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Fixed Order Basics (N)LO Multijet Merging
NLO Matching Combination with NNLO

Outlook on shower development

| will limit myself to QCD. do = do™® + a5(Q) de™N Q) + 0% (Q) de™EO(Q) + .
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Fixed Order Calculations PRI OF it

Expand cross sections to a fixed order in the strong coupling: virtual (loop) corrections and
contributions enter in different phase space dependence.
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For suitable , infrared divergencies cancel between real emission and virtual corrections.
UV divergencies in the virtual corrections will be removed.
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Accuracy of Fixed Order Calculations VRS O Gz | |l (00 LDIYEISIG

Fixed order calculations can describe jet cross sections, or cross sections with identified hadrons in the
initial or final state, which require the introduction of parton distribution or fragmentation functions.
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Some comment is heeded

For an NkLO observable, the dependence on
the unphysical renormalisation and
factorisation scales is postponed to an
Nk+ILO contribution: use their variation as an
estimate of higher order corrections.
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Renormalized virtual corrections in dimensional regularization:
Poles in e due to loop momenta soft and/or collinear to external momenta.

contributions divergent for soft/collinear emission:
Poles in e after integration over phase space.

Use subtraction terms to handle divergencies.
Cannot generate ‘events’ from fixed-order cross sections — real emission and subtraction
term contributions highly correlated.
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Use subtraction terms to handle divergencies.

Subtracted cross sections only finite for infrared safe observables:

E&ZA Q of %963-94
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No collinear divergence for massive cartons, but enhancement possible.
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Subtraction at Work SNMERLITT L SahAs
Let us illustrate the technique with a toy model. Bare coupling will be renormalised and
provides counter term for the UV
| N\t = oo divergence:
oo
Moer =-0lo Mo\ 2% (16 O(x—p) + & Bj-x) )
W 4§ x\-€ (S oy, = 0(41\‘1) \l"?ﬂ)i— (/\—-%O(s()\u) - (9(0{3(,‘4')))
— A A
.,(og(so SR - Lk r«i')me
L +
‘ \ clob.m = oo ‘(x&-fx 9“"”") Real emission and subtraction terms:
integral of the subtraction term will
Moo \/u(st_f B.(de)) Abpaq = A ;'(\-9, K o 6(]«-\:) cancel the IR divergence
L oL, %
RN . ) A bye
Subtracted real emission contribution (‘ \ Mio Vo Mo 1l 2de) o

is (integrable) finite in four dimensions:
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Subtraction at Work SNMERLITT L SahAs
Letu | - . - Bare coupling will be renormalised and
provides counter term for the UV
| M divergence:
A e
do = X(yq) \?) (/\—-%O(s(ru) + D(og(p%)))
| Real emission and subtraction terms:
integral of the subtraction term will
M cancel the IR divergence
L oL, %
RN . ) A bye
Subtracted real emission contribution (‘ \ Mio Vo Mo 1l 2de) o
is (integrable) finite in four dimensions: K
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Event generators aim at highly exclusive observables:
Perturbative, high-multiplicity final states — convoluted with phenomenological models.

Require (recursive) infrared safety of these observables, but most of them are infrared
sensitive: Measure deviation from an ideal n-jet topology, and require a minimum amount of
radiation to acquire non-trivial values.

At any fixed order in perturbation theory they will diverge when the requirement of
additional radiation is relaxed.

9 ¢ § 7¢ 3
/) M
T:/] T <1 1
———->€-— T >€))) (132 © O‘(TL jets, Cnkl Oz lnl —
/ Ad) I / At\m <N [<2k
3 e g 3 e 8



UNIVERSITAT GRAZ

Landscape of Infrared Sensitive Observables wversiy cr 4z
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logarithmic structure
A “leading” contribution

el

| O
coupling order
Y ‘accuracy”

iInclusive
Cross section
0 jets

exclusivity/resolution
“let bin”

1
o(n jets, T) E E Cnkl O (Q) In .
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Landscape of Infrared Sensitive Observables wversiy cr 4z

logarithmic structure
A “leading” contribution
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Landscape of Infrared Sensitive Observables wversiy cr 4z
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Landscape of Infrared Sensitive Observables wversiy cr 4z
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Landscape of Infrared Sensitive Observables wversiy cr 4z
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Landscape of Infrared Sensitive Observables wversiy cr 4z
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Parton Showers & Resummation CRRVERSITY OF G2

Probabilistic sequences of
emissions from
Interference approximate.
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n_l_]‘ n A leading” contribution
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/ / coupling order
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/ iInclusive
Cross section
0 jets
.
exclusivity/resolution

Parton branchings Dipole branchings order

order in angle. in transverse momentum.
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Probabilistic sequences of
emissions from
Interference approximate.

Physical behaviour of cross sections in Jogarithmic structure
regions of soft/collinear radiation. 4 “leading’ contribution
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Contain real emission and virtual contributions in no-emission probability:

Iterative procedure

/ no-emission probability
= A, Q,¢n)
\/

Q@ q | |
P / = / dz VO (q, 2, dn) A, Q, 6n)PS? ] (39 (6, g, 2)
L

o / /

ordering! emission kernel kinematic mapping

Preserve total inclusive cross section — unitary evolution:
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Accuracy of Parton Showers UNIERSITY CF GRAZ

Tailored as resummation algorithms for different classes of observables.

Colour and spin correlations present in
factorisation of emissions, but algorithmically hidden 2} J’*"’”h = —
in use of QCD coherence or the large-N limit.
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Pressing issues in parton showers

. . NLL with coherent branching Issues in coherent branching
NLO with matching . L
Issues in dipole showers LL with dipole showers
D D Hamilton, Monni, Sal .— JHEP 09 (2018) 033 : E:E: k x
Dasgupta, Dreyer, Hamilton, Monni, Salam et a .— ( ) yoor] O'(?’L jets, 7-) ~ Cnkl O (Q) In' —
‘Hoang, Platzer, Samitz — JHEP 1810 (2018) 200] T
‘Bewick, Ferrario, Richardson, Seymour — JHEP 04 (2020) 01 9] ko 1<2k
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Pressing issues in parton showers

Pi,, " Dy, l
Pi,, *4n Pj, " dn
Pin " Pj, L -pj, 1 T-pi, 1 —

Din “Gn Pjn " qn L qn Dj, ~an 1T - qn Di,, * Qn

[Dasgupta, Dreyer, Hamilton, Monni, Salam —PRL 125 (2020) 5]

Dipole sh ducing coherent branching:
[Forshaw, Holguin, Plitzer — JHEP 09 (2020) 014] ipole showers reproducing coherent branching

NLL & NLC global, LL & LC non-global

- . . 1
:Dasgupta,"Dreyer, Hamilton, Monni, Salam et al. — JHEP 09 (2018) 033, ...] O'(?’L jets, 7_) -~ E ( E : Co el QE(Q) lnl -
‘Hoang, Platzer, Samitz — JHEP 1810 (2018) 200] T
‘Bewick, Ferrario, Richardson, Seymour — JHEP 04 (2020) 01 9] ko 1<2k




UNIVERSITAT GRAZ

Matching and Merging UNVERSITY CF GRAZ

I ? ,Lnlver5|tat
...... 7 wien

Egal — “Hauptsache Higher Orders”

yd
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Matching: S
* Combine resummation with fixed order. W
* Here: combine a parton shower with an NLO %
calculation. / e
* Applicable only where the fixed order calculation is
reliable, not the lower jet bin. \
, ’@ats
Merging: /\ N

* Combine calculations of different jet multiplicity

with a parton shower.
* Applicable across jet bins.
* At low scales only shower predictions.

NLO NNLO

LO NLO

LO

NLO merging



UNIVERSITAT GRAZ
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: : , [Sjostrand, Seymour ...]
Invert the approximation as far as possible:

dGM\(bk.u\) = &GM (EM\QM\\ ] ')E );’
(q ?"'1*1"\
< Viap ) \%—z:@,’W| dq A% !

logarithmic structure

d ~ 74 1 n v b -1 NP
A leading contribution
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iInclusive
Cross section

Mind that we calculate virtual corrections iets

L , s
only from unitarity: improvement is only je
seen in shapes.

Might help to restore non-trivial
correlations upon fixed-order expansion.

coupling order

‘accuracvy

exclusivity/resolution

dsmqu) ?S? c\’\(bm)] et bin’
= ds (4 - § ko J ki)

Al \ M“ﬁ@“\h«\\) V (Qwh)
O(Q—q(rns)) B(qlhun) =) Abrces + UlK)
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Matrix Element Corrections UNIVERSITY CF GRAZ

Invert the approximation as far »< nnecihla:

E.g. colour correlations: M)

ISumialbar ) = 860 (Bl

X \V(
d0n+1 ~ ‘Mn—l—l‘Q — <M72..—}—1‘M'n.—|—1> it
Might help to restore non-trivi
correlations upon fixed-order « Ir || M) (M, | P er
: IYNE do,,

Mind that we calculate virtual ¢

only from unitarity: improveme [piiter, Sizdahl — 2012-2018]

I Hoche, Reichelt — 201 9] Some subleading-N corrections can be restored.
seen in shapes. d5u(8a) TS (it E.: g g

= dsu ) (A= Tk g Vlkiv )
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ASu(gu) T8y (ulen)

= dsed (4 - L ks Gutmb)

) (B ) V (&)
O( Q=4 (¢us)) B(qdun) -p1) Adires

Once we control the expansion we
can demand a matching condition:

Polds,, . } = IS,y + (e

BPS Cac ) = s

+ Olo)

[Frixione,VWebber ...]

Iogarlthmlc structure

A “leading” contrit

coupling order
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iInclusive
Cross section

0 jets
1 jet

exclusivity/resolution



UNIVERSITAT GRAZ

N LO M ATC h | N g UNIVERSITY CF GRAZ

’,;'.:'_-";-‘- e ° o * e
SO AT
(A7 N
zl ! ‘.:':.':) ._;‘ _::
¥\ ',-'i'.v -,;

a2 -

1y J

In a nutshell:

Inclusive cross section reproduces NLO result (in case we can define an inclusive cross section)
First additional jet described at LO from NLO real emission
* | to O jet limit exhibits proper Sudakov suppression.

LO+PS LD NLO +CS
-Q;C)__, C"*CB __Q‘_,CP_..» Shower
FL S L -
Lt SO\ G
{
’ | | |
2 — Y
o r @My P H PL o " Pt
Alpl& ) GRown .
[ \ 4 ('\ A(r\ G—) g { Real GV i GR
X Qo x© o + 0 yivt
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Shower expansion:
aSun(qu) Sy Cuten))
= ds.)( A - L:cxw% JuVllr, b))

A
logarithmic structure
Y ‘ MU\R@“\M‘\) V (QM{"\) A lea ding” contribution
O( Q—q (Prsa) ) e (q (o) */") o\‘bbd"\ * w('d{-) 44 N |
Subtracted NLO correction: neusve
0 jets
1 jet
% exclusivity/resolution
3['?_RQ LMEO MV‘.‘!‘J-) -"SM; \l«(s ML(: dtb‘!]ﬁ'-o db“ "i-etlbm" v .
2+ oL %>
o {[IMeeel - 1%y Notg M (B8] O Ouaa] _
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Solving the matching condition subtraction mapping \
/ e
[ e ) = N M 0] Oy N
| Mol(8, () V (@uatn) B(g ) ) O Q= q(hus))
soft-collinear hard
( — EM(.QV\M) ) ok‘bk*'l

\ shower mapping



UNIVERSITAT GRAZ

Matching with Matrix Element Corrections  uwversivcr 64z yersitat
What if we derived all emission cross sections \
from the real emission matrix element? « \ o
S\:l "‘- _ M; V“‘(L Mtf EAQMQJ d {DM A / \/ 70+PS
‘Mﬁ@“\&w\\) V(Qm-h) e(q (.'-bwh) ’/") 9( Q—q (¢p.-n)) __ LO+PS _
( — EM(.QV\M) ) ok‘bk*'l
S U ™ — Mro \I“(S Mtf ﬁu(t\u«)J d Pt 4
- | ™ B(Q@—g(dw))
( — ﬁ.\((‘m«) ) d'bu-w\

This is the Powheg method in its simplest form — [Nason,Frixione]
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The Hard Scale & Truncated Showers RRERAlT 1

Q limits the hard radiation produced by the parton A step of NNLO size might appear if we cut hard,
shower — it might not coincide with the evolution but smearing needs to be done very carefully:
variable.

=
u
S —
=< \\\
0.8 — \\ \
0.6 —
—— power shower
04 7 —— theta cutoff
—— hfact profile
0.2 — — — resummation profile
o) | L1 1 || ||
1 10"
EIJ_/GQV
Truncated showers are needed otherwise. [Bellm, Nail, Plitzer, Schichtel, Siodmok — EP] C76 (2016) 665]

also Hdamp/hfact in Powheg

[Nason — more when we discuss merging]
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7172,

TL.Tj

LHAPDF

 LHEF &

Hooks

S &M

Merging

Showers,
MPI,
Hadronization,
Decays

HepMC

Mixture of C++ and
FORTRAN, run-time

interfaces, event file
interfaces.

Central:

 LHAPDF
* External (loop) ME

providers
* LHE files
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Current release  Hard matrix Shower : . : . Shower
: : NLO Matching Multijet merging Hadronization .
series elements algorithms variations
Internal, Internall Internall Clusters
Herwig 7 libraries, QTilde, Dipoles Y Y Eikonal , ’ Yes
automated automated (Strings)
event files
Internal Pt ordered Internal, ME via
Pythia 8 ’ ’ External ’ Interleaved Strings Yes
4 event files  DIRE,VINCIA event files 8
Internal, CSShower, Internall Internall . Clusters,
Sherpa 2 , , 4 4 Eikonal , Yes
libraries DIRE automated automated Strings
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Multi-purpose Event Generators UNIERSITY OF GRAZ
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Current release Hard matrix Shower : . : . Shower
: : NLO Matching Multijet merging Hadronization .
series elements algorithms variations
— v Internal, Internall Internall Clusters
Herwig 7 libraries, QTilde, Dipoles Y Y Eikonal , ’ Yes
automated automated (Strings)
event files
Internal Pt ordered Internal, ME via
Pythia 8 ’ ’ External ’ Interleaved Strings Yes
Y event files | DIRE,VINCIA event files S
Internal, CSShower, Internall Internall . Clusters,
Sherpa 2 , , 4 4 Eikonal , Yes
libraries DIRE automated automated Strings
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Historic examples of developing NLO matching Nowadays combined with shower and matching
variations to evaluate perturbative uncertainties:

Azimuthal Distance of Leading Jets

%‘- 150 T T | 17T T T T | T T | T T T 1 i )
) ‘g_ - —e— ATLAS data SH A+BIACKH AT N
! 3 - —— NLO W+2 jets ]
E }l.p/Rzlu/2...2;l
S 100 |- T~ MC@NL?/FL s — Dijel invarianl mass (NT.01PS) Rapidity difference of he lwo leading jets (NT.O14PS)
0 L = I e
10 IH o =H/V2...V2u [ T = E 0 —
% r i 4 3 = - —— NILO {iixed order)
S - > qp ? = 05 —— MG3.aMC+H7 Defaull
~. 107! 50 [ Ly — e =
o ] i | = <1 - = MG35.aMC+Py8
2 ~ o = - - — — X %
: I ] ;.':: S, 04 === - - Powheg Py
‘2 107° = "~ v C p— - == Powheg-no shower
S Solid: MC@NLO Q i —— NILO (fixed order) N —— VBEFNI.O 31 Hz-Defaul)
. 1.8 E = = Ne = - - . . Y ‘
I Dashed: Herwig ) 1_6 = —= L. e MGzaMC+H7-Default } ? - e VBFNLO 3+H7-Dipole:
107% = Dotted: NLO k- S, A = = i £ MGs aMC i Py8 = - S
o 1 = = -~ [ — = " =
Q o8EFT T T STt ¥ TENTE 210 = —— PowhegtDy8 = 02F
104 | | | = 8:2 = = b - = =~ Powheg-no shower L
S e e = = T - e -
10! . 10° 103 0-2 & 1 [0 L1 Ll | | I = L ‘;BFNLU 3 |H? Dc.raldl 0.1 — [ee—
pr"™ (Gev) o 0.5 1 L5 2 it - second ot _ = VBFNLO 3+H7-Dipole - -
Frixione, Webber - 2002 .. .. o e Second I ! AU T L o1 ! 1 o 2| i P P 1
[ ] [Hoche, Krauss, Schénherr, Siegert - 2012] - ’ S ’ — g 3 ’
) . ) 1.3 E- 1.3 E-
M harge ¢ t W d / il — v =
. - ?OIIICI ‘WI&,€| 1s,lynl1mle r|y1.|n | Iecla)ls ———— - Gap fraction vs. Qsum for veto region: |y| < 2.1 c :? E . :? E
93 L ATLAS data L - g o I === s 10 H = S 10R
_ Herwig++ LO 1 +—1 1 - = C g 09 = e 09 S
0-25 __ Herwig++ Povﬂ‘reg+—_' __ 095 - ?ﬁ ; Sﬁ ;
§ ] - —e— ATLAS Data v E vz B
0.2 - L — 09 N — — — Herwig++ 2.7 LO & S 8{': 11 L1 SN T I ST A Sg =
- - 085 C_LOT DS 500 1000 1500 2000 23500 3000 3500 4000 3 : 5 (
015 F . - — NLO ¢ PS m o |GeV] Ay
- 3 0.8 - —— NLO & PS a iz
0.1 — - -
0.05 | f
I P I R I : [Rauch et al. For VBSCAN study — EP] C78 (2018) 671]
1'4 B T T T T | T T | | | I I I I | I T I I _
:_,: 1.2 — _—
5 1| I l—l_:
o8 . 1 [ ] — E I . f d
b T Comparisons across a wide range of tools an
1

0 0.5 1.5 2

|17, 50 100 150 200 250 300 350 400

[Hamilton, Richardson, Tully - 2009] Qo [GEY] methOdS iS Sti” mandatorY!

[Herwig7 collaboration - 2015]
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