 22)] - [Iogh(l — 21) log?(1 - 22)] |

(1-z)"(1-2z)" (1 —2)"(1-2z)" +,m—1

1/ |0gl2(]_ ) +,m—1
_ —1 (k) (1 — o \tT )
Z ke !( kl—n1+1)5 ( Zl)[ 1 - z)" 1

kl n
h +,m—1
5(k2)( 2) [Iog (1- 21)]

B Z k! k2—n2+1) (1—z)m

ko=ny
h+
)1 2/1|/2!

+ Z Z PAPAT; kl—n1+1)(k2—n2+1)

k1 n kz ny

5(k1)(1 — 21)(5(,(2)(1 — 22)
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Systematic small gt-expansion

Reduction of distributions ||

+,mz
f(z)log" (1 — z1) _ f(2) log" (1 — z1)
(1 _ Zl)m . (1 _ Zl)m B
R N G Vi U O
klzl:vl kl kl o 1)(5 (1 Zl)f(z2)
Iog/1 1-=z
- Z M) 501y o) [ (1_(zl)m_i)‘|
+,m—1
my my /
1) IM(F)(k2) <(k) (k)
1)(1 — 2)(1 —
+k2% kz kllkz (ke — n1+1)5 (1=2)0 (1 - 2)
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Systematic small gt-expansion

Reduction of distributions Il|

(o, 2l =Fa ) — 3 2O
k1=0 1

. i M(f)(217k2)5(k2)( 2)

k=0 2
)(ki, ko) 50
35 5 MOk
R=

Fabian Wunder, University of Tiibingen

NLO Drell-Yan at low g1
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Systematic small gt-expansion

Overview of @t expansion algorithm

1 1
/ le/ dz, ?(52)5(21, 22, P22¢(21, 22)
0 0 ~

\d
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Results for gluon-fusion process

Next-to-leading power contributions to Helicity

structure functions

@ result in terms of distributions

log™ (1 — z;) log™(1 — z) +i2

(m)(1_ (m)(1_
0'"™(1=2)6"™)(1~2) and (1= z)m (1 — z)m 1

+,m
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log™ (1 — z;) log™(1 — z) +i2

(m)(1_ (m)(1_
0'"™(1=2)6"™)(1~2) and (1= z)m (1 — z)m 1

+,m

@ phase-space effects essential for NLP expansion
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Results for gluon-fusion process

Next-to-leading power contributions to Helicity

structure functions

@ result in terms of distributions

log™ (1 — z;) log™(1 — z) +i2
(1— z1)m*1(1 — zp)m+t

6(m)(1—2)0("™)(1-2) and
+,m

@ phase-space effects essential for NLP expansion

@ LP non-trivial phase-space effects only in Waa, not
logarithmic

@ Agreement with resummation prediction for Waa for
logarithmic term at LP (Feng Yuan)

@ Lam-Tung relation for log yi, otherwise broken
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Results for gluon-fusion process

W result
N 2ne2a? Q7
Vispaivelimit 2 22747 (192 022 4 477, — 42222) 1o < T>
AL Caz1 2o ( ! 2 12 ! 2) & ,u,2:

4122228 + 2} + 23 — 8z + 21 + 22}
2mela?

2
. +0(p%)
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Results for gluon-fusion process

Wan result
N 2me2a? Q7
Vynaive timit 2 ZT€%%s [ —1-22 222+ 472, —4222)lo ( T)
AA Caznrzo ( ! 2 2 ! 2) & “l%

4122228 + 2} + 23 — 8z + 21 + 22}
2mela?
Cr

+0(p?)

Inlcuding phase space effects

N 2me2a? Q2
Wapn = — —232 | (=1 =222 — 222 + 47120 — 42 23) log | —
ML= [( %2t Ann i) g |

+122122(1 — Zl)(]. — Zz) — Zl(]. — Zl) — 22(1 — 22):|

— —2222 + 22 + 3] + O(p?)
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Summary and Outlook

@ We developed an algorithmic way to perform small-Qt
expansion of DY-Helicity structure functions

@ We calculated the gluon fusion contribution to DY to
NLP in Qr

@ Higher powers in the Q1 expansion, improve analytic
calculation of Mellin moments

. . 1 :
@ complete DY calculation; expansion of {—} in
S> +

gg-channel

@ development of resummation formalism for W, Wa, and
Wan (extension of [Berger et al., 2007])

@ Extension to polarized DY

@ relation of collinear factorization and TMD physics

@ application to related processes, e.g. SIDIS
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