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1infrared and collinear safe



Building a cross-section

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

s

dol0 [0] (¢1,6) = (E)k {dcbm(flpl,gng) [B(«bm)] O(cbm)}
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Building a cross-section

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

a0 (0] (61, &2) = (22)° {dd)m B(®) O(cbm)}

Os

+ (_)k“ {dCDm [V(¢m)+ |(¢m)] O(Pm)

27

+ dx dPm(x€1P1, £2P2) | (P + K), (X) - Beo(Pm)

+ dx d¢m(€1P17X£2P2) (P + K)bc (X) : Bac(cbm)

O(Pm)

O(Pm)

+ d(bm—l—l |:R(¢m—|—1) _ S(¢+1) ’ B(qh‘)m):| O(¢m+1)}



Phase Spaced-out

What is d$,,?

7 d*pi 2 2
]
dPm(£1P1, &2P2) = |] ] 30(pi —m®)
1 (2m)
i=1
2e.g. R. Kleiss, W. James Stirling, and S. D. Ellis. “A New Monte Carlo Treatment of Multiparticle Phase Space at High-energies”.
Simon Platzer. “RAMBO on diet”. arXiv: 1308.2922 [hep-ph], Enrico Bothmann et al. “Efficient phase-space generation for

hadron collider event simulation”.
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Phase Spaced-out

What is d$,,?

T d4pi
d®m(61P1, 62P2) = |] ] (273

i=1

5(p,2 — m2) X (27‘(‘)4 ) E1P1 + &Py — Zp,‘

In practice for Monte Carlo we introduce a phase-space generator?

Opm(r; E1P1, E2P) < [0, 1PP"F — oy,

2e.g. R. Kleiss, W. James Stirling, and S. D. Ellis. “A New Monte Carlo Treatment of Multiparticle Phase Space at High-energies”.

Simon Platzer. “RAMBO on diet”. arXiv: 1308.2922 [hep-ph], Enrico Bothmann et al. “Efficient phase-space generation for
hadron collider event simulation”.


https://arxiv.org/abs/1308.2922

Phase Spaced-out

What is d$,,?

m

4O m(&1PrE2Py) = | [ P
m\S1r1,Q21M2) — 1 (27_‘_)3

5(p,2 — m2) X (27‘(‘)4 ) E1P1 + &Py — Zp,‘

In practice for Monte Carlo we introduce a phase-space generator?

Opm(r; E1P1, E2P) < [0, 1PP"F — oy,

[ ) |2

and integrate

= / ADPm) dDp

2e.g. R. Kleiss, W. James Stirling, and S. D. Ellis. “A New Monte Carlo Treatment of Multiparticle Phase Space at High-energies”.
Simon Platzer. “RAMBO on diet”. arXiv: 1308.2922 [hep-ph], Enrico Bothmann et al. “Efficient phase-space generation for
hadron collider event simulation”.
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Transporting between phase-spaces

How can we connect B(®,) with R(®,11)7

momentum mappings:

P — Py Py
induce factorisations:

P — Py Py

Can we go the other way?



projections
‘integrating out information’

DPrp1 — Pm - Py

just do the obvious’ thing
define a subset to absorb the recoil and
transform, i.e.

pi = f1(pi, pj, Pk)
px = f(pi, pj, Pk)

bonus: preserve ME factorisation in
soft /collinear limits



projections
‘integrating out information’ splittings

‘generating new information’

DPrp1 — Pm - Py

q)m () r) — ()
just do the obvious’ thing D ®41(r) m+1

define a subset to absorb the recoil and new problem: need to inject an extra 3
transform, i.e. degrees of freedom, e.g.
pi = fl(ph Pj, pk) pi = zp; + api + kTt
px = f2(pi, Pj; Pk) pi = (1 — z)pi + Bpk — kT
bonus: preserve ME factorisation in pr = (1 —a—B)pk

soft /collinear limits



What is a parton shower?
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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
N (6) = () N(®) — (1) = M) exp (— [ a7 p(r))
0
Probability nothing changed by time t:

N (- /0 “dr p(7)>

..look familiar?



New legs from old?
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3Based on ongoing work with Andrzej Siédmok and Simon Platzer.
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New legs from old*

What is a parton shower?
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New legs from old*

What is a parton shower?

PS [0] (®m) = A O(@)
+ Z/ddﬁo‘l) Ofus < p(P4+1) < Q(Pm)] A%TE)

P (0) o) [0l

SARS @ ICHS

m+1

To be concrete: choose

ordering variable p(®P 1)

radiative splitting phase-space ¢E§21

1.
2.
3. radiative splitting kernels PS,?)(d)Srﬁl)
4.
5.

. . . . . (@7
renormalisation (ll: factorisation) scale choice ,LLR7|:(<I>§ngl)

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

4Based on ongoing work with Andrzej Siédmok and Simon Platzer.
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New legs from old®

What is a parton shower?

PS[O] (®m) = AX®™ O(¢ )

+3° / dol) Ofus < p(®41) < Q(Pm)] AJGT)

x Pi(@10) OF |04, | Ps[o] (o4)))
To be concrete: choose
1. ordering variable pu(®41) pgl_a)
2. radiative splitting kinematics ber?:zl Catani—Seymour Il /(IF /FI)/FF
3. radiative splitting kernels Pﬁ,‘f‘)(¢fjj‘+)1) Catani—Seymour D(O‘)(d)ial))
4. renormalisation (ll: factorisation) scale choice ,uR,F(CngJZl) p(Ta)
5. shower starting-scale Q(® ), cut-off scale pus(Pm) oo (‘power’), 1 GeV

5Based on ongoing work with Andrzej Siédmok and Simon Platzer.
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NLO matching criterion

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

6_NLO—|—PS [O] _A NLO [O]

12



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] _A NLO [O]

+0(a2)+0 (“—5)

12



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] _A NLO [O]

+0(a2)+0 (“—5)

Where do the contributions fit in?

12



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] _A NLO [O]

+0(a2)+0 (“—5)

Where do the contributions fit in?

O(Pm) O(Pr+1)
LO (a) B(®m)
NLO (aft1) V(Pm) R(P 1)
shower (akt1) B [do 1 P (dy1) | +B-ddy P (D)
factorisation scheme (af™!) | Af, ®¢, B+ B ®¢, Afp
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Satisfying the matching condition

O(®m) O@mi1)
LO (af) B(®m)
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O(Pp11): generate a parton shower emission, then reweight to the correct real
ME
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Satisfying the matching condition

O(Pm) O(Pm+1)
LO () B(®m)
NLO (akt!) V(®nm) R(®mt1)
shower (akt1) B [dd P (d4q) | +B-dd 1P (D)
factorisation scheme (af™) | Af, ®¢, B+ B ®¢, Afj

O(Pp11): 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(Pp): 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)?

13



Familiar ingredients

What is —B - [dd, 1P\ (d,1)?
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Familiar ingredients

What is —B - [dd, 1P\ (d,1)?

For dipoles, we already know the answer from dipole subtraction:®
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6Again, subject to the caveat of full phase-space coverage
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Familiar ingredients

What is —B - [dd, 1P\ (d,1)?

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

- Z/d(b—l-l Olus < p(®41) < Q(Pm)] P (1) O = > 1) 4 dx (P(O‘) — K(O‘)>
o ()

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

6Again, subject to the caveat of full phase-space coverage
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Final recipe’

dPm Ocut [Om] {B(d)m) LV (D) + (D) + ASS}AS_E"’"’) O(Pm)

- Z do?) {

R(a )(¢m+1) @(a) ["’Eﬁl)l] pg(@) [q;fg;)l] ol (9(¢<a)1)}]

PS()(() ) "

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!

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

15
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Final recipe’

dcl)m @cut [q)m]

{B(0n) + V(On) +1(®n) + AT} A2 O(01)

R(« )(cb )
() mi1) o) [o() ] ps) [6(2) ] o) oo
+Zd¢ { s o)y OF of ol ] Ps) [ol2) | of2) o(a; 1)}]

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.

7 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:

15
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Krk PDF scheme




Krk (/MC/CS) factorisation scheme®

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

f{:rk()@ MF) — #C\IA_S(Xv MF)

_ oslur) 3CF #C\,A_S(Xa 1F)

or 2
[ ldz e 1+2  (1-2)7?
L osler) o / = pis (f,up) [ iR ) +1—z]
27 x Z z 11—~z z n

27

| as(ur) Ca /1 dz,dg/l_s (;NF) [22 +(1-— z)2] log C _22)2 +22(1 — Z)]

f{gﬁk(& BF) = 'JQA_S(X, IF)

as(pE) CA[ 2 341 59 NfTR]
27

A5 (x ir)

as(pE) /1 dz je /X [ 'Iog(l—z)] log z
C s (%) [a]leel=aT
R A[X g ( ’“F> T1-z |, T1-2

(2 reaa)n ]|

V4 V4

V4 V4

) 5 S (2 ) [ g 0

8 S. Jadach et al. “Parton distribution functions in Monte Carlo factorisation scheme”. arXiv: 1606.00355 [hep-ph].
16
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PDFs in MC scheme

Applied to LHAPDF6 grids:
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PDFs in MC scheme

Applied to LHAPDF6 grids:

10" 5
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Validation

Do we reproduce the Herwig (Matchbox) automated P and K operators?

Invariant mass of diphoton pair (fine) Transverse momentum of leading photon Rapidity of leading photon
Nf 1071 ? T PK-H T T ‘ T T T ‘ T T T T T ‘é é: T \BI)II(\_H T ‘ T TT ‘ T T 1T ‘ T TT T T 1T T TT E E T BPK_H T ‘ T T T i
; — full 3 > 10~ =t krkfull — = —t+— krkfull B
L i (] E B &
8 Qo C 3 -v? E B
T 1072 = = 3 r 10~
S E ERY [ ] 5
e = E = T 107t =
- F 9 & r E =
Ef 1073 = - = £
o E 3 D 1072 — L
N r 1 = £ E =
) = E L 3]
1074 == E [ ]
B ] r 7 102 3
1075 = 1073 = C E
T T e
15 15 = 15 -
2 a | 2 alE P Mt R o S 1 O 2 - _—
1 = 1 = | < |ng |
R~ £ ~ = 3 & £ E
©F & — @F |= — @5 &= =
0 £ Il Il Il Il Il Il Il Il Il Il Il Il ‘ Il Il Il Il ‘ Il Il Il Il B 0 :\ L1l L1l L1l ‘ I | ‘ L1l ‘ I | ‘ L1l \: 0 £ ‘ Il Il ‘ B
o 100 200 300 400 500 o 10 20 30 40 50 60 70 -4 -2 o 2 4
M, (GeV/c?) Pt (GeV/c) Yy
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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)

ol ‘ T T L ‘ ‘ T T ‘ UL ‘ - E ‘ T T T T ‘ ‘ ‘ ‘ ‘ | S FrooTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTT ‘ TTTTH
BT e iy LO KrkPDF —+— 3 ‘% LOKikPDF —— 1 == © LOKrkPDF ——
3 8 ""-..'.“ o—+ 3 O [ wo—+_| 8 M .
"_é - LOPS i Mggshow_tem —— é E LOPS_dip_Mggshow_tem —+— 3 N ]
S 2 - £ 5 LOPS_dip-Mggshow ] g 8 -
5 —+ 3 g L0 LOPS_dip_powshow_1em —+— | = 7
~ r 7 ISR E LOPS_dip-powshow —+— 3 N 6 —
3 o = ] o ]
1073 = = r 8 b

E 3 103 = E * E

L g E 7 2 ]

1074 = 3 i i} ]

E E 1074 = - d

C | | | | [ E TR | “ 3 0 Kl Lo | s 4 | 1+ | -

14E | I [E 1.4 | | | L = 1.5 BT e e

1.3 = g = 1.3 E= _

1.2 & = 1.2 = T2 M

o 1.1 B o 1.1 — ] 1.1 = —
& 09 E- = & 09 E E &2 09E _
0.8 E- = 0.8 E- = 0.8 E- =

07 E- = 07 E 7 07 E- =
8:%7 [ IR [ R 8?7 | L | | [ 8? NN SRS FRNNE SRNNE SRNEE SRNEE FRRNN RRRRN RRRN R
20 50 100 200 500 1000 50 100 200 300 400 500 o 01 02 03 04 05 o6 07 o8 09 1

Moy [GeV] P1y [GeV] | cos 6*(CS)
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Validation




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, a; etc
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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, a; etc

AL = exp [— > / dq(¢m) Olus < p(q) < Qém)] P’ (q) O

This is non-trivial!

21



Does it work?

Drell-Yan:

Jet rapidity Z mass

;‘ ’3 T ‘ T T ] ;‘ Fr— ‘ T T T T T T T T T T T T ‘ T T T T ‘ T \:
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= N e 3
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3 2 _ o F J
S 10 N L i

. 13
1073 —+— MCFM ] 103 =
—t+— HerwigNLO E B
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104 il 1074 =
: : : : R T A L Y
1.4 E- 2 1.4 E- 2 1.4 E z
3 e - 3 e - e .
1.2 E- E 1.2 E- E 1.2 E- E
o 11E E o 11E E o 11E =
= o = T T A W
£ 09 E 3 £ 09E i £ 09 i
0.8 £ = 0.8 £ = 0.8 £ =
0.7 E- = 0.7 - = 0.7 E- .
0.6 E- | | | = 0.6 E- | | = 0.6 E- | | | | =
0'5 Il Il Il Il Il Il Il Il Il Il 0'5 Il Il Il Il Il Il Il Il 0.5 L1 L1 L1 L1 L1 L1 L1 L1 L1 -
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p'l [GeV] Vi, myz [GeV]
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Does it work?

Diphoton:

do/dp’} [pb/(GeV/c)]
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What about the virtuals?

Diphoton:

Invariant mass of diphoton pair (fine) Transverse momentum of leading photon Rapidity of leading photon
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Results
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Full shower

Invariant mass of diphoton pair 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
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Outlook

= more hew processes in the pipeline
= PDF factorisation scheme®
= logs?

= automation!

+jet?

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



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

final-final

5 Sij
pi = pi + pj — mpk
i d

initial-final & final-initial

~ Sjk
Pa = (1 - +> Pa
Saj + Sak

initial-initial

- Saj T Sbj
5, — (1 _ M) o,
Sab

3 Sij
= (15 -5 )
Sik + Sjk

~ Sik
Pk = Pj + Pk — ————Pa
Saj + Sak

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

Momentum mappings
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Details of KrkNLO




Krk PDF scheme within KrkNLO

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

dey dé, {fM_S®(]I+P+K)}a {fM_S®(]1+P+K)}b

{dqﬁm Ocut [pm] | u(dm) B(dm) {1 1+ % +3 (o) _ |5§} A Gmax (¢m)

-3 o)) {0 [0t e [o42)] ef)

}
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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:

dey dé, {fM_S®(]I+P+K)}a {fM_S®(]1+P+K)}b

{dqﬁm Ocut [pm] | u(dm) B(dm) {1 1+ % +3 (o) _ |5§} A Gmax (¢m)

-3 welthy { R el [oloh] s [o02)] o)

}

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

Full details:10

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 Physics, Jagiellonian University, ul. Lojasiewicza 11, 30-348 Krakéw, Poland
? Theoretical Physics Department, CERN, Geneva, Switzerland

Note additional imposition of sum rules:

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