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Linfrared and collinear safe



Building a cross-section

For fixed-order calculations: expand perturbatively (and subtract)
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Building a cross-section

For fixed-order calculations: expand perturbatively (and subtract)

dodyC (0] (&1, &) = (;‘;)k{dcbm {B(cbm)} 0(¢m)}

- (%)m {d"’m {V(%) + |(¢m)} O(®m)
+ dx dy(xE1P1, E2P2) [(P +K),. (%) - Bcb(¢m):| O(Pm)

+ dx d¢m(£1P1,X§2P2) |:(P + K)bc (X) o Bac(q)m):| O(q)m)

+d®pi |:R(¢m+1) —5(®41) - B(‘T’m)} O(¢m+l)}



What is a parton shower?




What is a parton shower?

Let's simplify.



What is a parton shower?

Let's simplify.

Consider a process in which something changes state with constant probability per
unit time p.



What is a parton shower?

Let's simplify.

Consider a process in which something changes state with constant probability per
unit time p.

How much remains?

N'(t) = —p N(t) — N(t) = No exp(—pt)



What is a parton shower?

Let's simplify.

Consider a process in which something changes state with constant probability per
unit time p.

How much remains?

N'(t) = —p N(t) — N(t) = No exp(—pt)

If the probability of ‘changing state’ changes over time,

V() = —p(6) M) — M) = M) exp (— [ e ()



What is a parton shower?

Let's simplify.

Consider a process in which something changes state with constant probability per
unit time p.

How much remains?

N'(t) = —p N(t) — N(t) = No exp(—pt)

If the probability of ‘changing state’ changes over time,
t
W (6) = ~p(0) M) — M(O) = Nto) exp [ a7 p(r))
0

Probability nothing changed by time t:

Al = exp (— /0th p(T))



What is a parton shower?

Let's simplify.

Consider a process in which something changes state with constant probability per
unit time p.

How much remains?

N'(t) = —p N(t) — N(t) = No exp(—pt)

If the probability of ‘changing state’ changes over time,
t
W (6) = ~p(0) M) — M(O) = Nto) exp [ a7 p(r))
0
Probability nothing changed by time t:

Al = exp (— /0th p(T))

..look familiar?
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New legs from old?

What is a parton shower?

PS [O] (®m) = AR®™ O(®m)
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To be concrete: choose

1. ordering variable p(®1)
(o)

m+1

() )

m+1

N

. radiative splitting phase-space ®'%
. radiative splitting kernels P(ma)(

. renormalisation (ll: factorisation) scale choice ;LR,F(¢E:+)1)

o~ W

. shower starting-scale Q(®,), cut-off scale ps(Pm)

3Based on ongoing work with Andrzej Siédmok and Simon Plitzer



New legs from old*

What is a parton shower?

PS[0] (®m) = AP O(0,)
+Z/d¢+1 Ofus < u(®41) < Q(Pm)] A ml))
Pi(@4) 0 [ol),] Ps[o] (o))

m+1

To be concrete: choose

1. ordering variable pu(®1) p(Ta)
2. radiative splitting kinematics ¢$nll Catani—-Seymour I1/(IF/F1)/FF
3. radiative splitting kernels P ( m+1) Catani—Seymour D(O‘)(Cb(fl))
4. renormalisation (lI: factorisation) scale choice MR,F(‘I’Sﬁl) pﬁr“)
5. shower starting-scale Q(® ), cut-off scale ps(Pm) oo (‘power’), 1GeV

4Based on ongoing work with Andrzej Siédmok and Simon Platzer



Colour singlet: one-emission example

1
dALO”’Sl (0] = dbp — [qu(%)
2512

cut [®m] A XT) O(0m)
T

Q(®m) O(dm)

Lut

~LO+PS; (1)’ _ 1 B
dd g5 [O] = d®p %0 [qu(q’m)} Ocut [Om] AT

. . 11
Baa(B1) Ocus [81] O (@l1) D(x) A |20

1
+dbpg ——
m+1 2X§12 Pt

~ o 512
+Ba(®1) Ocu [B172] @0

o

cut

. =11
(B17) DE(x) AO| 2O } gt O(®msa)

50510 (0] = o

ALO+PS, (1)
dégg TN

_ 1 11, 310
O] = domr 5o Beg(®L )@Cm[ ]

X @Q(

Lut

ng( |Q A(O |PT1 O(Smy1)

cut



NLO matching criterion

The matched NLO cross-section shouldn’t spoil the fixed-order result:

6,NLO+PS [O] :&NLO [O]



NLO matching criterion

The matched NLO cross-section shouldn’t spoil the fixed-order result (up to power

corrections and higher-order terms) :

6,NLO+PS [O] :&NLO [O]

+0(a2) +0 (%)



NLO matching criterion

The matched NLO cross-section shouldn’t spoil the fixed-order result (up to power

corrections and higher-order terms) :

&NLO+PS (0] —NLO[O]
+0(a2) +0 (%)

Where do the contributions fit in?



NLO matching criterion

The matched NLO cross-section shouldn’t spoil the fixed-order result (up to power

corrections and higher-order terms) :

&NLO+PS (0] —NLO[O]
+0(a2) +0 (%)

Where do the contributions fit in?

O(®m) O(Pm1)
LO () B(®m)
NLO (af™?) V(®m) R(®m1)
shower (ak+1) —B- [db 1 P (D) | +B-dd 3 P (b))
factorisation scheme (aft1) | Af, ®¢, B+ B ®¢, Af,




Satisfying the matching condition

O(®m) O(Pmi1)
LO (k) B(®m)
NLO (akt1) V(®m) R(®m11)
shower (af*!) —B- [do P (041) | +B - do i PR (041)
factorisation scheme (k') | Af, ®¢, B+ B ®¢, Afy

O(Pmi1): generate a parton shower emission, then reweight to the correct real
ME



Satisfying the matching condition

O(®m) O(Pmi1)
LO (k) B(®m)
NLO (akt1) V() R(®mi1)
shower (af*!) —B- [do P (041) | +B - do i PR (041)
factorisation scheme (k') | Af, ®¢, B+ B ®¢, Afy

O(Pmi1): generate a parton shower emission, then reweight to the correct real
ME
= need full phase-space coverage from shower!
= but weight is always positive.
= no subtraction...



Satisfying the matching condition

O(®m) O(Pmi1)
LO (k) B(®m)
NLO (akt1) V() R(®mi1)
shower (af*!) —B- [do P (041) | +B - do i PR (041)
factorisation scheme (k') | Af, ®¢, B+ B ®¢, Afy

O(Pmi1): generate a parton shower emission, then reweight to the correct real
ME
= need full phase-space coverage from shower!
= but weight is always positive.
= no subtraction...

O(®m): restore the cancellation required by the matching condition by
modifying the PDF factorisation scheme



Satisfying the matching condition

O(®m) O(Pmi1)
LO (k) B(®m)
NLO (akt1) V() R(®mi1)
shower (af*!) —B- [do P (041) | +B - do i PR (041)
factorisation scheme (k') | Af, ®¢, B+ B ®¢, Afy

O(Pmi1): generate a parton shower emission, then reweight to the correct real
ME
= need full phase-space coverage from shower!
= but weight is always positive.
= no subtraction...

O(®m): restore the cancellation required by the matching condition by
modifying the PDF factorisation scheme

= collinear convolution terms can only go into the PDF
= where to put end-point contributions o §(1 — x)?
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Familiar ingredients

What is —B - [ dd, 1 P\ (0,)?

For dipoles, we already know the answer from dipole subtraction:®

- Z/ddm Ofus < u(®41) < Q(®m)] P (011) O62) = 371 4 dx (P(“) + KW))
a (@)

This provides the recipe for the PDF transformation (more later).

5 Again, subject to the caveat of full phase-space coverage



Final recipe®

dcl>m ecut [¢m]

{B(cbm) + V() + (D) + AES}ASS""’) O(®m)

* (¢m+l) ) a) () () (o)
el { St O [o6] P [o12] of) otolt)

1. generate a Born phase-space point, ME and shower:

= if an emission is generated, reweight to R
= if not, reweight to B + V

2. matching complete; allow the shower to proceed!

6 S. Jadach et al. “Matching NLO QCD with parton shower in Monte Carlo scheme — the KrkNLO method". arXiv: 1503.06849
[hep-ph], Stanislaw Jadach et al. “New simpler methods of matching NLO corrections with parton shower Monte Carlo”.
1607.00919 [hep-ph]

. arXiv:
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Final recipe®

dcl>m ecut [¢m]

{B(cbm) + V() + (D) + AES}ASS""’) O(®m)

F el { B0 0 o] ps o] of2 ot0()

oc [e7 m+1
(o))

1. generate a Born phase-space point, ME and shower:

= if an emission is generated, reweight to R
= if not, reweight to B + V

2. matching complete; allow the shower to proceed!

This is NLO accurate, but differs from other methods at higher orders.

6 S. Jadach et al. “Matching NLO QCD with parton shower in Monte Carlo scheme — the KrkNLO method"
[hep-ph], Stanislaw Jadach et al. *
1607.00919 [hep-ph]

", arXiv: 1503.06849
New simpler methods of matching NLO corrections with parton shower Monte Carlo”. arXiv:


https://arxiv.org/abs/1503.06849
https://arxiv.org/abs/1503.06849
https://arxiv.org/abs/1607.00919

Krk PDF scheme




Krk (/MC/CS) factorisation scheme’

From the dipole operators, we can write down the convolution terms:

7 (x, 1) = 15 (x, 1)
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= (% 12F)
ot o[ [ £ [F2t57 1]
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S. Jadach et al. “Parton distribution functions in Monte Carlo factorisation scheme”. arXiv: 1606.00355 [hep-ph]


https://arxiv.org/abs/1606.00355

PDFs in MC scheme

Applied to LHAPDF6 grids:
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PDFs in MC scheme

Applied to LHAPDF®6 grids:
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Validation

Do we reproduce the

Invariant mass of diphoton pair (fine)

Transverse momentum of leading photon

Herwig (Matchbox) automated P and K operators?

Rapidity of leading photon
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Normalisation

What is the numerical impact of the Krk scheme?

Diphoton mass pr of leading photon Polar scattering angle (Collins-Soper frame)
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Seeing Sudakovs

To verify the real weight, we must unweight the Sudakov:

= numerical integration of dipole kernels considered in shower algorithm;

= over the same splitting phase-space/kinematic region used in the shower
algorithm;

= with the same scales, PDF arguments, as etc



Seeing Sudakovs

To verify the real weight, we must unweight the Sudakov:

= numerical integration of dipole kernels considered in shower algorithm;

= over the same splitting phase-space/kinematic region used in the shower
algorithm;

= with the same scales, PDF arguments, as etc

AP = exp [ 3 / dg(ém) Olus < () < Qbm)] P15 (q) ©L)

This is non-trivial!



Does it work?

Drell-Yan:

Jetp Jot rapiity Zmass
z z T T T T
3 E

3 . HerwigNLO
o g 10 D)

B T T T T = 14 E = 14 e
HE E: HE E i E
05 = IV 3 0d e
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3tk | 1 1 e 8 E L i L ! 1 L3

1 1Gev] mz 1GeV]
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Does it work?

Diphoton:

pb/(GeV/0)]

L

do/dp
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What about the virtuals?

Diphoton:

Invariant mass of diphoton par (fine) Transverse momentum of leading photon Rapidity of leading photon
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5 B 3 10— Kik R ey
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o o o L L
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Results




Single emision

Invariant mass of diphoton pai Separation between leading photon and leading jet Separation between subleading photon and leading jet
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Full shower

Invariant mass of diphoton pai Separation between leading photon and leading jet Separation between subleading photon and leading jet
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Full shower: with data

Diphoton mass pr of the diphoton system
= — Ty = T —
[ Data —— z =
¢ L mcano —— ] 8
2 ey L@NLO (power) —— 2 10
B PR KrkNLO —— <
¥ 3
A o+ps —— ] £
- L Regpower) —— S
S —— Data
i —+— MCaNLO
107 . 3 o3 L — MCaNLO (power)
—— KikNLO
. L0+Ps
074 5 104 L —F L0+ PS (power)
| | I
s o o+
13 L3
£ i
g oo g o9
Z o8 Z o8
83 8%
0 | | | 0
88 M- N 88 ’
20 5o a0 200 S0 1000 ¥ 0 S0 100
ey (GeV] Prn [GeV]
pr of leading photon pr of subleading photon
= = T T T
Lo 2o Data ——
8 8 MC@NLO —+—
E 2 MCaNLO (power) ——
10 3 KIKNLO —+—
g £ 10+
§ 1072 T; LO + PS (power) ——
D) S0
107
107
P
T T T T \ﬁ*—l E 1y T T T T3
GE E 3E
S MEL M T & TR mwlt
BIEY] apasasass; Ulusang S ob + REaBRALAAs iatainisiasing
= o8 3 o8 E
89 835 E
SEE 1 i) | TR SEE L 1 | x
e 100 200 300 300 500 S0 100 Fra—
P GV Prre 1GV]

25



= more new processes in the pipeline
= PDF factorisation scheme®

= logs?

= automation!

= fjet?

8 S. Jadach et al. “Parton distribution functions in Monte Carlo factorisation scheme”. arXiv: 1606.00355 [hep-ph],
S. Jadach. “On the universality of the KRK factorization scheme”. arXiv: 2004.04239 [hep-ph]

26


https://arxiv.org/abs/1606.00355
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Thank you!



require: four-momentum conservation & all particles remain on-shell

final-final

- Sjj
pi=pi+pi— ——Pk
Sik + Sjk

initial-final & final-initial

- Sjk
Pa = (1 - %> Pa
Saj + Sak
initial-initial

By = (17 Saj + Spj
, = 24T o
Sab

Momentum mappings

- Sij
Pi = (1 + 7) Pk
Sik + Sjk

Sk

Pk=pi+pPk— ———
! Saj t Sak

(in this case we further need to boost all FS particles)

Pa

27



Details of KrkNLO




Krk PDF scheme within KrkNLO

Krk PDFs compensate for the integrated shower radiation at O(as) within the
Sudakov factor. Schematically:

dér dé {ea+p+r)} {Moa+rP+K)}

\Y
u($m) B(¢m) {1 DML ISZ} A (Om)

R X «
+5 " dg @) u(o())) {?s o) [cb(n?jl] ps(e) [¢5,?+)1} eﬁi)}]}

{d¢m ecut [¢m]
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Krk PDF scheme within KrkNLO

Krk PDFs compensate for the integrated shower radiation at O(as) within the
Sudakov factor. Schematically:

dér dé {ea+p+r)} {Moa+rP+K)}

\Y
u($m) B(¢m) {1 DML ISZ} A (Om)

R X «
+3 dg® u(@))) {?s o) [cb(n?jl] ps(e) [¢5,?+)1} eﬁi)}]}

{d¢m ecut [¢m]

Additional convolutions define a PDF factorisation scheme: the ‘Krk scheme’.
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Krk PDF transformation

Full details:®

Parton distribution functions in Monte Carlo factorisation scheme

S. Jadach!, W. Placzek’, S. Sapeta'?, A. Siédmok >, M. Skrzypek'
! Institute of Nuclear Physics, Polish Academy of Sciences, ul. Radzikowskiego 152, 31-342 Krakéw, Poland

2 Marian Smoluchowski Institute of Ph; agiellonian University. ul. Eojasiewicza 11, 30-348 Krakéw, Poland
3 Theoretical Physics Department, CERN eva, Switzerland

q(x, 0% q
q(x, Q;) =1|q +fd1dy L 59?,)}
x. 0% ) —_ 72 36Ca
g(X'MQC e £ MC 5 KN = 2 {4['"” ‘)} —d+amd
Kgq (@) 0 Kee @ | [q(y. 09 & : :
0 K%%C(o MC( D003 | 86 = y2). e
MC © [© 2
Keq (2 Koz (@) @] L0 09 Iy (,“fm—ﬁr,\{[ =9
“4.2) KM D KCe = k). 43)

Note additional imposition of sum rules:

dz z KMC ]+KMC ) =0,
[ e[ @)

/dz:[l{;\g,c( +211/K’I;(~,):|:0, 4.5)
0

S. Jadach et al. “Parton distribution functions in Monte Carlo factorisation scheme”. arXiv: 1606.00355 [hep-ph]
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