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Stefano and me

e October 1989: First postdoc in Cambridge, PhD in Cambridge
e October 1991: CERN Fellow

e October 1992: First postdoc in Lund, started collaborating with
Stefano and Yuri Dokshitzer

* February 1993: Catani, Dokshitzer, Seymour and Webber, Longitudinally
invariant Kt clustering algorithms for hadron hadron collisions, Nucl. Phys. B 406 (1993) 187

e October 1993: Returned to Florence

e August 1994: QCD Summer Institute at Gran Sasso National Lab
 Started work on Dipole Subtraction Algorithm
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Stefano and me

* January 1995: CERN Fellow — began regular visits to Florence

* Februa ry 1996: Catani and Seymour, The Dipole formalism for the calculation of
QCD jet cross-sections at next-to-leading order, Phys. Lett. B 378 (1996) 287

° I\/Iay 1996: Catani and Seymou I, A General algorithm for calculating jet cross-sections
in NLO, Nucl. Phys. B 485 (1997) 291

* October 1996: Catani, Seymour and Trécsanyi, Regularization scheme
independence and unitarity in QCD cross sections, Phys. Rev. D55 (1997) 6819

e January 1997: moved to Rutherford Appleton Lab theory group

° JuIy 1997: Seymour, Jet shapes in hadron collisions: Higher orders, resummation and
hadronization, Nucl. Phys. B 513 (1998) 269, strongly encouraged by Stefano
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Stefano and me

e October 1997: Keith Ellis became first person to use Catani—Seymour
algorithm, discovered error in Initial-Initial kinematics

e November 1997: Catani and Seymou I, A General algorithm for calculating jet
cross-sections in NLO, Erratum Nucl. Phys. B 510 (1998) 503

e October 1998: Catani and Grazzini, ... NNLO QCD ...

* May 1999: Catani and Seymour, Corrections of O (alpha_S5*2) to the forward
backward asymmetry, JHEP 07 (1999) 023

* January 2002: Catani, Dittmaier, Seymour and Trocsanyi, The Dipole
formalism for NLO QCD calculations with massive partons, Nucl. Phys. B 627 (2002) 189
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The Dipole Subtraction Algorithm

 Context

* The algorithm

* Important details
* Parton masses

* Some examples

e Catani—Seymour dipole showers
* NLO matching

e Spurious singularities
e Convergence factors
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The Dipole Subtraction Algorithm

 Context

OLO =/ de™ | M, |* F™ (@)
ONLO = OR + 0V,

oR = / d(I)(m+1) ‘Mm—|—1|2 F§m+1)(q)(m+1)),
m-+1

_ m 2 (m) m
OV_/ Ao )}Mm‘l—loopFJ (@),

* Og and o, separately divergent — how to combine without knowing F, ?
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Phase Space Slicing
oR A / D™D [ Myt |* O(y — your) FY" T (@0 HD)
m-+1

m AA 2 m m
b [ A0 M Oy — ) FY (@)
m-+1

e Fabricius, Kramer, Schierholz & Schmitt, 1981

* Kramer & Lampe, 1989

 Baer, Ohnemus & Owens, 1990

* Klasen & Kramer, 1995, Mirkes & Zeppenfeld, 1995
e Giele & Glover, 1992, & Kosower, 1993
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Subtraction Algorithms

Op —0g = / de(m+1) { ‘Mm—l—l ]2 F}mﬂ)(q)(mﬂ)) _ ‘/\A/l/mﬂ ‘2 Fﬁm)(cﬁ(m)(cp(mﬂ)))}’
m-+1
Oy + 08 = / det™ { |M’mﬁ—loop T /d(I)(l) ‘Mm‘i‘lﬁ}Fﬁm) ((I)(m))

e K.Ellis, Ross & Terrano, 1981

* S.Ellis, Kunszt & Soper, 1989 & 1992

* Kunszt & Nason, EVENT program 1989
 Graudenz, 1995

* Frixione, Kunszt & Signer, 1996
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The Dipole Subtraction Algorithm

Op — 0g = / d(I)(m—I-l)< ‘Mm—|—1|2 F§m+1) ((I)(m—l-l))
m-+1

\

_Z‘Mﬁz(—lz—jlk)| F(m (I)(Tn)(q)(m—l—l)))

17,k
17,k y

av+aS=/ dcb(m){\/\/lmﬁlo / <I>(1>Z\Mffjf) F§m>(<1><m>).

/

V
A ]

e General subtraction matrix element calculated from soft and collinear
structure of QCD matrix elements

» Exact factorization of emission phase space
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Important Details

1. ”Dipole” structure is partitioned into emitter and spectator
* Both final state:

PiPk _ PiPk + PiPk Final-state parton py

(pipj)(pep;)  (Pip;)(Pipj + Prpi)  (Prpi)(PEP; + Dipj)

* Final state —initial state

PibPa PiPa + PiPa Initial-state parton p,

(pip;)(Pap;)  (Dip;)(PiPj + Pap;)  (Pap;)(Pap; + PiD;)

* Disobeys naive crossing

e Allows soft—collinear to be combined with collinear
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Important Details

2. Colour correlations

Al 2 _ —1 =y Th-Ty 5
Mid" | = e m (B =V 4| 80)
2piD; T
‘ Tz = colour-charge matrix in representation of parton i

* Physical matrix elements are colourless vectors in colour space
* (conservation of colour)

f::ri ™)y, =0
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Important Details

3. Exact phase space factorization

* physical parton configurations
cover full phase space — smooth
subtraction cross section

 modified kinematics for each
identified parton direction
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Important Details

4. All integration constants and functions are simple and universal

_% 2/01 dz ((2(1 = 2)) " Pap(z1€) = zoa% +Ya + (K - %20) ¢+ O(c”)

* Vg — 50, Kg — CMW scheme parameter
* ISR and FSR distribution function convolutions equal

C, 2 hrll_le —6(1 — x) ’ya—l—Ka—§7T20a
1 N 6

— X X

—ab

K (z) =6

1 — R
+ P2 () In —= + Py ()

R 2 A
Pap(x5€) = (5abC’am + P (2) + €P!, () + O(€)

X

reg
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Important Details

5. Observable calculated for every subtraction configuration

(

Op — 05 = / dpimTb), Mot |2 F§m+1)(@(m+1))
m-+1

=Y MR @§272<@<m+1>>>},

ij,k

ov + 085 :/ dq)(m){"/\/lmﬁloop /d(I)(l) Z‘Mm—lz—lk) Z}Fﬁm)(q)(m))‘

* Nagy and Trocsansyi 1997 — additional cutoff and partitioning
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Parton Masses

* In principle straightforward

* but lots of technical complications...
e Catani, Dittmaier, Seymour and Trocsanyi, 2002

* Key requirement: smooth mapping to massless algorithm
* (when massive parton unidentified)
—>mass logarithms under analytical control

* One “missing” dipole contribution

 Stefano: no proof of factorization into universal PDFs
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Some Examples

* EVENT2 — 2- and 3-jet observables in e*e”

* e.g. Dasgupta, Fregoso, Marzani & Powling, 2013, extraction of log coefficients
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e EVENT2 — 2- and 3-jet observables in e*e”
e e.g. Dasgupta, Fregoso, Marzani & Powling, 2013, extraction of log coefficients

Coefficient of C C, (aig/n)? for modified mass-drop R=0.8, y ;=01 Coefficient of Cg n; (ag/m)? for modified mass-drop R=0.8, y,,=0.1

Event2 s

Event2 s
~ Event2 - Analytic hea-

Event2 - Analytic

1/oc do/dinv

>
£
©
~

o]
©
2
-
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Some Examples

* EVENT2 — 2- and 3-jet observables in e*e”

* e.g. Dasgupta, Fregoso, Marzani & Powling, 2013, extraction of log coefficients

* DISENT — 1+1- and 2+1-jet observables in DIS
* D. Graudenz comparison, 1997
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e EVENT2 — 2- and 3-jet observables in e*e”
e e.g. Dasgupta, Fregoso, Marzani & Powling, 2013, extraction of log coefficients

e DISENT — 1+1- and 2+1-jet observables in DIS
* D. Graudenz comparison, 1997

leading order next-to-leading order

DISASTER++ MEPJET DISENT DISASTER++ MEPJET DISENT

50.6E 0.12 50.7= 0.13 50.7£t 0.15 58.6+ 1.29 72.9+ 1.56 54.7 2.1
27.1£ 0.05 27.1+ 0.16 27.0£ 0.07 36.4+ 0.57 40.0£ 0.84 349+ 1.0

o | oo oon | ors oo | _aots om|_aswe ot | aser 015 aser o
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Some Examples

e EVENT2 — 2- and 3-jet observables in e*e”

* e.g. Dasgupta, Fregoso, Marzani & Powling, 2013, extraction of log coefficients

* DISENT — 1+1- and 2+1-jet observables in DIS
* D. Graudenz comparison, 1997

* MCFM — Campbell & K.Ellis, 1998 —

» general framework for Monte Carlo for FeMtobarn processes
e ~ 200 processes —~ 7000 citations!

* NLOJET++ — Nagy & Trocsanyi, 1998 —

e 2-jet and 3-jet cross sections in hadron—hadron collisions, 4-jet in e*e”

* Herwig/Matchbox & Sherpa
 full automation for arbitrary processes
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Some Examples

* Corrections of O(a?) to the forward backward asymmetry
* Catani & Seymour, 1999
e Early example of “NNLO local subtraction” method

_ - 6 > 90°) — o(6 < 90°)
App(et by — 2
relee =) = 009 + 0(6 < 90°)

_ UA B (O)_|_O_(1)R_|_ (1)V+Uf)VV+JEL12)RV+JE42)RR
og (0) —I-O'(l)R—I— (1)V+Ug2)VV+UgQ)RV+Ug2)RR

(0)

SN [ OE (DR
1+ Og A _Ys One-loop V and two-loop VV

Ogo) (SO) Uff) Ogo) cancel in dim reg
Uf)RV 0%2)RV Uf)RR Ué2)RR NLO integral calculated with
+ 0) (0) + o) (0) standard dipole subtraction method
04 0g 04 05

(+ extra complication from 4b final states)
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Some Examples

* Corrections of O(a?) to the forward backward asymmetry
* Catani & Seymour, 1999
e Early example of “NNLO local subtraction” method

* Were able to resolve long-standing discrepancy between Altarelli & Lampe
and Ravindram & van Neerven

* (neither was correct! But RvN only by numerically-insignificant 4b term)
And able to use any axis definition, e.g. thrust axis, like experiments

Removed 1% uncertainty from global EW fits

* (remaining uncertainty estimated ~0.5%)
* (final LEP/SLC uncertainty ~2%)
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Some Examples

* Energy-energy correlation in e*e”

* Calculated to NLO by 10 different groups! With many discrepancies
e Dixon, Luo, Shtabovenko, Yang & Zhu, 2018 — analytical result (“remarkably simple”!)
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* Energy-energy correlation in e*e”
* Calculated to NLO by 10 different groups! With many discrepancies
e Dixon, Luo, Shtabovenko, Yang & Zhu, 2018 — analytical result (“remarkably simple”!)

n 12240027 — 2448002° + 1570602° — 31000z* + 206423 + 723052 — 143577z + 63298
1440(1 — z)24
—2448002° + 6732002% — 66728027 + 2831402° — 4812225 + 27162* — 62012° + 113092% — 9329z + 3007 (1)
720(1 — z)2° a1
2448002® — 55080027 + 4224802° — 1269002° + 130522* — 3362° + 172612% — 38295z + 19938 (1)
B 720(1 — z)2* 92
427 +102% — 172° 4+ 252% — 9623 + 29622 — 2112 + 87 (2)
24(1 — z)z° 91

Blc =

_|_

—408002® + 6120027 — 284802° + 40402° — 320z* — 1602z 4 112622 — 47262 + 3323 ()
* 12075 92
1—11z (o) 1202°+602z° 4 1602* — 22462° + 881222 — 10159z + 4193
4877/2 93 120(1 — 2)2°
—42% + 1822 — 212 +5 2241
—599) + 9.%3) )
6(1—2)z 12(1 — 2)

i
—2(852* — 1702° + 11622 — 31z + 3) ¢V +

where the g,(,? ) are pure functions of uniform transcendental weight n. Their explicit definitions are
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Some Examples

* Energy-energy correlation in e*e”

* Calculated to NLO by 10 different groups! With many discrepancies
* Dixon, Luo, Shtabovenko, Yang & Zhu, 2018 — analytical result compared to EVENT2

& Ef_ e
S S %
= = o
- = =
= --1= -
@ = =

w
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The Dipole Subtraction Algorithm

 Context

* The algorithm

* Important details
* Parton masses

* Some examples

e Catani—Seymour dipole showers
* NLO matching

e Spurious singularities
e Convergence factors
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Catani—Seymour dipole showers

* Exact phase space factorization
* Partitioned dipole kinematics / local recoil

* Colour correlations - leading colour
* Nagy & Soper, 2005 — (DEDUCTOR)
* Dinsdale, Ternick & Weinzierl arXiv:0709.1026
Schumann & Krauss arXiv:0709.1027, Winter & Krauss arXiv:0712.3913 (SHERPA)

* Drell-Yan recoil only from first emission

Platzer & Gieseke, 2009 — (HERWIG)

* modified recoil scheme for initial state partons

Hoche & Prestel, 2015 — (DIRE — SHERPA & PYTHIA)

e aiming for NLL accuracy
Hoche (MCnet build-your-own-parton-shower tutorial), 2016 —
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— the next generation

Dasgupta, Dreyer, Hamilton, Monni, Salam & Soyez, 2020 —
* pointed out impossibility of reaching NLL accuracy with local recoil
* PanScales (PanGlobal)
» systematic studies of recoil and partitioning
 first NNLL (final state) shower, 2024

Forshaw, Holguin & Platzer, 2020 —

* explorations beyond leading colour
* systematic studies of recoil and partitioning

Herren, Hoche, Krauss, Reichelt & Schoenherr, 2023 — (ALARIC — SHERPA)

Seymour & Sule, 2024
* GPU implementation (based on Hoche tutorial) ~ 250 x faster than CPU
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— MC@NLO and friends

OH :/ d(I)(Tn—l_l){{./\/lfm—i—l{2 — ‘ﬂm+1‘2}]§m+1)(¢(m+l)>’
m—+1

o= | d@(m){wmf e dq’”\ﬂmlf}fﬁm)(cﬁm»

I§m+1)((b(m+1)) _ F§m—|—1)<q)(m—|—1)) 4+ O(ozs)

— 2
m m Mm m m
L(J )(q)(m)> _ F§ )((I)(m)> + /dCI)(l) ‘ ‘M +’12| {F§ +1)((I)(m+1)) _ F§ )((I)(m))} + O(Ozz)

* Frixione & Webber, 2002
e Parton shower finite m and m+1 parton events without double-counting
e Using Catani—Seymour shower allows easy automation - Herwig & Sherpa
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The Dipole Subtraction Algorithm

 Context

* The algorithm

* Important details
* Parton masses

* Some examples

e Catani—Seymour dipole showers
* NLO matching

e Spurious singularities
e Convergence factors
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Spurious Singularities

Op — 0g = / d(I)(m—I-1>< ‘Mm—|—1|2 F§m+1) ((I)(m—l-l))
m-+1

\

_Z‘Mi(—lz—jlk)| F(m (I)(Tn)(q)(m—l—l)))

17,k
17,k y

av+JS:/ dcb(m){i/\/lmﬁlo / ‘P(”Zi/\/‘fﬁf) F§m>(<1><m>).

/

V
A ]

* Subtraction cross section matches all singularities of real cross section
e But not guaranteed not to introduce new (“spurious”) singularities

* E.g. e*fe >4 partons with g and gbar back to back

* Not a problem in subtraction algorithm
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Spurious Singularities

* But other applications separate them

UR_US:/ dP( +1){’Mm+1‘ _Z’M;i(ﬁk) }F} +1)(q)( +1))
m—+1

ij,k
m A(i73,k) |2 m-+1 m m) ;5 (m m
b [ anen e ST MAGPY ) @) - @ @) L
mtl ij,k
* E.g. second line = dipole shower,
* first line = subtractive matching H event
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Convergence Factors

* Introduce factor R(ij’k)(q)(erl))

- 1in all singular limits
— 0in all spurious singular limits

OR —0g = / d(I)(M—i—l) { ‘Mm—l—l‘ Z R i7,k) ’M;?z(—ll—jlk) } m—l—l) ((I)(m+1))
m—+1

17,k

17,k

4 / d(I)(m—l—l) Z R(ij,k) ‘Mf@(-lijl’k) 2{F§m+1)(q)(m—|—1)) F(m) ((I)(m) ((I)(m—l—l)»},
m—+1

ij.k

OV—I—US:/ dcb(m){wmﬁloo /dq><1>Z}M G52

; A(i k) |2 m m Finite analytical integral
B /dq)(l) Z(l — R ’k)) ‘Mmgrl) }F§ )((I)( ))° in d dimensions
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1

* E.g. -— Where W = scale of hard process
14+ 2%
2
. 2 .
* E.g. coefficient of a5 1 <1 — thrust)
M4*F4-Msub*F3 | Msub™*(F4-F3) (M4-Msub)*F4 | 3-parton Total
Standard 14.68%0.05 95.24+5.98 —80.56+5.98 30.31+0.04 44.99+0.07
Conv. factor 43.13+0.06 32.39+0.06 10.75%0.05 1.85+0.05 44.99+0.07

« MHS & J. Whitehead, in preparation (started with Stefano in 1996)
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Summary

* The Dipole Subtraction Algorithm has been a major enabling
development in QCD
* |nitiated and driven by Stefano

* 100s of NLO calculations, used in 1000s of experimental measurements

e Catani—Seymour dipole showers were a major surprise

* Some advantages
* But also some disadvantages

* Spurious Singularities can be cured with Convergence Factors (in preparation)

e Stefano’s ultimate goal was the automation of NNLO
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Thank you!

* Thank you for listening, and to the organisers
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Thank you!

* Thank you for listening, and to the organisers

* And thank you especially to Stefano,
for all the fun and inspiring collaboration
and for such a deep and broad impact on our field
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