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DPDs in the limit of small interparton distance.



Small-y splitting.

Small distance limit of DPDs.

Operator product expansion of DPDs for y — 0

50
Fovas (s o) '=" FI (g5, 1) + FSPL (35 11, 1)

i t l . . . . - -
where Fi%. and F3;P, can be expressed in terms of twist-4 distributions and PDFs, respectively.

F*?l is enhanced with respect to F'™ by a factor of y~2, making it the leading contribution at small y:

y—0
Foyar(Ys s 1) "= Fsll:)tlzg (y; 1y 1) Varaz,ao (y, 1) % Jao (1)

C oy’

Issues with the DPS cross section

2
/dzy Foras(y) Foyp, (y) ~ / i—f UV divergent cross section?



Small-y splitting.

Disentangling SPS and DPS.
SPS-DPS ambiguity for contributions of the following form:

SPS? DPS?

Diehl-Gaunt-Schoénwald subtraction formalism

Double counting between SPS and DPS requires a subtraction term:

0 = 0sps + ODPS — Osub , Osub = Opps With Fij — Fisjpl [Diehl, Gaunt, and Schonwald, 2017]

The UV divergence of the DPS cross section is regulated with a lower cut-off (y = 1/ min(Q4,Qg)).

MPI@LHC 2023 Manchester 11/21/2023 2/16



Small-y splitting.

Disentangling SPS and DPS.
SPS-DPS ambiguity for contributions of the following form:

SPS for small y DPS for large y

Diehl-Gaunt-Schoénwald subtraction formalism

Double counting between SPS and DPS requires a subtraction term:

0 = 0sps + ODPS — Osub , Osub = Opps With Fij — Fisjpl [Diehl, Gaunt, and Schonwald, 2017]

The UV divergence of the DPS cross section is regulated with a lower cut-off (y = 1/ min(Q4,Qg)).
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Small-y splitting.

The perturbative 1 — 2 splitting at LO.

The 1 — 2 splitting kernels can be calculated from Feynman diagrams for partonic DPDs ajas in a
parton agp:

YY 1 (Y

LO splitting formula

1 as(p)
I, (1 . _ £ 1 T
P (@y,a2, 53, 1) = = 222 VA, o, (55

y? 2w ajaz,ag x1+z2) fao (21 + 22; 1)
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The perturbative 1 — 2 splitting at LO.
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Small-y splitting.

The perturbative 1 — 2 splitting at LO.

The 1 — 2 splitting kernels can be calculated from Feynman diagrams for partonic DPDs ajas in a
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Small-y splitting.

The “splitting scale”.

At which scale jisp1 should the splitting be evaluated?”

The natural scale of the splitting is set by the interparton distance y of the observed partons:

1
Psp1(y) ~ —
spi ;

How to avoid evaluation of the perturbative splitting at non-perturbative scales for large y?

Regularized splitting scale

bo y bo

T/ N\ b) eg y* y Y e ) ymax =
y*(y) ®) V149t yhax Fomin

pspl(y) =




Small-y splitting.

The “splitting scale”.

At which scale jisp1 should the splitting be evaluated?”

The natural scale of the splitting is set by the interparton distance y of the observed partons:

1
Psp1(y) ~ —
spi ;

How to avoid evaluation of the perturbative splitting at non-perturbative scales for large y?

Regularized splitting scale
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Small-y splitting.

Mass effects in splitting DPDs.
How to treat heavy quarks @ in the small-y DPDs”

[Diehl, Nagar, PP, 2023]

Neglecting mass effects:

> @ decouples for pgp1 < ymg ~ mq.

> @ massless for pgp > ymg ~ mq.

TmQ



Small-y splitting.

Mass effects in splitting DPDs. [Diehl, Nagar, PP, 2023]
How to treat heavy quarks @ in the small-y DPDs?

Including mass effects:

> () decouples for psp < amg K mq.

> @ massive for amg < pspr < fmg.

> @ massless for pgp1 > fmg > mg.

I

» [lsplit

|
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Small-y splitting.

Splitting scale dependence at LO.

In order to estimate the dependence of DPS cross sections on jigp1 consider DPD luminosities:

DPS factorization theorem

[ee]
1 . . o
ohps = T oun D 68 ®60, ® / A*Y Foya, (21, %2, Y; Qa, QB) Foyb, (21, T2, Y5 Qa, Q)

a1,a2,b1,b2 bo /v

Eulug.hlbz (5171-, Z2,T1,Z2; (211- (2[)’)

Include factorised model for intrinsic part of DPDs:

o2
int . dydy Uy Uy (1 — X1 — .'I}2)2 exXp (4ha, a ) . .
Fa1a2 (xla$2>yaﬂ7ﬂ) = (1 - 5a1a2 —0.5 5a1a2 )(1 — x1)2(1 — 1‘2)2 47Tha1,1122 fal (m17u)fa2 (mQ»U)

Contributions to the luminosities:  1v1 (spl x spl), 1v2 (spl x int), 2v1 (int x spl), 2v2 (int x int).



Small-y splitting.

Splitting scale dependence at LO.
Vary psp1 by a factor of 2 around its central value:
Lod,du
]_08 T T T T T T T T T T T T

Sum of all contributions to
L. qu (30 GeV. 80 GeV) with:

T = Q—\/%QY
Ty = Q—\/’ge_y
il = Q—\/‘%G_Y
52 = Q\'/—gey

where /s = 14 GeV.




Small-y splitting.

Splitting scale dependence at LO.

Vary psp1 by a factor of 2 around its central value:

Lqdu
1,0 T T T T T T T T T T T
. £1v1
O 8 - = £1v1+2v1
""" Loyo
£ 0.6
% 0.
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~
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Relative contributions of 1v1,
1v2+2vl, and 2v2 to the
complete £, ; 7, luminosity for
central v.



Small-y splitting.

Splitting scale dependence at LO.

Vary psp1 by a factor of 2 around its central value:

L

ug,dg

1011

—— | Lpps

|
A

|
N
[aw]
N
N

Sum of all contributions to

Lg.d45(80 GeV. 25 GeV) with:
x1 = Q—\/‘Sley
To = Q—\/’ge_y
T = Q—ﬁe_y
Ty = Qﬁey

where /s = 14 GeV.



Small-y splitting.

Splitting scale dependence at LO.

Vary psp1 by a factor of 2 around its central value:

L g,dg
1.5 T T T T T T T T T T T T
1.0
&
a Relative contributions of 1v1,
3 0.5 1v2+2v1, and 2v2 to the
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0.0 B — Liv1 ]
B = = | Liatan i
_0 5_ | | | | | [ ["4"'2 | | | | | L
-4 -2 0 2 4
Y

MPI@LHC 2023 Manchester 11/21/2023 6/16



Small-y splitting.

Splitting DPDs at NLO. [Diehl, Gaunt, PP, Schifer, 2019; Diehl, Gaunt, PP, 2021]

LO splitting DPDs exhibit a huge dependence on piep, hinting at the importance of higher orders!
Computation of the NLO 1 — 2 splitting kernels Rleva(ng,aD:

> Bare kernels from two-loop Feynman diagrams for partonic DPDs
aias in parton ag.

> Consistent regularization of rapidity divergences.

» Renormalized kernels obtained through RGE analysis.

Structure of NLO kernels

V(Q) (z17z27y;/j/7<) = V[Q,O] (ZlyzQ) +L V[271] (2’1722)

ai1az,ao aiaz,ag aiaz,ao

y2ﬂ2
where L = log et
0



Small-y splitting.

State of the art for perturbative splitting DPDs.

At which perturbative orders are the 1 — 2 position space splitting kernels known?

col singlet  col non-singlet col singlet  col non-singlet
unpol

unpol

pol pol

i Q
Massless Vo, 45,0, kernels. Massive V7, ., kernels.

Consider now the impact of including the NLO contributions, focus on the colour singlet!

MPI@LHC 2023 Manchester 11/21/2023 8/16
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NLO numerics.



Numerical implementation.

Numerical evolution with ChiliPDF [Diehl, Nagar, PP, Tackmann, 2023]
ChiliPDF is a C++ library for the evolution and interpolation of PDFs and position space DPDs!

Design

» DPDs are discretized in x1, z2, and y on Chebyshev grids, allowing for high interpolation accuracy
with fewer points than e.g. splines.

> No gridding in 11 and ps — evolution is performed on the fly using higher-order Runge-Kutta
algorithms.

Features

> Evolution and flavour matching for DPDs (unpolarized and polarized, colour singlet and
non-singlet) at the highest available order.

» Small-y splitting DPDs at NLO.
> Evaluation of sum rules for unpolarized colour singlet DPDs.

» Computation of DPS luminosities.



Numerical implementation.

Numerical implementation of NLO splitting DPDs.

At NLO the splitting DPD no longer is a simple product kernel x PDF, but involves a convolution:

NLO splitting

1 (au(p))?
1, (2 . _ s 2
stﬂg( )(Ilvm%ya/jﬂp’) - 7T_y2 ( ot Va(lgg,ao(yhu’) %fﬂo(ﬂ’) (xl,.’Ilz)
where:
r=x1 + 9, u:ﬂ, ﬁ:l—u:@
T T

How to discretize this convolution?



Numerical implementation.

Numerical implementation of NLO splitting DPDs.

At NLO the splitting DPD no longer is a simple product kernel x PDF, but involves a convolution:

NLO splitting

1
dz
> /_2 alaz,ao mzl’w;’y M)fao(z :u)

T1+T2

1
FSPL @) (21, 29, y; 1, 1) = E(

where:

T =21+ T3, U= —, u=1—-—u=—

How to discretize this convolution?



Numerical implementation.

Numerical implementation of NLO splitting DPDs.

At NLO the splitting DPD no longer is a simple product kernel x PDF, but involves a convolution:

NLO splitting

1

1 [(as(p) ’1 _

1, (2 . _ s 2 . .

F:faz( )(:U1,w2,y7/~% W) = 7r_y2 < o ) p /dz Va(lllzm (uz,uz,y; (1) fao (%,u)
x

where:

T =21+ T3, U= —, u=1—-—u=—

How to discretize this convolution?



Numerical implementation.

Numerical implementation of NLO splitting DPDs.
In ChiliPDF rescaled PDFs, zf(x), and DPDs, xj29F (21, z2) are discretized:

2 1

1 Qg dz _ _

2122 P3P O (@1, wo, 5 1, 1) = — (_(u)) / — (uzuz Vi), o (uz,uz,y;u)) (£fao (5:1))
Y 2m s Z

R.h.s. has the structure of an ordinary Mellin convolution with an additional parameter u!

Discretizing the convolution

> Discretize (Kq,az,00(u,2)), in u and

k

(Kalaz,ao (u,x))k = Z (Kalaz,ao);] bL(u)sz(x)
2%
> Regrid 3" (Kayag,a0 (4, 2)), fE in 21 and 25 using Chebyshev interpolation.

> Store the computationally expensive (f(ala%ao);: kernels externally and reuse them.

Note:  Starting at NLO the evolution equation for momentum space DPDs contains a convolution
term of this form!
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1 (os(w)\® [Pdz - :
1, (2 . _ s 2 . .
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Numerical implementation of NLO splitting DPDs.
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1 (as(w)\® [Pdz -
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Numerical implementation.

Numerical implementation of NLO splitting DPDs.
In ChiliPDF rescaled PDFs, zf(x), and DPDs, xj29F (21, z2) are discretized:

2
1 as(p . ~
x1x2F;?<11’2(2)($1,$27y;Maﬂ) = 71'_3/2 (%) § :(Klnaz,ao(u’xvy;:u))k fa’fo(ﬂ)
k

R.h.s. has the structure of an ordinary Mellin convolution with an additional parameter u!

Discretizing the convolution

> Discretize (Kq,az,00(u,2)), in u and
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(Kalaz,ao (u,x))k = Z (Kalaz,ao);] bL(u)sz(x)
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> Regrid 3" (Kayag,a0 (4, 2)), fE in 21 and 25 using Chebyshev interpolation.
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Note:  Starting at NLO the evolution equation for momentum space DPDs contains a convolution
term of this form!




Numerical implementation

Numerical setup

For the study of the massless and massive 1 — 2 splitting at NLO the following setup is used

PDFs

PDF set for LO splitting: MSHT201o0_as130
PDF set for NLO splitting: MSHT20nlo_as118

Grids

Same grids for z1 and z2: [107°,0.005,0.5, 1] (16,16.24)

by bo b 00
2min(Qa,QB)’ mp’ me’ (16,16,16,24)

y-grid for massless splitting [

bo bo bo bo 5 00
2min(Qa,Qp)’ By’ Bme? amy 2 7] (16 16 16,16,24)

y-grid for massive splitting [

Various parameters

Mmin = Me¢

hgg = 4.66 GeV ™!, hyy = 5.86 GeV ™!, hyy = 7.06 GeV !



Massless NLO splitting.

Splitting DPDs at LO and NLO.

0.15— T T T TTTT T T T TTTT T T 11T \\_
A i > At LO F, ;is not produced by
L NLO ] splitting, only through evolution.
& 0.10 . 10 -
2 . ] » Starting from NLO F,; can be
9 T . produced by splitting.
&, 0.05[~ 7
8 C ] » The NLO splitting mechanism is
N F 1 the leading contribution.
8 000" ]
_0.05_ Il L1l \\‘ Il L1l \\‘ Il L1l \\_
10~ 1073 102 107!
1
Figure: FZ‘; at (1, p2) = (80 GeV,80GeV) and y = 52— for

x1 = 2 as a function of z;. Relevant in W W™ production.



Massless NLO splitting.

Splitting DPDs at LO and NLO.

NLO

0.020¢
_0.015)
> -
& 0.010-
> o
§ 0005
8 [
0.000F
-0.005"
0.1

Figure: FZ‘;1 at (p1,p2) = (80 GeV,80GeV) and y =

T

bo
80 GeV

for

x1 = @2 as a function of z;. Relevant in WTW ™ production.

At LO F, ; is not produced by
splitting, only through evolution.

Starting from NLO F), ;7 can be
produced by splitting.

The NLO splitting mechanism is
the leading contribution.



Massless NLO splitting.

Splitting DPDs at LO and NLO.

25_ T T T 11771 T T T TT177T T T T 171717

20— — NLO

122 F [GeV?)

Lol Lol L1l
1073 1072 1071

1

[y
o
I

Figure: F5P! at (pu1, u2) = (80 GeV,25GeV) and y = sobﬁ for
x1 = T2 as a function of z1. Relevant in W™ 4 jet production.

> Fy4 is already produced by
splitting at LO.

> The difference between LO and
NLO is non-negligible (O(10%)).



Massless NLO splitting.

Splitting DPDs at LO and NLO.

2.0 !

——— NLO

> Fy4 is already produced by
splitting at LO.

7

> The difference between LO and
NLO is non-negligible (O(10%)).

x 1o F [GeV?)
-
=)
||||||||||||||||/[

=)
-
(=)
N
e
w
(=)
N

Figure: F5P! at (pu1, u2) = (80 GeV,25GeV) and y = sobﬁ for
x1 = T2 as a function of z1. Relevant in W™ 4 jet production.



Massless NLO splitting.

DPD luminosities at LO and NLO: splitting scale dependence.

108
» From LO to NLO the splitting
scale dependence of L, ; ;, is
107 reduced by a factor of ~2 for all
@E rapidities.
[
¢ 10° > As expected, this reduction is
Q most pronounced for the 1vl
105 contribution.
10

-4

Figure: Splitting scale dependence of L, 7,(80 GeV,80 GeV) at
LO and NLO. Relevant for WHW™ production.



Massless NLO splitting.

DPD luminosities at LO and NLO: splitting scale dependence.

» From LO to NLO the splitting
scale dependence of L, ; ;, is
reduced by a factor of ~2 for all
rapidities.

> As expected, this reduction is
most pronounced for the 1vl
contribution.

L1v1/ Lops

Figure: Splitting scale dependence of the (relative) 1v1 contribution
to £,7.4.,(80GeV,80GeV) at LO and NLO.



Massless NLO splitting.

DPD luminosities at LO and NLO: splitting scale dependence.

1011
» For L, 4, the splitting scale

dependence is reduced by more
than a factor of 2 for all

g 107 rapidities, when going from LO
% to NLO.

o

Q > The largest reduction is again

observed for the 1vl contribution.

Similar reduction observed in other
channels and for colour non-singlet
luminosities!

108

Sizeable reduction also for the

Figure: Splitting scale dependence of £,  7,(80 GeV,25GeV) at remnant cut-off scale dependence!

LO and NLO. Relevant for W + jet production.



Massless NLO splitting.

DPD luminosities at LO and NLO: splitting scale dependence.

» For L, 4, the splitting scale
dependence is reduced by more
than a factor of 2 for all
rapidities, when going from LO

to NLO.

> The largest reduction is again
observed for the 1v1 contribution.

L1v1 / Lops

S A Similar reduction observed in other
05—t channels and for colour non-singlet
-4 -2 0 2 4 luminosities!
Y

Sizeable reduction also for the

Figure: Splitting scale dependence of the (relative) 1v1 contribution ~ remnant cut-off scale dependencel
to L (80 GeV, 25 GeV) at LO and NLO.

ug,dg



Massive NLO splitting.

Massive splitting scheme: Issues at LO.
In the massive splitting scheme « and 3 should be < 1 and > 1, respectively. Issue at LO:

. amp Bm, By
10 F LI T T T T T T 1T | T T T B i
E o : . > Going to smaller o decreases
C : 1 the absolute size of the
- I SN I discontinuity.
C R \
r C - : v
St : v > Going to 3 2> 2 is not possible

due to a large discontinuity
that arises in this limit.

F [GeV?]
[y
<

© ¢ = = - massive LO

’ S massless LO » How does this discontinuity
’ i - ! arise’

104||||| |..| ||||||.| L L
10° 10!

1y = bo/y [GeV?]

Figure: FP! at p1 = 25 GeV with z1,2 ~ 0.0018 as function of
ty = bo/y.



Massive NLO splitting.

Massive splitting scheme: Issues at LO.
In the massive splitting scheme « and 3 should be < 1 and > 1, respectively. Issue at LO:

. am, Bm By,
10 F T 1T TT | - T T |. T T 1T 1T | - T T T B i
F : : : 3 > Going to smaller o decreases
C : 1 the absolute size of the
I e EITTN by discontinuity.
—_— - '_(.u" N i
N _ A : v
2 . el : v » Going to 8 2 2 is not possible
L - . (R . P
o, 10 & [ HE due to a large discontinuity
Ry C e i that arises in this limit.
- »,»/ — =+ massive LO : .
= 7 1 —
- -+++: massless LO n » How does this discontinuity
7 o _ o i arise’
104 L1 | | [ R B B | L
10° 10!

1y = bo/y [GeV?]

Figure: ng}:l at pi1,2 = 25GeV with 21,2 ~ 0.0018 as function of
Hy = bo/y.



Massive NLO splitting.

Massive splitting scheme: Issues at LO.
In the massive splitting scheme « and 3 should be < 1 and > 1, respectively. Issue at LO:

. amg Bm, B my
10 ||||| - T T T |:||||| :l T T

; > Going to smaller o decreases
: F the absolute size of the
c S H discontinuity.

- ; i » Going to 3 2> 2 is not possible
’ due to a large discontinuity
that arises in this limit.

F [GeV?]
[y
<
\
\

— — - massive LO Vi
v : massless LO I » How does this discontinuity
7 : : : i arise’
/ | | | : 1 1 1 1 .I 111 | .I 1 I|I
10*
10° 10!

1y = bo/y [GeV?]

T
~.
1

Figure: ng}:l at pi1,2 = 25GeV with 21,2 ~ 0.0018 as function of
Hy = bo/y.



Massive NLO splitting.

Massive splitting scheme: Issues at LO.

Consider now how the gb DPD can be produced in the different schemes:

> The direct b — gb splitting is only accessible in the massless scheme.
> The b PDF is obtained by flavour matching from a np = 4 gluon PDF.

> At NLO this production channel becomes available also in the massive scheme!



Massive NLO splitting. @

Massive splitting scheme: Issues at LO.

Consider now how the gb DPD can be produced in the different schemes:

> This production channel, involving one evolution step, is accessible both in the massive and
massless schemes.

> In the massless scheme the initial gluon PDF is a np = 5 distribution, whereas in the massive
scheme it is np = 4.



Massive NLO splitting. @

Massive splitting scheme: Issues at LO.

Consider now how the gb DPD can be produced in the different schemes:

> This production channel, involving one evolution step, is accessible both in the massive and
massless schemes.

» In the massless scheme the initial gluon PDF is a np = 5 distribution, whereas in the massive
scheme it is np = 4.

» In the massive scheme the massive g — bb kernel is used.



Massive NLO splitting.

Massive splitting scheme: Issues at LO.

In the massive splitting scheme a and 3 should be < 1 and > 1, respectively. No more issue at NLO:

105 amy, fm, Bmy
F LI T T T T T T 1T | T T T B i

c s : ] » Going to smaller « decreases

r e S i the absolute size of the

- o /a’ - ‘\\ ;;-’- discontinuity.
& r R : W\ ]
> i ;}:/ ) | » Unfortunately going to 5 2 2
o, 10°; ///:': \f g is not possible due to a large
Ry I A - HE discontinuity that arises in this

- ,-’ massive NLO 1A ..

L , i limit.

7 - © = = massive LO !J
- 7 -
7 massless LO y » Going to NLO avoids this
104 L I I ol I I I dlscontanItyl

10° 10!
My = bO/y [GeV2]

Figure: FP! at p1» = 25 GeV with z1,2 ~ 0.0018 as function of
ty = bo/y.



Massive NLO splitting.

Massive splitting scheme: Issues at LO.
In the massive splitting scheme a and 3 should be < 1 and > 1, respectively. No more issue at NLO:

108 amy, Bm, B my
F T 1T TT | - T T |. T T 1T 1T | - T T T B i
E : : : ] > Going to smaller o decreases
L : A the absolute size of the
- : AT TSN discontinuity.
& e \Tk '
2 ) S | f » Unfortunately going to 8 = 2
- =T |5 . .
O, 10%¢ - \gf E is not possible due to a large
Ry C 7 : i discontinuity that arises in this
- »,»/ massive NLO “ E .
L i limit.
K4 — —--  massive LO l‘d
L 7 [/
7 : ov: massless LO: i » Going to NLO avoids this
104 L I I o I I I dlscontanIty|

10° 10!
1ty = bo/y [GeV?]

Figure: ng}:l at pi1,2 = 25GeV with 21,2 ~ 0.0018 as function of
Hy = bo/y.



Massive NLO splitting.

Massive splitting scheme: Issues at LO.
In the massive splitting scheme a and 3 should be < 1 and > 1, respectively. No more issue at NLO:

108 — ...amb : : .'B.n.%... '67?% —
B - : l : ] » Going to smaller « decreases
C - ;f; the abs.olu.te size of the
- i : /;.//4: SN \.\“ 5;,: discontinuity.
N% : . ;/’«.';/7 : : \1 ,’ » Unfortunately going to 5 2 2
O, 1055_ -f/’;' """ a H f_g is not possible due to a large
R E : : 1 discontinuity that arises in this
: ’/./: massive NLO - :] : limit.
v 7/ — — - massive LO ‘d i
7 : . massless LO i » Going to NLO avoids this
1045+ '1'(')0 b '1'(')1 L discontinuity!

1y = bo/y [GeV?]

Figure: ng}:l at pi1,2 = 25GeV with 21,2 ~ 0.0018 as function of
Hy = bo/y.
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State of the art for small interparton distance splitting DPDs

NLO for unpolarized massless colour singlet and non-singlet kernels
Approximate NLO for unpolarized massive colour singlet kernels
LO for all other cases

Effects of going to NLO
O(10%) for DPDs produced already by LO splitting
Leading contribution for DPDs not directly produced by LO splitting
Substantial reduction of scale uncertainty related to the splitting scale pisp1
Sizeable reduction of the remnant dependence on the DGS cut-off scale v

More consistent treatment of heavy quark effects in the perturbative splitting
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Small distance limit of DPDs.

Diehl-Gaunt-Schonwald subtraction formalism: basic idea.  [Dieh, Gaunt, Schonwald, 2017]
Avoid double counting between SPS and DPS by introducing a subtraction term satisfying:

DGS subtraction term

do. b y—0 dO’DPs
sub Y

, dosub Y=o dosps
dy dy dy dy

This is achieved by replacing the DPS luminosity in the factorized cross section by:

o0

su S spl,FO
ﬁallt)lz,blbz =27 /dnya?Lll,zFo(y;M(yaQA)ﬂh)aﬂ(yaQBaﬂh))FblpggF (%ﬂ(yvQA,#h)»ﬂ(yaQByﬂh))
bo/v

where the splitting DPDs are computed at FO with:

0
y’(ya Qv ,u'h) 12) Qa /’l’(ya Qa /Lh) yi)f Hh -

How to treat the case Q4 # @B where the subtraction term is not a pure FO quantity?



Small distance limit of DPDs.

Diehl-Gaunt-Schonwald subtraction formalism: unequal scales.
Instead of using profile scales 1(y, @, up,) define two sets of DPDs:
> Flargey(y) — Fspl,FO(y; ﬂhyﬂh)-

» Fsmally () obtained from evolving FPLFO(y: v, 1) to the scales (uy, po) = (Qa,QB) .

Unequal scale DGS subtraction

£ =27 [dyy (o) F0(y) P (y) 4+ (1 o(yw) B (y) P9 (y)|
bg/V

with a function o(u) that interpolates smoothly between 0 at u ~ 1 and 1 at u > 1, i.e.:

0 for u < wuy,

— {gin? (T u=uo
o(u) = < sin (2 ul—uo) for wg <u<wuq,

1 for u > uy.



Massless NLO splitting.

DPD luminosities at LO and NLO: cut-off scale dependence.

108¢ 3
E E » The subtracted £, ; j, luminosity
3 8 exhibits little dependence on the
107;‘ E cut-off scale already at LO.
N% - . » The cut-off scale dependence of
O 1065_ E the subtracted 1v1 contribution
Q F ] is noticably reduced from LO to
i ——  LDpe-aub i NLO.
10 e R E
104 1 | 1 | |
-4 -2 0 2 4
Y

Figure: Cut-off scale dependence of the subtracted luminosity
L,7.4.(80GeV,80GeV) at LO and NLO.



Massless NLO splitting.

DPD luminosities at LO and NLO: cut-off scale dependence.

» The subtracted £, ; j, luminosity
exhibits little dependence on the
cut-off scale already at LO.

» The cut-off scale dependence of
the subtracted 1v1 contribution

lel—sub / LDPS—sub

0.10 is noticably reduced from LO to
r — L% NLO.
0.05— == L
0.00— [ | ) |
-4 -2 0 2 4

Figure: Cut-off scale dependence of the (relative) subtracted 1vl
contribution to £, 7,(80 GeV,80 GeV) at LO and NLO.



Massless NLO splitting.

DPD luminosities at LO and NLO: cut-off scale dependence.

1011 .
B & > For the subtracted £, j,
i \ luminosity the remnant cut-off
10l A scale dependence is rather small
5 10 E E already at LO.
% E 1
4] i i > At NLO this is further reduced,
Q 9 B especially for central rapidities.
10 — . -
u == Lops—am ]
108— L ! ! Similar reduction observed in other
-4 -2 0 2 4 channels and for colour non-singlet
Y luminosities!
Figure: Cut-off scale dependence of the subtracted luminosity Except ...

L 80GeV,25GeV) at LO and NLO.
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Massless NLO splitting.

DPD luminosities at LO and NLO: cut-off scale dependence.

0.30
» For the subtracted Lugygg

luminosity the remnant cut-off
scale dependence is rather small

0.25

e}
7
%
QE 020 ] already at LO.
> 0.15 B > At NLO this is further reduced,
] 1 . s
 0.10 o 3 especially for central rapidities.
> v1-sul 7
Y 0.05 T P =
0.00— L : : : - Similar reduction observed in other
-4 -2 0 2 4 channels and for colour non-singlet
Y luminosities!

Figure: Cut-off scale dependence of the (relative) subtracted 1vl Except ...
contribution to £ (80 GeV,25GeV) at LO and NLO.

ug,dg



Massless NLO splitting.

DPD luminosities at LO and NLO: cut-off scale dependence.

L [GeV?]

Figure: Cut-off scale dependence of the subtracted colour octet
luminosity ***L,; 7 (80 GeV,80 GeV) at LO and NLO.
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NLO
lel—sub

LO
£1v1—sub

» In this case the cut-off scale
dependence increases from LO to
NLO.

» Most likely due to absence of
Sudakov suppression in the large
NLO subtraction term.

> Expect that the dependence
decreases at NNLO (subtraction
term only starts at NLO).



Massless NLO splitting.

DPD luminosities at LO and NLO: cut-off scale dependence.

Q2

z 1
i :
g -0.1 E
by 1
o -0.2 .
~ E
Q 03 — o, ]
2 o4 - Efm E
_0'5 1 | 1 | |

-4 -2 0

Y

Figure: Cut-off scale dependence of the (relative) subtracted 1vl

S

contribution to %L ; ; (80 GeV,80GeV) at LO and NLO.

» In this case the cut-off scale
dependence increases from LO to
NLO.

» Most likely due to absence of
Sudakov suppression in the large
NLO subtraction term.

> Expect that the dependence
decreases at NNLO (subtraction
term only starts at NLO).



Massless NLO splitting.

Cut-off scale dependence in the colour non-singlet.

20000:_ integrand 1v1 _: F integrand 1v1 1

F -/~ subtractionSPS | 40000F - - /subtraction SPS

& 150001~ subtraction DPS = & [ subtraction DPS ]

3 : 1% 300001 e

o [ 10 £ 1

10000~ - [ ]

A 1 & 200000 :

", [ BN £ e ]

50001 7 7 10000F / E
0.050.10 0.50 1 5 10 0.050.10 0.50 1 10

v [Gev] v [Gev]

500;‘ integrand 1v1 _; :_ / \ integrand 1vl _:

E ~ = subtraction SPS ] 80001 B \ ~ = subtraction SP$ ]

&~ 4001 subtraction DPS q& [/ Y subtraction DPS ]

I 1 % 6000/ \ 1

O 300F 12 g \ 1

&y E 1R [ Y 1

& 200 1 & 4000;4‘ Y ]

S 1% b N 1

100;_ _ 2000 ;-/ \\\\ . R —
0.050.10 0.50 1 5 10 0.050.10 0.50 1 10

y [Gev™!] y [Gev™!]

In the singlet the subtraction
term becomes non-zero at
NLO(right).

It stays small compared to
the 1vl term.

In the non-singlet the 1v1
term is strongly Sudakov
suppressed.

No such suppression is

present for the non-zero
subtraction term at NLO!
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