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Outline
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Motivations - a short overview — see also talk by Thomas Becher

» The Drell-Yan process - review of factorization at leading power within
the position space SCET framework.

v

The Drell-Yan process - new features at next-to-leading power

> Accounting for power corrections
> Appearance of collinear functions
> Generalized soft functions

» Factorization formula at next-to-leading power
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Power expansion for observables

Schematic form for production cross-sections near threshold, z — 1:

oo 2n—1 m _
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Power expansion for observables

Schematic form for production cross-sections near threshold, z — 1:

6(z)

S kSl ™ (1 — 2) ™

Zas cnd(1—2)+ Z Cnm | ———= + dpm In (1 — 2) +...
n=0 m=0 1=z +

» Leading power (LP) logarithms

Threshold Drell-Yan (N°LL/ NNLR) [T. Becher, M.
Neubert, G. Xu, 0710.0680]

Higgs production with jet veto (NNLL/ NLR) [T.
Becher, M. Neubert, 1205.3806] [C. Berger, C.
Marcantonini, I. Stewart, F.Tackmann, W. Waalewijn,
1012.4480]

Thrust distribution in eTe™ collisions (N*LL/
NNLR)[T. Becher, M. Schwartz, 0803.0342]
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Power expansion for observables

Schematic form for production cross-sections near threshold, z — 1:

6(z)

ad nt In™(1 — z)
Za: |:cn6(lfz)+ Z ( Cnm [7] + o In (1 — 2) >+]
— — 1—-z
n=0 m=0 +
» Leading power (LP) logarithms

Threshold Drell-Yan (N°LL/ NNLR) [T. Becher, M.
Neubert, G. Xu, 0710.0680]

Higgs production with jet veto (NNLL/ NLR) [T.
Becher, M. Neubert, 1205.3806] [C. Berger, C.
Marcantonini, I. Stewart, F.Tackmann, W. Waalewijn,
1012.4480]

Thrust distribution in eTe™ collisions (N*LL/
NNLR)[T. Becher, M. Schwartz, 0803.0342]

» Neat-to-leading power (NLP) logarithms

Subleading power resummed thrust spectrum for

H — gg [I. Moult, 1. Stewart, G. Vita, H. Zhu,
1804.04665]

Drell-Yan production at threshold [M. Beneke, A.
Broggio, M. Garny, SJ, R. Szafron, L. Vernazza, J.
Wang, 1809.10631]

Diagrammatic resummation of threshold effects [N.
Bahjat-Abbas, D. Bonocore, J. Sinninghe Damste, E.

Laenen, L. Magnea, L. Vernazza, C. White, 1905.13710]
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Power expansion for observables

Schematic form for production cross-sections near threshold, z — 1:

6(z)

oo 2n—1 m
> ar [cnﬁ(lfz)Jr > ( Crm [71“ l(i; Z)] 4+ dpmIn™(1 - 2) >+. ]
n=0 m=0 +

» Leading power (LP) logarithms

Threshold Drell-Yan (N’LL/ NNLR) [T. Becher, M. More on NLP:

Neubert, G. Xu, 0710.0680] .

Higgs production with jet veto (NNLL/ NLR) [T. > Power corrections for
Becher, M. Neubert, 1205.3806] [C. Berger, C. N-jettiness subtractions at

Marcantonini, I. Stewart, F.Tackmann, W. Waalewijn,
1012.4480]

Thrust distribution in e™e™ collisions (N*LL/
NNLR)[T. Becher, M. Schwartz, 0803.0342]

O(as) [M. Ebert, I. Moult, I.
Stewart, F. Tackmann, G. Vita,

H. Zhu, 1807.10764]

» Next-to-leading power (NLP) logarithms > Subleading power rapidity

Subleading power resummed thrust spectrum for divergences and power

H — gg [I. Moult, 1. Stewart, G. Vita, H. Zhu, corrections for gr [M. Ebert, L.
1804.04665]

Drell-Yan production at threshold [M. Beneke, A.
Broggio, M. Garny, SJ, R. Szafron, L. Vernazza, J.
Wang, 1809.10631] » Anomalous dimension of
subleading-power N-jet

operators II [M. Beneke, M.
Bahjat-Abbas, D. Bonocore, J. Sinninghe Damste, E. Garny. R. Szafron, J. Wang
rarny, R. Szafron, J. Wang,

Moult, I. Stewart, F. Tackmann,

G. Vita, H. Zhu, 1812.08189]

Diagrammatic resummation of threshold effects [N.

Laenen, L. Magnea, L. Vernazza, C. White, 1905.13710] 1808.04742]
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SCET formalism
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SCET formalism: Lagrangian

In this talk we employ position-space SCET formalism
[M. Beneke, A. Chapovsky, M. Diehl, Th. Feldmann, 0206152]

N
LsceT = ) Loj + Loog,
i=1
where each of the Lagrangians belonging to a collinear direction is expanded in small
parameter \:
L., =0+ 4+ 2 4.
= N
LP  oul) o12)
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SCET formalism: Lagrangian

In this talk we employ position-space SCET formalism
[M. Beneke, A. Chapovsky, M. Diehl, Th. Feldmann, 0206152]

N
LsceT = ) Loj + Loog,
i=1
where each of the Lagrangians belonging to a collinear direction is expanded in small
parameter \:
£, =04 M 4 £® 4.
i i i i
N~ N N
LP  oul) o(\2)
Separate collinear sectors interact only through soft gluon interactions. Focusing in LP
term:

, , 1 7
£ = ¢ (m,DC +gn_Ag(z_)+ ””“m uz)ic> 7* £+ L%

m
n
with in_D. =in_9+ gn_A.(z), 2" = (n+a:)77

The soft interaction with each collinear field at LP is given by the standard eikonal

vertex

3

’
P 7’
—k ig td—tn_ oM\°
Apa 19s 2 n—pn (A7)

s
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SCET formalism: Lagrangian

In this talk we employ position-space SCET formalism

[M. Beneke, A. Chapovsky, M. Diehl, Th. Feldmann, 0206152]

N
LsceT = ) Loj + Loog,

i=1
where each of the Lagrangians belonging to a collinear direction is expanded in small

parameter \:
L., =0+ 4+ 2 4.
= N
LP o(l) o(2)

Separate collinear sectors interact only through soft gluon interactions. Focusing in LP
term:
© _z(. : 1. *y (0)
L) =€&(in_De+gn_Aj(z_)+ilD, ,——— i) .| ——E+ L4
iny D. 2 ’
nt
with in_D. =in_9+ gn_A.(z), 2" = (n+a:)77
The decoupling transformation, Xgo) = Yl (0)xe, separates soft and collinear sectors at
LP
Lots = % %(n,Ac +n_9) xV(z)

[C. Bauer, D. Pirjol, and I. Stewart, 0109045]
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SCET formalism: Lagrangian

The structure of the SCET Lagrangian beyond LP is more intricate

[M. Beneke, Th. Feldmann, 0211358]
z 7
£ ¢ (ain” WegRlw]) SEe+£0) + £33
1z v us v us #
[222) 55((n w)nin7 chFW,VVCT +wiwlpn7WC[Dus,gF ]WT) %5
w v us 11t w v us
iy WegF, W, +a'[v] WegF,, W, D,

1_7 1
+§£<7'IDJ_C in+DC
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SCET formalism: Lagrangian

The structure of the SCET Lagrangian beyond LP is more intricate

[M. Beneke, Th. Feldmann, 0211358]
LY = £ (z'ini W, gF,;‘;WT) e e+ + L
£® = 1é((n @)t n? WegF S Wi+ ah o) n” W.[Dl, gFs]w! L
€ = 3 - 4N Wegl,, 1T LM We|Pus) 98 10 By
1 1 "o v T no_ v us . 7i+
5 IDJ_C . D z v, We F,H/W +aliv] We F,er iny D P, 75

» Importantly, there are no purely collinear interactions at subleading powers. In each
vertex there is at least one soft field.
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SCET formalism: N-jet operator basis

Generic N-jet operator has the form:
[M. Beneke, M. Garny, R. Szafron, J. Wang, 1712.04416]

N n; N
J=/H T dtie, Ot ) TT Jiltiyatin. oo tin)
i=1k;=1 i=1

where the Js are constructed by multiplying collinear gauge invariant building blocks in
the same direction (up to O(A\?))

Xi(tiniy) = W] & Al = w]EDh W)

and by acting on these with derivatives zail
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SCET formalism: N-jet operator basis

Generic N-jet operator has the form:

[M. Beneke, M. Garny, R. Szafron, J. Wang, 1712.04416]
N n; N

J:/H T dtie, Ot ) TT Jiltiyatin. oo tin)
i=1k;=1 i=1

where the Js are constructed by multiplying collinear gauge invariant building blocks in
the same direction (up to O(A\?))

xi(tinit) = Wi g Al = wliDh Wil
and by acting on these with derivatives u’)il

We adopt the notation: JA", JB", Jgen

where:
> A, B, C... refers to number of fields in a given collinear direction

> n is the power of X suppression (relative to A0) in a given sector.

at O()\2) for example we can construct JA2, JBQ, JC? respectively:
iaiiiaiix’i! Xi(th)iaii-"\;l (ti2)7 Xi(t'il)Xi(tiZ )Aél(tig)
And a O(A?) 3-jet operator could be
JAZ gA0 yA0. JAL jA0 ;B1
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Drell-Yan process
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The Drell-Yan process at threshold

A(pa)B(ps) — DY(Q) + X
Q2

= - /(1=
z B A ( z)
Pe = (N4pe,n_pe,per) ~ Q(LA%N)
= _ o) 2
pe (TL+Pc,n7Pc,ch) Q()\Z, 1,2)\) , PoPDF ~ (Q,AQ/Q’A)
ps = (n+ps,n7P5,PsL) NQ()\ ,)\ ,)\ )

DYt = /dtdfé*“o(tj)Jfo(t,E)

T30t 8) = Xe(tn-)yipxe(tny)

Gauge invariant building block:

X(@) = W (@) ()
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The Drell-Yan proccess - the leading power result

dopy 4dral,,
dQ* — 3N.Q*

1
> /0 dzadry fo)a(za)fy)p(T)60p (2)
a,b

where [G. P. Korchemsky et al., 1993]
[T. Becher et al., 0710.0680, S. Moch et al., 0508265]

6P (2) = |C(@HI? Q Spv(Q(1 - 2))

dz® ;.0 1
Sy (Q) :/%em a/2 1

c

Tr (0| T (Y] (=”) Y= («”)) T(YT (0)Y4 (0))[0)
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Factorization formula at NLP

First a schematic formula:

dopy _ 4mal, /1 ~ NLP
= dzxd T
402 3NCQ4; | zb faya(@a) fo/B(2p) 6oy (2)

The 6NLF (2) is given by
GNP =" [CeIeJP®s
terms
» (' is the hard Wilson matching coeflicient
» S is the generalized soft function

» J is the collinear function

Let us now motivate the emergence of this structure at
next-to-leading power.
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Collinear functions at LP and NLP

» There is no collinear function present at LP because of decoupling
transformation [C. Bauer, D. Pirjol, and I. Stewart, 0109045]

soft
¢ —PDF

¢ —threshold loops ¢ —threshold

(Jggyzg(s,t))u = i/d4zT [Jﬁo(s,t) ﬁ;?(z)}
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Collinear functions at LP and NLP

» There is no collinear function present at LP because of decoupling

transformation [C. Bauer, D. Pirjol, and I. Stewart, 0109045]
> This is no longer true at NLP. Consider an example of subleading SCET
. 2 1_o o *r )
Lagrangian: Eég) = 5)(2 )zizi [i0pin_ 0B} ()] 7)((6 ), B4 =v] [iD¥vy]
[M. Beneke and Th. Feldmann, 0211358]

» Crucially, an insertion of a piece of a subleading lagrangian comes with an
integral over its position, /d4z, which induces a collinear scale. Note, no

JAQ, JB2. J€2 currents appear at NLP.

soft
¢ —PDF

¢ —threshold loops ¢ —threshold

(Jggyzg(s,t))u = i/d4zT [Jﬁo(s,t) ﬁ;?(z)}
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Collinear functions at NLP

» PDF collinear modes can be radiated into the final state
Modes: pe ~ Q(1,A2,A) and p._ppr ~ (Q,A%/Q,A)

¢ —PDF

¢ —threshold
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Collinear functions at NLP

» PDF collinear modes can be radiated into the final state
Modes: pe ~ Q(1,2%,)) and pe_ppr ~ (Q,A%/Q,A)

> Hence we define the matching equation which gives a SCET definition of
what is known as the “radiative jet function”

[D. Bonocore, E. Laenen, L. Magnea, S. Melville, L. Vernazza, C.D. White, 1503.05156]
see also [D. Bonocore, E. Laenen, L. Magnea, L. Vernazza, C.D. White, 1610.06842]

i/d‘lzT[xc,,,f (tny) L(Q)(z)]

d(ngz) - n4z
= QﬁZ/du/T Jisy B, fbd (t,u; 5 xf,]?ag(un+)§’w,d(Z—)
i

- HEN )e{ i SB5, (), _fg BY (=), G d>[ T (B (20)],- }

[M. Beneke, A. Broggio, M. Garny, SJ, R. Szafron, L. Vernazza, J. Wang, 1809.10631]

[M. Beneke, A. Broggio, SJ, L. Vernazza, to appear soon |

Equation of motion:

+ A
¢ —PDF nyBT(z) = —2- aBML (z-)
in_

88 [in 08, 1]

(in5)? + ...

¢ —threshold
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Collinear functions at NLP

» PDF collinear modes can be radiated into the final state
Modes: pe ~ Q(1,2%,)) and pe_ppr ~ (Q,A%/Q,A)

> Hence we define the matching equation which gives a SCET definition of
what is known as the “radiative jet function”

[D. Bonocore, E. Laenen, L. Magnea, S. Melville, L. Vernazza, C.D. White, 1503.05156]
see also [D. Bonocore, E. Laenen, L. Magnea, L. Vernazza, C.D. White, 1610.06842]

i/d‘lzT[xCﬁf (tny) L(Q)(z)]

d(nyz) - nyz
= QnZ/du/ % Jisy B, fod (t,u; ;r )XZ?;E(“”+)§@;M,<1(Z—)
i

io" .
Si(=- )e{ LB (o) ,,_g B )G)s G d)[ :L(zf),B:l(zf)L...}

[M. Beneke, A. Broggio, M. Garny, SJ, R. Szafron, L. Vernazza, J. Wang, 1809.10631]

[M. Beneke, A. Broggio, SJ, L. Vernazza, to appear soon |

¢ —PDF
A similar definition appeared recently in
[ I. Moult, I.W. Stewart, G. Vita, 1905.07411]

¢ —threshold

Sebastian Jaskiewicz



General collinear functions

» The discussed construction is actually general at subleading powers, not only
next-to-leading power

» There can be many Lagrangian insertions at various positions each with its
own w; conjugate to the large component of threshold collinear momentum

We can separate the Lagrangian insertions

£ ) =M () @ Ll (20)

" H /d4Zj
j=1

¢ —PDF
X T [xc(tanr)xc(tszr)... x L0 (21) % ... x £<m>(zn)]

n
= nypy
:QWZ/du H/de, Ji (t1,toe, w5 21—y ey Zn—) +P
7 Jj=1

¢ —threshold
X XD (un) (2120
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Generalized soft functions

The necessary presence of the time-ordered products at NLP gives rise to the
concept of generalized soft functions with explicit gauge fields. Schematically we
have

n
S(Q,w) :/EeiZOQ/Q H/Me—iwj(n+zj)/2
4 =i A
% T (O [V @Y ()] T [V Y (0) x £07 (1) x o x £87 (200 10)

£§”')(zj,) contains BIV(ZJ'_) fields, not only Wilson lines
[M. Beneke , F. Campanario, T. Mannel, B.D. Pecjak, 0411395]

n
Zl—
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Power suppressed amplitude calculation

Example: Take one of the diagrams with a £ insertion - power suppression in the

form of a time ordered product.
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Power suppressed amplitude calculation

Example: Take one of the diagrams with a £ insertion - power suppression in the

form of a time ordered product.
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Power suppressed amplitude calculation

Example: Take one of the diagrams with a £ insertion - power suppression in the

form of a time ordered product.

%n,u o)
Py p
TXLn,(kpguu - kugpu) O(A)

14
8 (ks 2 ') (Kpgup = kugpn)  O(N?)

1 P ?
SPY (k = _ n_X)nn" + (KX )X’nY + X*” L vy L
( ap7p) 2 ( ) + 7 ( L) 1in_ 1 n+p"h‘ ’YJ_ner
[M. Beneke, M. Garny, R. Szafron, J. Wang, 1808.04742]
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Power suppressed amplitude calculation
Example: Take one of the diagrams with a £ insertion - power suppression in the

form of a time ordered product.

1. o i
£(§2) = 5)’(Cz (n—z) nfy [’m,,dBj(x,)] %Xc + ..

[M. Beneke and Th. Feldmann, 0211358]
XY =~ 277454;07]{ —p
oo {@m)*6%(p — ks —p1)}
7
%n,u o’
7LJr PV
TXLn,(kpguu - kugpu) O(A)

14
8 (ks 2 ') (Kpgup = kugpn)  O(N?)

1 P /4
SPY (k = _ n_X)nn" + (KX )X’nY + X*” L v v IiL
( ap7p) 2 ( ) + 7 ( L) 1in_ L n+p"h‘ ’YJ_ner
[M. Beneke, M. Garny, R. Szafron, J. Wang, 1808.04742]
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Power suppressed amplitude calculation

Example: Take one of the diagrams with a £@ insertion - power suppression in the
form of a time ordered product.

pe()yt 2 [("H?)("— k)] e Crt

am u? (n4p)(n_k)

{ (ekiney = notins) (2 +0()
U))

+ Lt n_, —ki, 3+é+(9(e
(n_k) e €

+ [“uu , }él] (%2 + % + O(e°)> }Uc(P)

%n,u o)
Py p
TXLn,(kpguu - kugpu) O(A)

14
8 (ks 2 ') (Kpgup = kugpn)  O(N?)

1 P p
S (k,p,p’) = = _X)nfn" kX )X"7n" e LY v L
(k,p,p) 2 (n )n+n7 + ( )XInZ + s <n+p"yl+’h'n+p
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Power suppressed amplitude calculation

Example: Take one of the diagrams with a £@ insertion - power suppression in the

form of a time ordered product.

iga [ (n4p)(n_Fk) ] < Cgt’
am u? (n4p)(n_k)

[ (emney = i) | (2 + o

o)>
+ ( i - kn) (;2 + % + 0(e°)>

(k)"

ve(D]

+ [“uu, }él] (é + % + O(e°)> }Uc(P)

4;n,u o)
Py p
TXLn,(kpguu - kugpu) O(A)

14
8 (ks 2 ') (Kpgup = kugpn)  O(N?)

/
n” |+ (BX1)X7nY + X% <npip,vi+vi—fip> }
+ +

Sebastian Jaskiewicz [M. Beneke, M. Garny, R. Szafron, J. Wang, 1808.04742]



Power suppressed amplitude calculation

Example: Take one of the diagrams with a £@ insertion - power suppression in the
form of a time ordered product.

pe()yt 2 [("H?)("— k)] e Crt

am u? (n4p)(n_k)

{ (ekiney = notins) (2 +0()
U))

Lk k 2 + 1 + O(
(n_k) v Ly e € ¢

+ [“uu , }él] (%2 + % + O(e°)> }Uc(P)

+

%n,u o)
Py p
TXLn,(kpguu - kugpu) O(A)

14
8 (ks 2 ') (Kpgup = kugpn)  O(N?)

1 P p
57 k’ ’ / =2 - X)nin? m X1 g i 1 .
(k,p,p) = 5 {(n Jnfiin” 4+ (X)X n” |+ XT n+p,h+nn+p
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Power suppressed amplitude calculation

Example: Take one of the diagrams with a £ insertion - power suppression in the

form of a time ordered product.

pe()yt 2 [(”H?)("— k)] e Crt

am u? (n4p)(n_k)

{ (ekiney = notins) (2 +0()

2
N ((nkjk)n_y - kJ_,,> (;2 + % + O(Eo)>

+ [“uu, }él] (é + % + O(e°)> }Uc(P)

%n,u o)
Py p
TXLn,(kpguu - kugpu) O(A)

14
8 (ks 2 ') (Kpgup = kugpn)  O(N?)

v v P v P
ot 4 Gttt (Lot o 2

|

Sebastian Jaskiewicz [M. Beneke, M. Garny, R. Szafron, J. Wang, 1808.047+

42]



Power suppressed amplitude calculation

Example: Take one of the diagrams with a £ insertion - power suppression in the
form of a time ordered product.

_ iga[(nyp)(n_k)]=¢ Cpt®
U S (nrp)(n_k)

{[(rons = ownr) | (2 + o)

2
(adgnr o) (5 o)

+ [ny, h] (52 + % + O(e°)> }uc(p)

+

(nemnoety =2 (- OET) )

v 1 v —_—
S (kyp,p') = 5 ‘ (n-X)nfn? -
+P nyp

+’(kXL)Xini ‘+ Xi( LA > }
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Power suppressed amplitude calculation

Example: Take one of the diagrams with a £ insertion - power suppression in the

form of a time ordered product.

ﬁdwwiiiﬁ[ﬁuﬁﬂn7M]*e( Crt®

4m u? nyp)(n_k)

()| @)

2
+ <(nkjk)”*” - luu> (632 + % + 0(60))

+ [vevs kL] <€i2 ot 0(e°>> }uc(p)

(nemnoety =2 (- OET) )

|:’ (n—X)nin”

v pl v v P
+’(kX Xn ‘-i— X% ¥+ —
) nyp’ + J‘n.'_p

Sebastian Jaskiewicz [M. Beneke, M. Garny, R. Szafron, J. Wang, 1808.04742]



Amplitude calculation: 1-real emission

O L+ Oy ot +
A= C ® Jae (X]| z‘n,aB"'L [0)+ C ® Jie &(X]| HBMJ 0)+ C ® Je &(X| B, [0)

1-loop collinear ® 1-real soft emission
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Amplitude calculation: 1-real emission

Lsi 10+ © o T Joix| o e “SBI ) 0+ O ®

® (X| B 10)

1-loop collinear ® 1-real soft emission

Extract 1-loop collinear functions
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Amplitude calculation: 1-real emission

1-loop collinear ® 1-real soft emission 1-loop soft ® 1-real
Extract 1-loop collinear functions soft emission
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Amplitude calculation: 1-real emission

n

a=[Cle 1 oX| 2ot 0+[Cle Jic @(X|

® Je ®(X] BL |0)

»
n A1

1-loop hard ® 1-real

1-loop collinear ® 1-real soft emission 1-loop soft ® 1-real -
soft emission

Extract 1-loop collinear functions soft emission
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Amplitude calculation: 1-real emission

We find agreement with the method of regions expansion for the 1-real 1-virtual
amplitude. For explicit results see back up slides.

n oA

1-loop hard ® 1-real

1-loop collinear ® 1-real soft emission 1-loop soft ® 1-real -
soft emission

Extract 1-loop collinear functions soft emission
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Cross section
Hadronic tensor is given by

Wy = / dtze™ " (A(pa) B(ps)| T (2)],(0)| A(pa) B(ps))
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Cross section
Hadronic tensor is given by
Wi = [ dtee™ "= (A(pa) Bo) T (0) (0 Apa) Bls)
which is combined with the part from the lepton tensor

4 2
do — d*q 4ma (= " W,)

(2m)* 3sq?

Sebastian Jaskiewicz



Cross section

Hadronic tensor is given by

Wy = / dtze™ " (A(pa) B(ps)| T (2)],(0)| A(pa) B(ps))

/a~

Contributions from power suppressed currents can start contributing at NNLP only!
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Cross section

Hadronic tensor is given by

Wy = / dtze™ " (A(pa) B(ps)| T (2)],(0)| A(pa) B(ps))

0
[ | Bt }(Z,)

in_0 YL

A
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Cross section

Hadronic tensor is given by

Wy = / dtze™ " (A(pa) B(ps)| T (2)],(0)| A(pa) B(ps))

o
in_0 “L(Z_)

a
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Cross section

Hadronic tensor is given by

Wy = / dtze™ " (A(pa) B(ps)| T (2)],(0)| A(pa) B(ps))

87_ + (Z_)

in_9 ML
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Cross section

Hadronic tensor is given by

Wy = / dtze™ " (A(pa) B(ps)| T (2)],(0)| A(pa) B(ps))

1

(B (2-),B; (2-)]

v

(in_9)

Sebastian Jaskiewicz



Final result

do DY 4 Ot

102~ 3N.0f Z/ dzadzy fosa(za)fo/ (@) Gan(2)

After combination with leptonic part and stripping off the PDF's

3 = .
6(z) = H()x QZ/L i/d‘lzel(zal’A"’szB—lI)‘z
(2m)32y/Q2 1 ¢2 2

. 1 _
X {So(z) + 2§/dw Jégo)(wanerA;w) So¢(z,w) + E—term}

i
0i

in_0 Mt

-
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Final result

do DY 4 Qg

meamm§j/dmmumemmw>%m)

After combination with leptonic part and stripping off the PDF's

A A 2 dglj 1 4, i(z +x —q)-x
5(2) = H@B)xQ* | ————F——— — [ d*ze'FaPat®PB—4
(2m)%2/Q2 + 72 27

_ 1 _
X {SO(.’L‘) + 2§/dw Jég”(warurpA;w) So¢(z,w) + E—term}

(0) 2 o
J. a ; = - -2
2¢ (@anipa;w) Za(N+pa) zaO(nypa)

Lo 2 |:W($an2+pA):|*e(CA (5+0()) - Cr (% +5+O(el)) )

Am za(nipa) 1

where the scalar collinear function in the factorization theorem is defined as:

o
Jé‘%wﬁyfb (NP, Ny-Pa;w) = JQ(5 ) (N4-pa;w) T‘?b 030 (N4-p — ny-pa)
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Final result

do DY 4 Qg

meamm§:/dmmumemmu>%m)

After combination with leptonic part and stripping off the PDF's

A A 2 dglj 1 4, i(z +x —q)-x
6(z) = H@B)xQ ———— — [ d*z e TePATTPB A
(2m)2/Q7 1 2 2n

. 1 ~
X {So(:r) + 2§/dw Jé?>(wan+pA;w) So¢(x,w) |+ E—term}

(0) 2 o
J. a ; = - -2
2¢ (@anipa;w) Za(N+pa) zaO(nypa)

Lo 2 |:W($an2+pA):|*e(CA (5+0()) - Cr (% +5+O(el)) )

Am za(nipa) 1

where the scalar collinear function in the factorization theorem is defined as:

o
Jé%,qﬁ,fb (NP, Ny-Pa;w) = JQ(5 ) (N4-pa;w) T‘?b 030 (N4-p — ny-pa)
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Comments on the final result

/ dw Jé? (Tamspa;w) Soe(z,w)

2 1]

(0)
J. a ; -
2 (Tanipaiw) Za(n4pa) 2o 0(nypa)

Lo 2 [W(man;pA):I75<CA (5+o(el)) - Cr (g +5+ O(el)> )

4 za(nipa) T

aCp p*€e’E 1 1
2 [l — ¢ wlte (Q—w)

Soe (Q,w) = —0(w)0(2 —w) + O(a?)
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Comments on the final result

/ dw JQ(EO> (Tamspa;w) Soe(z,w)

The factorization formula is valid for unrenormalized objects. Performing the convolution
in d - dimensions reproduces fixed NNLO result:

A _ % (oon (2O on(1 ol
NLP—coll = {47y2 ACF ?—600g( —2)+ 8+ 0(eh)

—1 2 4
+Cf, ( 26 -2 + 48 log(1 — 2z) + 601log(1 — z) — 721og®(1 — 2) + O(El)> >
€ € €

after we set the scale to hard. In agreement with equation (4.22) of 1503.05156

New soft structures can appear at N3LO: see C.White talk from NLP Corrections in
Particle Physics workshop, Amsterdam 2018.
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https://indico.cern.ch/event/730184/contributions/3186146/attachments/1748737/2832520/White.pdf
https://indico.cern.ch/event/730184/contributions/3186146/attachments/1748737/2832520/White.pdf

Comments on the final result

o ~
/dw JQ(E N(@anypa; w) Sae(z,w)
For resummation, we treat the two objects independently, and expand in € prior
to performing the final convolution. However, there is a problem! At two loops:
O
IO (@anipa;w) ~ alog(w)
and
Sa¢ (20) ~ ad(w) + O(a?)

For LL resummation, only tree level collinear function is needed, since the soft
function begins at one loop due to the explicit field insertions. Beyond this not yet
understood.
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Summary

» Introduction of the collinear functions at amplitude level and explicit
computation within SCET framework.

» Presented general factorization formula for DY threshold production at
next-to-leading power, checked its validity up to fixed NNLO and
identified a problem for resummation at NLL

» For leading logarithmic resummation - see Leonardo’s talk next
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Thank you
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Back up slides
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The Drell-Yan process - Decoupling transformation
We define the decoupled field

X (tny) = Y (0)xe(tny)

[C. Bauer, D. Pirjol, and I. Stewart, 0109045]

where
0

dsnzAs (x + snx)
(oo}

Y4 (z) = Pexp [igs/
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The Drell-Yan process - Decoupling transformation
We define the decoupled field

0
X (i) = Y] (0)xe(tns)
[C. Bauer, D. Pirjol, and I. Stewart, 0109045]

where 0
Y+ (z) = Pexp |:'igS / dsnzAs (x + snI)}
(oo}

The LP quark Lagrangian is

iDJ_c) % X

[M. Beneke and Th. Feldmann, 0211358]

1
Lip =X (m_D +ilD .-
ingDe

where
in_D=1in_0+gn_Ac(z)+gn_As(z_)

and after the decoupling transformation we have

Lers — )‘((0>¢7+(n,,40 +n-0) x ()
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The Drell-Yan process - Decoupling transformation
We define the decoupled field

0
X (i) = Y] (0)xe(tns)
[C. Bauer, D. Pirjol, and I. Stewart, 0109045]

where 0
Y+ (z) = Pexp |:'igS / dsnzAs (x + snI)}
(oo}

The LP quark Lagrangian is

iDJ_c) % X

[M. Beneke and Th. Feldmann, 0211358]

1
Lip =X (m_D +ilD .-
ingDe

where
in_D=1in_0+gn_Ac(z)+gn_As(z_)

and after the decoupling transformation we have
i
Lers — )‘((0>7+(n,./40 +n-0) x ()
From now on we use decoupled fields. Leading power current becomes

T2, 8) = ¥ (En - ) YT (0)71, Y (0)x (¢n4)
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Matching to quark current at NLP

N-jet operators are built out of following relevant building blocks.
[M. Beneke, M. Garny, R. Szafron, J. Wang, 1712.04416, 1808.04742.]

(Al-type)

e (fn ) id Txe(tna ), Xe(fn)in (—1) @ Ixe(tns)

(Bl-type)
Xe(tn-) [ Acs (tony)xe(ting), Xe(fino)[nL Acs (f2n-)] xe(tny)

With the the scaling

[n%id ] xe(tny) ~ A
[ Aci (tany )] xe(tnyg) ~ A

relative to LP.
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Time-ordered products

(7 (s.0)" =i / da T [y (s,1) £ (@)]

[M. Beneke, M. Garny, R. Szafron, J. Wang, 1712.04416, 1808.04742]

The NLP soft-collinear SCET quark-gluon interaction Lagrangian written in terms
of building blocks B/ = Y] [iD"Y4] and qt (2) = Y] () qs (z) is

(1)
Eﬁq

Sebastian

[M. Beneke, F. Campanario, T. Mannel, B.D. Pecjak , 0411395]

ot 7
)’(sz’i [znde:[ (:c,)] %Xc

1 o 7
i)zcm,xni [m,o’BI(z,)] %xc

1_ R 7
gxczizﬁ_ [zdpm,dBj (x_)] fxc

1_ . #*
gxcm‘ix’i [B;(x_), zn_dBI(x_)] ch

1 1
2Xc (laJ_ + -AcJ_) +87'xL’YJ_ [18 B (z-) — iBMBj(x_)] 717-"_960 +h.c.

L @+ AL -

5 sz_WJ_ [B+(:c )B (z— )] Vi—xc—i-hc

1
inyd

G+ (z-)AcLXe +hec.

Jaskiewicz based on [M. Beneke and Th. Feldmann, 0211358]



Definition of PDFs

AL, =YWl iD.W.] Yy

(A(p) Resan (& + ) e | A(pa)) = 22 (%4)5 nepa

1
. o )
% / dea fa/A (ma) 67,(z+u nyp—ung)xapPa
0
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Collinear functions

Threshold collinear fields are matched to collinear-PDF fields
/dt el (n4p)t i/d4z eiw(ny2)/2 [Xc(tn+) X ﬁgn)(z)]

= [ dtmap) [t s p s XEPT )
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Soft functions

We introduce the soft operator

Sec (0,2) = T [VI(@V- (@] T [V 0¥ 012

BLV( )

and the Fourier transform of its (colour-traced) vacuum matrix element

1 ~
525 Q w / /d n+Z zzOQ/Q iw(ngz)/2 N r<0|825(x0,27)|0)

Sebastian Jaskiewicz



Possible contributing structures

First we check whether subleading power contributions start at order .

> Consider Al and B1 type currents: ~
Al-type: Xe(in—)[nfid Ixe(tny) Bl-type: xe(tn-) [nfLAct (tani)lxe(ting)

AL B1
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Possible contributing structures

First we check whether subleading power contributions start at order .

> Consider Al and B1 type currents: ~
Al-type: Xe(in—)[nfid Ixe(tny) Bl-type: xe(tn-) [nfLAct (tani)lxe(ting)

AL B1

> Another possibility is a single power suppressed time-ordered product of the
H . 1
form (Jfé,g(s,t» = 1/d4:r:T [Jﬁo(s, t) Eé )(x)]

Only one possibility @
L
§
s 4
Eél) = )Zczx’i [mfanﬂ %Xc
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Possible contributing structures

First subleading contributions are found at A? order. This we call
next-to-leading power.
> Bl-type current, Ye(in_) [ A1 (tang)]xc(ting), with Lagrangian

insertion Eé” Xeia!] [in_ dB+} ﬂxc

(1) (1)
Lf Lg
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Possible contributing structures

First subleading contributions are found at A” order. This we call
next-to-leading power.

> Al-type current with Cél) = Xciz!| [inf(‘)l’j’j] %Xc insertion

Feynman rule for emission of a
+ .
L(;) soft gluon from B, is

Al

ktn_, v Aikez
gTA |:_ 1 +giu:| € e+zk _

(n_k)
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Considering the Lagrangian insertions

Previous arguments allow us also to drop following possible contributions
%
(FRets.0)" = i/d4m1 T [y(5,1) £ (1) |

(THeD)" =) [atoa™ [Zhy(s0) £ (02)]

Lél) = Xxeiz'| [in,OB‘ﬂ e
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Considering the Lagrangian insertions

The following contributions start at O(a?)

(/32es.0)" :i/d4z1i/d4x2T [0(5.0) £ (@1) £ 22) ]

Lél) = )’(cia:i [inf(’)[j'j] %xc

|
|
|
|
|
|
|
|
|
|
1
1
|
L

(V33 v (s0)" = i/d4wT [Tho(s,t) £ ()]

1 7y
£:(,)2£) = xeahaf [Bﬂ ,in_ 08+] T xe
2 2
@ _ 1
£5§ = §Xc (’LaL + -A a J_"YJ_

v

[B+ B+} 7/L"LXC + h.c.

PR |
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Considering the Lagrangian insertions

It is also possible to construct diagrams containing soft quarks

(JAO ¢q(s t) /d4x12/d4zzT J“ (s,t) L(l)(zl)[,( )(zg)]

[©)
qu

ﬁgz) = G+Acixet+he Ly

These contributions also start at O(a?)
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Considering the Lagrangian insertions

Two more possible contributions with following Lagrangian terms making up the
time-ordered product

|
|
|
|
1_ . . 1 LY I
[,52,{) = Exczn_xn’_f_ [znf(?BI] %xc ¥ :
|
|
|
|
|
|
L.
L2 = Cxe(itA
4¢ = EXC(Z 1+ cJ_) VEJ_’YL

y y *y
X [zd,,LB:[L —delB;l] 7xc+h.c.
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Conclusion

We therefore find that for LL resummation at NLP in the quark-antiquark
channel only the single time-ordered product contribution:

(Fhacs,0)" =1 [ @t 25,00 £ 0)]

To NLP LL accuracy the matching equation is then extended to

By p(0) = / dtdECO(t,T) [T (6,F) + (TR 2¢(6,))" + term]
Again we consider

(X[ ¢(0)|A(pa) B(ps))
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A power suppressed amplitude

PyHap(0 / dt dE CA0(t,T) [Jgo(t )+

(XI5 0014 Blon)) = [ 25

/ dr T [ (s,0) £2) ()]

d(n4p) d(n_p)
2

+ (_:—term:|

/dt dEe™ "ere“_"*ﬁC”qO(n.~.p7 n_p)

X(X|T [m&zw*(owﬁ Vo (Oxe (tn4)i [ dbe e (2) 32424

[ i

Sebastian Jaskiewicz

0] BT, (2 )} ”t—*xc,d (2)

Jho(t:E)

2

|A(pa)B(pB))



A power suppressed amplitude

The states factorize as at leading power: (X| = (XFPF| (XPPF| (X,| as they are
eigenstates of the LP Lagrangian

(X" (0)|A(pa) B(pB)) :/%d(%;ﬁ)/dtdfeithrpeiZn*ﬁCAo(ner,n,ﬁ)

X<X§DV|X(:,<yu(fﬂ,,)‘B(pB)),yj:a,\/

) 1 v . B 7‘,
><Z/d4z<XCPDF|§ZiZi(’Ln_Bz)2T {Xc,'yf (t14+) Xese (2) 5 Xe,a (z)} |A(pa))
0",

af ’[:nfaz

x(Xs|T ( [YT(0)v4(0) BY, .q(==))10)
(I
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Amplitude with collinear function

ety A B ) = [ UL [ dn,p)dtn-m)
8 (n-p + (n—ps)) C*"(nsp,n_p)

X [ 22 2 5 e (i) (KPP R ()| B
XV an(Xe T [Rep (n4pa)|A(pa))

dn+z I 1 z@i +
<[ E5Ee T i (VoY) B ) )
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Computation of collinear function

The short-distance coefficient can be extracted by computing the partonic

matrix element (0|7,  (7+4a,w)[q(q)q). Running to collinear scale: only

tree level collinear function is necessary.

Collinear function:

IS¢ 5. pbed (N4+das (N40);w) = —0badredpy0 (N49a) — (n+9)) (
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LP 4+ NLP amplitude

We are considering the matching up to NLP

Dy (0 / dt dEC*°(t, 1) [Jj{o(t 7))+ (J%,Zg(t,f ))” + E—term]
For which we obtained

(X |pv"15(0)| A(pa) B(ps)) :/

dnypa dn—ps

o o CAO(n+pa7 —n-— pb)

X (Xepor|Xeaa (n-Db)|[ B(B)) ¥ 05 (Xe,pDF[Xe.8b (n4Pa)|A(pa))
x { (X,|T [Yj(om(o)]ab 10)

+ = dw J<O)(n+pa,w)/d(n+z) 67iw(71+z)/2

% (X,|T ([Yj(om(o)] ;dg BT, (2 ) \o)} + &term

2

N+Pa

Note that JQ(?) (n4pa;w) = —
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Relevant soft function

The generalized soft function at cross section level here is

dz® d ; ;
525(97 ) / 42— / (Z;Z) eszQ/Q—zw(n+z)/2
iy

BT, ()| 10

xNi Tr (0| T [Y}(xo)y,(zo)] T {Yj (0)Y4 (0)

(&

For details on renormalization of soft functions and resummation see Robert’s talk.
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Result for the power suppressed amplitude: Cg

. 1 21< ,
iCr 1y m ((n+k)n,y ( +2— 74'(2 €+ ¢(2 —4)e )

(- 14
+(n_k)ni, (*%*34* -6+ 4(2 6+(2C(2 712+7<§3)) 2)
)

+koi, <+§ — 14 (=6 —C(2)e+ (+C(22 14':(3) —16) e

‘)
L, v (-&-5 +e+ <—*C(2 +2> 2))

iceny = (v - ‘i;f;;) (#1440 - 3 - 200¢)

iCr g, n%p (ny - k(i;;) (—1 — e+ %(g(z) - 20)8)
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Result for the power suppressed amplitude: Cy

) 1 1
1Cavip ap)(n k) ((”4—’@)”—:/(* 52 ; + f(C(2) —18)

1 1 2
+15 (9C(2) + 14€(3) — 48)e + - (72¢(2) + 112¢(3) + 47¢(4) — 288)c )

B (= 5o = o+ 7(02) 42+ T 0C(2) + 146(3) - 24)e
1 2

— 535 (8C(2) = 112¢(3) - 47¢(4) + 32)e )

(-5 - 24 56@-8)

+(L@>+L(3) 6) (24(2)+7<<3)+ i 10>e2>
s (3 (- cn-))

iCan_y (uy - k(i’;)) (J{ +2- (@) -0+ ( @) - 74(3) > g)

iCaniy (0 - k(;f;)”) (--2+56@-0c+ (co+ P —5) @)
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Results for power suppressed amplitude: Soft

1
N S
AT Gy (e

— (1 —2¢)

Sebastian Jaskiewicz

5 <(n+k)n,u <+ + @ - z4(3) - —396(4)6 )
+(n_k)ng, (O)

thi, < 20— L@ ey )
+[E L vL] (+— + - 4(2) - *4(3)6 - 739{ )

Cap, 1 iaeVE 1 I'[1 — €

P 2
I ™ @my erp_aq

kln—u QKLkJ_u kL"H—u

k) T R T e T 26)}



Results for power suppressed amplitude: soft x hard

iCp Al —— (ke (542 +5- 3724 09
i — | (n n_,| — — — -7 €
P ) (k) \ T e e 6

+(n_k)ny, ( + % + 3+ O(e)

1 3 a2
+[FLvin] <§+i* E+4+O(E)>

)
)
+kLy<€%+§*%2+8+O(e)>

2 3 w2
igt? nf Cr (76—2 — - -8+ 5 +O(e)>

€
1

m (kj_"—u - (n*k)’YLu)
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NLP factorization formula

dopy 471'a

Z / dwady fuya(wa) fo 5 (@0) Gap(2)

dQ? ~ 3N.Q*
The 64p(2) is now
6(z) = Z /dwldwldw dw}; D(—38; wi, ;) D* (—§; w},©})
terms

/d4w62(zapA+prB q)-x

Yol P —
(2m)?2,/Q% + ¢2 27
Xé(w;wi,wivwwwz)

and
D(~§wi@) = / d(nspi)d(n_p;) Clnspin_py)

X J(nypi, xanqpa;wi) J(n_p;, —xpn_pp;@;)
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