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If fixed order was enough - SR

3 jets full NLO QCD

FULL 1308.2932 NNLO-QCD
NLO-QCD NLO NNLO-QCD  NON-FACTOR
hep-ph/030610 0707.0381 1506.02660 1906.10899

2003 2007 2015 2019

1992 2010 2016

NLO-QCD NNLO-QCD N3LO-QCD 3 jets NLO QCD checks
INCLUSIVE INCLUSIVE INCLUSIVE of VBF approximation

hep-ph/9206246 1003.4451 1606.00840 1802.09955

3 jets NLO QCD
hep-ph/0609075

Karlberg —VBSCAN Helsinki meeting
See talk by Melnikov for VBF related developments Additions by Platzer



PP collisions are more complex ) \nersitat

QCD description of collider reactions:
Complexity challenges precision.

Hard partonic scattering:
NLO QCD routinely

Jet evolution — parton showers:
NLL sometimes, mostly unclear

do ~ dopara(Q) X PS(Q — 1) X X ...



PP collisions are more complex () nersital

QCD description of collider reactions:
Complexity challenges precision.

Hard partonic scattering:

NLO QCD routinely \
All challenged

Jet evolution — parton showers: by VBF/VBS!
NLL sometimes, mostly unclear —

do ~ dopara(Q) X PS(Q — 1) X X ...
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Fixed order and the VBF approximation

Approximation at NLO: acceptable in tight VBF selection. [Ballestero et al. — Eur.Phys).C. 78 (2018) 8, 671]
Challenge is in using full calculations throughout, and for 6 s channels
anomalous couplings etc.
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[Campanario, Figy, Platzer, Sjodahl — PRL 111 (2013) 211802] [Campanario, Figy, Platzer, Rauch, Schichtel, Sjodahl — PRD 98 (2018) 033]



Challenges for Matching and Merging

Jets at Born level: O v I 1% oo

——— NLO @ Dipoles

104 — 1 | ——— NLO@®PS [

* Generation cut uncertainties
* Merging algorithms specifically challenged — solved within

modified unitarized merging. [Bellm, Gieseke, Plitzer — EPJ C78 (2018) 244]
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[Rauch, Plitzer — EP] C77 (2017) 293]



Challenges for Matching and Merging
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[Bellm, Nail, Platzer, Schichtel, Siodmok — EP] C76 (2016) 665]

[Rauch, Plitzer — EP| C77 (2017) 293]
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Colour in VBS/VBF

Coherent emission of soft large angle gluons from systems of collinear partons.

Parton showers: dipoles vs angular ordered, issues of accuracy. [Salam et al. —JHEP 09 (2018) 033]

[Forshaw, Holguin, Platzer — |HEP 09 (2020) 014]

Parton branchings order in angle:
accurate for global observables.

See Prestel’s talk

S
.

Dipole branchings order in transverse momentum:
accurate for non-global observables.
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Colour in VBS/VBF

Coherent emission of soft large angle gluons from systems of collinear partons.

%

Parton showers: dipoles vs angular ordered, issues of accuracy. [Salam et al. —JHEP 09 (2018) 033]
See P s tall [Forshaw, Holguin, Platzer — JHEP 09 (2020) 014]
ee Frestels talk

S
.

Parton branchings order in angle:
accurate for global observables.

Dipole branchings order in transverse momentum:
accurate for non-global observables.




T 20 N ) ® e 9
S 2
(o R RN
SIA= IR A
= el =Ni2
2\l \Bemal )
e YA
= e N 7
dIanis”

Benchmarks for VBF Higgs production

[Jager, Karlberg, Platzer, Scheller, Zaro — EP) C80 (2020) 756]

M Mg\’
Jets pT; > 25 GeV ‘77j| < 4.5 Scale ud = 21{\/(;) + P2 g
Baseline: tight VBF selection 7, -n,, <0 Anj .| > 4.5 m; ;, > 600 GeV
Loose selection to test impact of VBF approximation  [A7;,5,| > 1 M j, > 200 GeV
Ple thOra o f generator matching SMC shower recoil used in Sec. 4.2
) VBFNLO+Herwig7/Matchbox D HERWIG 7.1.5 global (q) / local (dipole) v (§)
matchin g and HJets+Herwig7/Matchbox ® HERWIG 7.1.5 global (§) / local (dipole)
h MadGraph5_aMC@NLO 2.6.1 = HERWIG 7.1.2 global v’

shower setups MadGraph5_aMC@NLO 2.6.1 s PYTHIA 8.230 elobal

POWHEG BOX V2 R PYTHIA 8.240 local (dipole) v’

POWHEG BOX V2 R PYTHIA 8.240 global

POWHEG BOX V2 ® HERWIG 7.1.4 global (q)
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Benchmarks for VBF Higgs production

[Jager, Karlberg, Platzer, Scheller, Zaro — EP) C80 (2020) 756]

M Mu\?
Jets  pr;>25GeV 7] <4.5  Scale  ji= ;\/(;) + P i
Baseline: tight VBF selection 7, -n,, <0 Anj .| > 4.5 m; ;, > 600 GeV
Loose selection to test impact of VBF approximation  [A7;,5,| > 1 mj, j, > 200 GeV
Ple thora o f generator matching SMC shower recoil used in Sec. 4.2
) VBFNLO-+Herwig7/Matchbox = HERWIG 7.1.5 global (q) / local (dipole) v (§)
matchin g and HJets+Herwig?7/Matchbox D HERWIG 7.1.5 global (§) / local (dipole)
h MadGraph5_aMC@NLO 2.6.1 ot HERWIG 7.1.2 global v’

shower setups MadGraph5_aMC@NLO 2.6.1 s PYTHIA 8.230 elobal

POWHEG BOX V2 R PYTHIA 8.240 local (dipole) v’

POWHEG BOX V2 R PYTHIA 8.240 global

POWHEG BOX V2 ® HERWIG 7.1.4 global (q)
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Comparison between tools

[Jager, Karlberg, Platzer, Scheller, Zaro — EP) C80 (2020) 756]

Transverse momentum of the Higgs boson (R = 0.4) Transverse momentum of the leading jet (R = 0.4)

%‘ E T T T T T T ‘ T T T ‘ T T T ‘ T T T ‘ L E %‘ ) *N T ‘ T T 0 ‘ L ‘ T ! ‘ T T 7 ‘ T T N4
Different setups agree well in tight VBF : o Nl IR
= 50 —— POWHEGH+Py8-dipole] - —— POWHEG+Py8-dipole -
o o = E VBENLO 3+Hy ] = B VBENLO 3+Hy 7
selection, if colour flow respected. < N |
. - o :
° € 9 1 é B —51;
Herwig seems somewhat less ‘jetty’, but ST o P
0 | ——— | ——— | —— | —— | ———— = | —— | —— | —— | —— | ————
° ° ° O/ h f h d 1.05 ; é 1.05 ; é
all consistent within 10%, shapes of har B e I e Sl
& 095 = & o095 1 L ‘ Hé
S PeCtra n Ot a Ite re d ¢ 0'9 gl I ‘ I S | I S | ‘ I S | I S | ‘ I lé 0'9 E_l | ‘ I R ‘ I S | ‘ I S | ‘ I S ‘ I lé

085 0 50 100 150 200 250 300 085 50 100 150 200 250 300
pr,H [GeV] pr,j1 [GeV]

Higgs plus dijet transverse momentum (R = 0.4) Normalized pseudo-rapidity of the third jet relative to the tagging
® * d d — 1 T ‘ L ‘ T ‘ I L ‘ T ‘ I ‘ L ‘ T L — F T T ‘ T T ‘ T T ‘ T T ‘ T T ‘ T T ‘ T T ‘ I B
Pythia global recoil hot compatible with g L it | E s i)
g B H:':,_] —— POWHEG+Py8-dipole ]| fg\ 300 — POWHEG+Py8-dipolej
° ° ° N - = —— POWHEG+Py8 S —— POWHEG+Py8 ]
other results. Pythia dipole recoil NLO N NG, 5 oGy
= N = -
S ]
° o ° ~ 10 | = 200 -
matching only available via Powheg. 2 E
w0 = 15 100 é
g T_C.= . 50 = E
10 3 = == — ‘;1:1 .
2 = || ‘ | | ‘ 1 | ‘ I ‘ | | ‘ 1 | ‘ I ‘ | | ‘ I 0 - I — ‘ I ‘ I ‘ I — ‘ \—\;};‘:Q—&_l ‘ [ ‘ | =
1.8 ; I ‘ [ ‘ [ [ ‘ [ ‘ [ ‘ [ ‘ [ ‘ I \é E 1 ‘ [ ‘ [ ‘ [ ‘ [ [ ‘ [ ‘ I E
| 16 E 15 B
1.4 3 C ]
§ 1'2 ; —_— ] ’_‘__,—| r—ﬁ_ﬁ;— é § ! ; T i — ;
TS~ e T )
0'6 ;l | ‘ L1 1 ‘ I ‘ L1 1 ‘ L1 1 I ‘ L1 1 ‘ L1 1 ‘ L1 lé E I ‘ I ‘ I ‘ I ‘ I ‘ I ‘ I ‘ E

40 60 8o 100 120 140 160 180 200 0 0.2 0.4 0.6 0.8 1 1.2 1.4
PTh,j,j, [GeV] 273



T O30 g ) L] e 9
E T
"9\ R d:?
2/ EEANE R N2
z A A ! z
R\ (8 |18 =gl 1 B
N\ TS 7] A
¥ oY
Er I(”ll-s )

Shower Variations and Jet Radius Dependence

[Jager, Karlberg, Platzer, Scheller, Zaro — EP) C80 (2020) 756]

Minimum A7 between the third and the tagging jets Dijet invariant mass

Still significant shower variations shedding
light on jet activity after showering,
otherwise distributions stable at NLO+PS.

. LO, VBENLO+j
0 ——— NLO, VBFNLO+j

o C — LO, VBENLO+Dipole
- =— NLO, VBENLO+Dipole
0
|

More careful investigation of shower scale o had 1N Lo EES——
profiles and cut migration needed. 1
Sl IR MR B Bt A o L b

1= LO, VBENLO+j

i —— NLO, VBFNLO+j
—— LO, VBENLO+Dipole
—— NLO, VBENLO+Dipole

(S8} - U1 N N
\
d O'H]]/d mjlljz [fb/GeV]

: = N
NWHO o o o
\

Ratio

O OQ om M
GIV300 0 R

. e e e )
Jet radius dependence shows expected Faa— LR I
perturbative behaviour. Fer ] i

Need to confront with perturbative
variations and soft QCD.

Perturbative scales and R see LH jet study
[Bellm et al. — EP] C80 (2020) 93]

Ratio to R=0.1
Ratio to R=0.1
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Shower Variations and Jet Radius Dependence

[Jager, Karlberg, Platzer, Scheller, Zaro — EP) C80 (2020) 756]

. . . . o o Minimum A7 between the third and the tagging jets Dijet invariant mass
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Pe rtu r‘bative be havi our. [Rauch et al. For VBSCAN study — EP] C78 (2018) 671]

Need to confront with perturbative

variations and soft QCD.
Perturbative scales and R see LH jet study : :

L
0 100 200 300 400 500 600
PrH [GeV]

[Bellm et al. — EP] C80 (2020) 93]



Shower Variations and Jet Radius Dependence
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Still significant shower variations shedding
light on jet activity after showering,

otherwise distributions stable at NLO+PS.

More careful investigation of shower scale
profiles and cut migration needed.

Jet radius dependence shows expected
perturbative behaviour.

Need to confront with perturbative
variations and soft QCD.

Perturbative scales and R see LH jet study
[Bellm et al. — EP] C80 (2020) 93]

oA d s [£b/GeV]

do/dlog,y(dys/GeV) [fb]

Ratio to HW Dipole

[Jager, Karlberg, Platzer, Scheller, Zaro — EP) C80 (2020) 756]
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MPI & Colour Reconnection L wieén

Assume some matter distribution in the ~ R oo - |
. . qe = 1.2 i = 071 GoV? s °

proton, and effective multiplicity s | S s

distribution of additional scatters. ot _—

Colour reconnection crucial to describe JE

MinBias and UE data: lack of knowledge “ S

4 A - ! llillln 1 40 201 1 4 Imeael 18001 AL A Lilal 12401
. 1) 2 U044 DG DN | 1 2. 1.8 3 10 15 20 23 30 3s 40 4>
about colour correlations.

b fm

[Gieseke, Kirchgaesser, Platzer — EP] C 78 (2018) 99] [Gieseke, Rohr, Siodmok — EP] C 72 (2012) 2225]
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1G]

1.2 } it e 0.71 GV

Assume some matter distribution in the Pl e P
proton, and effective multiplicity E

A.(6) fm

|}
distribution of additional scatters. —

Colour reconnection crucial to describe SE
MinBias and UE data: lack of knowledge T | B | |
about colour correlations. b o NEERRR R e

b fm

[Gieseke, Kirchgaesser, Platzer — EP] C 78 (2018) 99] [Gieseke, Rohr, Siodmok — EP] C 72 (2012) 2225]

MO/ Data
{
I




MPI| & Colour Reconnection
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Assume some matter distribution in the
proton, and effective multiplicity
distribution of additional scatters.

Colour reconnection crucial to describe
MinBias and UE data: lack of knowledge

about colour correlations.
[Gieseke, Kirchgaesser, Platzer — EP] C 78 (2018) 99]
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[Gieseke, Rohr, Siodmok — EP] C 72 (2012) 2225]
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MPI| & Colour Reconnection

[Bittrich, Kirchgaesser, Papaefstathiou, Platzer, Todt — in progress]

Soft QCD effects are not absent: significant
impact on interjet activity and jet shapes.

=
i
-
?& 101 - — ':: i ] [ ] I — : ]
= — = — [T — —
g _ = = ]
L — . — ]
o o — partonic |_
Questions to be raised: _ — MPI _
hadronization
_ full —
1 -

erwig 7.2

* Quantify impact (and how certain that is)

Matchbox + VBFNLO

* Determine interplay with perturbative e LT
variations and models | . | -
* Watch out for lack of perturbative " s = — = e
dynamics beyond current NLO+PS 06 = L L 2 L3

<
=
W

Benchmark is VBF Z production, but findings should be ~ universal.
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MPI| & Colour Reconnection

[Bittrich, Kirchgaesser, Papaefstathiou, Platzer, Todt — in progress]

Soft QCD effects are not absent: significant
impact on interjet activity and jet shapes.
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il
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Questions to be raised: i — M ]
adronization
— full R—O 7 E

* Quantify impact (and how certain that is) : Terwig 7.2 | | N
* Determine interplay with perturbative g T T
« e 12 — — L =11 = e P =
variations and models ] =R —
. % 0.9 E- | ] =
* Watch out for lack of perturbative 08 =L =
. 0.6 E- —
dynamics beyond current NLO+PS o5 Ed e L e

<
=
W

Benchmark is VBF Z production, but findings should be ~ universal.
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Soft QCD effects are not absent: significant
impact on interjet activity and jet shapes.

Questions to be raised:

* Quantify impact (and how certain that is)

* Determine interplay with perturbative
variations and models

* Watch out for lack of perturbative
dynamics beyond current NLO+PS

Benchmark is VBF Z production, but findings should be ~ universal.

[Bittrich, Kirchgaesser, Papaefstathiou, Platzer, Todt — in progress]
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[Bittrich, Kirchgaesser, Papaefstathiou, Platzer, Todt — in progress]

Mean average transverse mamentum, transverse region

By e | I | QN D M

{GeV )

* Vary colour reconnection and MP| parameters to stay

within ~ 10% agreement of typical tuning observables
* Vary perturbative scales, specifically shower hard scale
* Full NLO+PS study including shower variations

— tune-down
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Third jet Zeppenfeld
variable between
perturbative and MP]
variations.

| oose selection

Tight selection

[Bittrich, Kirchgaesser, Papaefstathiou, Platzer, Todt — in progress]

cross section [fb] / 0.04
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cross section [fb] / 0.04
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R=0.4

third-leading jet zeppenfeld distribution
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Jet vetos & Non-global Observables L Wien

[Liu, Melnikov, Penin]

Jet vetos beyond leading-N and Glauber phases N\
require amplitude level evolution.

[Forshaw, Holguin, Platzer — JHEP 1908 (2019) 145]

Recent results on jet vetos from CVolver N
on jet vetos in ete- collisions. \
[De Angelis, Forshaw, Platzer — PRL 126 (2021) I 1]
singlet — gg spectl_rtllmto gg singlet — qq spectrzumto qq | | | | | |
8_' all, d =0 —— | all, ' =0 ) : : : : : : 1
alhg:2 3.5 all,LOé’ZZ l l |1 11 | | )
- ‘ L D o I A R r—
6 n=1 . n=1 ! ! g | YA 1. YA 1, ! B ! !
n=2 2.5 r n=2 . | S | 5o 1 | S ’
5 L n=23 . n=3 | | | A | | I
% AL n=4 | § 2 n=4 ; [ | | 2 2 | | S
N _ 15 ) I I I I
d - ! = : A
e ) [l DIm) [V In) [l Hlow] (1] V1 o] (o2l DF[og] (o3
0 M ; 0 Lm—— I | | | | |
0.01 0.1 1 0.01 0.1 1 | | | | | |
p P T3=(312) 7 =(21) T = (12) o= (21) o2 = (21) 73 = (231)
Complementary approach through Langevin -—
dynamics, but not in form of an event generator. amplitude conjugate amplitude

[Hatta et al. — Nucl.Phys.B 962 (2021) 115273]
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NLO+PS tools are in good shape for VBF and VBS, though uncertainties remain at the
10% level in between different algorithms for hard spectra.

Shower accuracy remains an open question at the interplay of global & non-global
observables — initial conditions and recoils crucial.

VBF approximation is under control for a tight selections, but can become significant
impact for loose(r) selections — that not meaning ‘inclusive’.

Perturbative variations at this level now need to be confronted with soft QCD effects
from multi-parton interactions and hadronization.

Significant development towards subleasing-N effects and account of interferences.
Challenges in hard process definition: electroweak showers?
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Thank you!
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Coherent branching o wien

Resummation of observables which Pyq {Ozs,Z} = =
globally measure deviations from 2-jet limit.
[n jets in large-N limit]
Initial conditions & kinematics crucial to
get large-angle soft radiation right.
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No global measure of deviation from jet configuration:
Coherent branching fails, full complexity of amplitudes strikes back.

If non-global bit is isolated can use to resum in the large-N limit.

[Dasgupta, Salam, Banfi, Marchesini, Smye, Becher et al. ...]



