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LHC EW WG

Anatomy of an LHC collision

6.5 TeV

@® PDFs / beam remnants

@ Parton shower 6(1 — 100) GeVv

@ Hard scattering (0.1 — 1) Tev

@ Hadronisation 6(1) Gev

+ pile up, underlying event, multiple-
particle interactions (MP)...

b
b

courtesy M. van Beekveld
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LHC EW W

The ubiquitous Parton Shower

Pythia 8 Herwig 7

Anintroduction to PYTHIA 8.2

Herwig++ Physics and Manual Event generation with SHERPA 1.1
Torbjérn Sjéstrand (Lund U., Dept. Theor. Phys.), Stefan Ask (Cambridge U.), Jesper R.
Christiansen (Lund U, Dept, Theor, Phys), Richard Corke (Lund U, Dept. Theor, Phys., M. Bahr (Karisruhe U., ITP), S. Gieseke (Karlsruhe U, ITP), MA,.Gigg (Durham U., IPPP), D. T. Gleisberg (SLAC), Stefan. Hoeche (Zurich U.), F. Krauss (Durham U., IPPP), M.
Mshita Desal (U, Hekdsiberg, ITF) et . (¢t 11, 2014) Grelischeid (Durham U., IPPP), K. Hamilton (Louvain U.) et al. (Mar, 2008) Schonherr (Dresden, Tech. U.), S. Schumann (Edinburgh U.) et al. (Nov, 2008)
Published in: Comput Pys.Commun. 191 (2015) 168-177 + e-Print: 1410.3012 [hep-oh] Published in: EurPhys...C 58 (2008) 639-707 « e-Print: 0803.0883 [hep-ph] Published in: JHEP 02 (2009) 007 - e-Print: 0811.4622 [hep-ph]
> » 5 - o pdf @ liks @ DOl [E cite o B pdf @ liks @ DOl [E cite .
pdf @ liks @ Dol [Z cite _9 4,050 citations _D 2,644 citations 'D 3,386 citations

Parton Showers enter one way or another in almost 95% of all ATLAS and CMS
analyses. Collider physics would not be the same without them.
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LHC EW W

The ubiquitous Parton Shower
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ATLAS [1807.07447]
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LHC EW

Machine learning and jet sub-structure

simulation / truth QCD, Jet image, p; > 2TeV

16 . . . L. a
Z-qq H-gg o 10
15[ Difference in the azimuthal 1 10-2
2 ;4L angle between the two | 05
0 hardest emissions 107
F 13 iy 10
~
~ 12 T ~ 0 105
>
% 1.1 b 1076
g )
3 T e T ] -
10
bl 0.3 < k,/k,< 0.5 05
.97 0~ 0,-0.6 < a,Ink,/Q <-0.5 | 107
0.8 ' : ' 10-0
0 4 n/2 3r/4 n 1
Plot from F. Dreyer within PanScales  1Ay| -1 0.5 0 0.5 1

de Oliveira, Kagan, Mackey, Nachmann, Schwartzman [1 511.05 190]

Machine learning might learn un-physical “features” from MC — can
significantly impact the potential of new physics searches.
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https://arxiv.org/abs/1511.05190

Lund Plane measurements

¢ Despite common showers doing an
amazing job at the LHC, there are still
places where big differences are seen

¢ In particular as we zoom into very differ-
ential phase space regions of jets, these
differences can easily reach 10 —30%

¢ The region shown here is particularly
sensitive to soft emissions

¢ This is a region where some of the devel-
opments discussed later are relevant

e See also CMS [2312.16343]

d2 Nemissions
New dn(k )din(R/A )

1

Pred./Data

LHC EW WG

Lund Plane

(Recent CMS results; also ATLAS & ALICE)

CMS Preliminary 138 fb' (13 TeV)
[ T ! T AK4je{s T T =
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https://arxiv.org/abs/2312.16343
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selected collider-QCD accuracy milestones

LO NLO NNLOL...eveevevereenns ] N3LO

DGLAP splitting functions
LO NLO NNLO [parts of N3LO]

transverse-momentum resummation (DY&Higgs)

LL  NLL[...... | NNLLJ...] N3LL
. parton showers (many of today’s widely-used showers only LL@leading-colour) parts
this talk of
LL [parts of NLL.......c.ccviiiiiiiiiiiicrc e JNLL NNLL
fixed-order matching of parton showers
LO NLO NNLO [.......] [N3LO]
1970 1980 1990 2000 2010 2020

Gavin P. Salam QCD@LHC, Durham, September 2023



LHC EW WG

Why are we talking about logarithmic accuracy?

Parton showers evolve hard states Q ~ /3 0=1TeV+
down to the hadronization scale A ~1 GeV =L1e g

This evolution generates logarithms of the
~In& ~
form L~InX > 1, (gx(asL) ~ asL) 100 GeV

(0 <e ™) =exp[—LgrL(asl)
+gnrr(ash)
+ osgNNLL (L) + ... ]

10 GeV

| Q=M; Q=1TeV
2 4
0.5 0.6 <+ O(100%)
0.06 0.05 + O(10%) A=1 GeV-

—_—

i
|

nKnpp..... KnnKnn

ILgipl ~ osL?
lgncLl ~ asL
[oesgnnLLl ~ o2l

IVTA

—_—
—

\ 4

NNLL crucial for percent-level accuracy!
Figure by S. Ferrario Ravasio
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Current status of parton showers

* Most widely-used event generators at the LHC, Pythia, Herwig, and Sherpa
all limited to LL (some exceptions, Cf. Bewick, Ferrario Ravasio, Richardson, Seymour
[1904.11866])

¢ Significant progress in improving the hard matrix elements with NNLO
matching and NLO multi-jet merging, but the logarithmic accuracy still
limited to LL

— concerted effort in taking parton showers from LL—NLL in the last couple of
years

* Achieved by PanScales [1805.09327], [2002.11114], [2011.10054], [2103.16526],
[2111.01161], [2205.02237], [2207.09467], [2305.08645], [2312.13275], ALARIC Herren, Hoche,
Krauss, Reichelt, Schoenherr [2208.06057], [2404.14360], APOLLO Preuss [2403.19452],
DEDUCTOR Nagy, Soper [2011.04773], and Forshaw-Holguin-Pléatzer [2003.06400]

Recent significant steps towards general NNLL (focus of this talk)
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NLL showers in a nutshell

Matrix element condition:

correctly reproduce n-parton tree-level matrix element for ar-
bitrary configurations, so long as all emissions well sepa-
rated in the Lund diagram Dasgupta, Dreyer, Hamilton, Monni, Salam
[1805.09327]

Supplement with 2-loop running coupling in the CMW
scheme

Resummation condition: reproduce standard NLL results

global event shapes
non-global observables
fragmentation functions

multiplicities

= shower design should respect absence of cross-talk between
disparate angles and energies (QCD factorisation).

This principle is violated by most standard dipole-showers,
due to the way the recoil is distributed after an emission. First
observed by Andersson, Gustafson, Sjogren '92

For full NLL one also needs to include and
sub-leading corrections

LHC EW WG
Dasgupta, Dreyer, Hamilton, Monni, Salam, Soyez [2002.11114]

In kt
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Oxford

Gavin Salam

Jack Helliwell

Sllwa Zanoli

NIKHEF Monash

Melissa van Beekveld,

Keith Hamilton Gregory Soyez

CERN

e

Silvia Ferrario Ravasio

y s

onni Alba Soto-Ontoso

PanScales current members
A project to bring logarithmic
understanding and accuracy
to parton showers




PanLocal PanGlobal
k,\/@ ordered k, or kt\/a ordered
Recoil Recoil
1: local 1: global
+: local +: local
—: local —: local

Dipole partition
event CoM

Dipole partition
event CoM

ete: Dasgupta, Dreyer, Hamilton, Monni, Salam, Soyez
[2002.11114]; pp (w/spin+colour):
rario Ravasio, Salam, Soto-Ontoso, Soyez, Verheyen [220502237], +
pp tests: eid. + Hamilton [2207.09467]; DIS+VBF: van Beekveld,
Ferrario Ravasio [2305.08645]

van Beekveld, Fer-

Colour

nested ordered
double soft
(NODS)

Designed to
ensure LL are
full colour
(also gets many
NLL at full
colour)

Medves,

Salam, Scyboz, Soyez
[2011.10054]

Hamilton,

LHC EW WG

Spin
for correct
azimuthal
structure in

collinear and
soft—collinear

[Collins-Knowles
extended to soft
sector]

AK, Salam, Scyboz, Verheyen
[2103.16526],
eid. + Hamilton [211101161]
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a selection of the logarithmic accuracy tests
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Gavin P. Salam
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QCD@LHC, Durham, September 2023
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NLL accuracy tests — NODS method
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0.10

1/o(piz < mz/4) dojdpez [GeV~1]

pp. V5=13.6 TeV, Toy PDFs
Born: dd-Z, yz=0 |

=0)

ratio to PanGlobal(Bps:

Dipole-k(local) [LL]

7.5

100 125 150 17.5 20.0
Pz [GeV]

NLL
showers

LL
showers

for inclusive quantities like
ptz, advantage of NLL
shower is partly in
reduction of uncertainties

van Beekveld, Ferrario Ravasio, GPS,
Soto Ontoso, Soyez, Verheyen,
Hamilton: 2207.09467
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0.25

0.200

Mpp = Ny

Azimuthal angle between leading jets (DY)

pp, Vs =13.6 TeV, Toy PDFs, anti-k:(R

Born: dd-Z, Mz =91.1876 GeV, yz =0

PanGlobal(Bps=0) [NLL] =—
PanLocal(Bps=0.5,dip.) [NLL] ——
Dipole-k¢(global) [LL]
Dipole-k¢(local) [LL]

=0.4)

20 <pn <30 GeV, 0.3 <pp/pn <0.5, Ymax = 2.5, [Ay12| > 1.0
1 1

\

n/4

/2 3n/4

Adra

) for more
L exclusive
quantities,
Ag,, alsosee clear
shape

% differences in
going to NLL

™~ LL showers

NLL showers

van Beekveld, Ferrario Ravasio, GPS,
Soto Ontoso, Soyez, Verheyen,
Hamilton: 2207.09467



1N dN/d|As|

0.25

0.200

Azimuthal angle between leading jets (DY)

PanGlobal(Bps=0) [NLL] =—
PanGlobal(Bps=0.5) [NLL] ===
PanLocal(Bps=0.5,dip.) [NLL] ——
PanLocal(Bps=0.5,ant.) [NLL]
Dipole-k¢(global) [LL]
Dipole-k¢(local) [LL] ===

————
p— -~
- P

————————
pp, Vs =13.6 TeV, Toy PDFs, anti-k¢(R = 0.4)

Born: dd-Z, Mz=0.5TeV, yz=0
20 < pa <30 GeV, 0.3 < pe/pe < 0.5, Ymax = 2.5, |Ay1z| > 1.5
L L

/4 /2 3n/4 n

Adra

\

) for more
L exclusive
quantities,
Ag,, alsosee clear
shape

ik differences in
going to NLL

especially at larger scales

« |~ LL showers

NLL showers

van Beekveld, Ferrario Ravasio, GPS,
Soto Ontoso, Soyez, Verheyen,
Hamilton: 2207.09467



van Beekveld, Ferrario Ravasio [2305.08645]
What about VBF/VBS?

' ' ' ® PanScales showers in principle ready for
= PG(B=0), w=0.031 e VBS, but not implemented

0.006 —-— PG(B=0.5), w=0.032 g . ]
. —— PLB=0.5), w=0.032 ¢ In particular, no matching for these pro-
0.005F D-ki, w=0.035 1 cesses implemented yet (but we are work-
| 0.004 ing towards VBF)
85

® Our implementation conserves the vector
boson momentum in DIS like scattering
— may facilitate projection-to-Born type
matching for VBF

~¢ 0.003

0.002

Vs =13.6 TeV, NNPDYF4O(LO)

0.001 - 1

VBFcuts |~ e Here shown the third jet pseudo-rapidity,
0.000 : . - . : . - N : - .
S 14 . : . . . . i B Mj,, with correct centraljet behaviour and
I - moderate uncertainty band reduction go-
% 1.2F £ ing from LL (yellow) — NLL (black, green,
< < blue).
o 10 &
2
® 2 3 =2 -1 o0 1 2 3 4

Njs
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Analytic structure beyond NLL

Taking an event shape, O, to be less than some value ¢~ we have at NNLL (focusing
for now on ete™ only)

O <e M = (14 asCy+...)exp [égl(ogL)+g2(o<SL)+o<Sg3(ocsL)+...] (1)

where g7 accounts for LL terms, g, for NLL terms, and g3 and C; for NNLL terms?.
NB: Shower generates spurious higher order terms — need to correct for this

LO<e )= (1+0sCi+...)exp {igl(cst)—i—gz(O(sL)+0(5§3(O<SL)+...} )

Two developments needed beyond NLL: 1) what are the necessary analytic ingredients
from resummation and 2) how do we compensate the NNLL terms already present in
the shower?

In the language of g7 resummation A; is responsible for LL terms, A, and B; for NLL terms and
Az and B; for NNLL terms (together with the hard coefficient function C; (z)).

Slide 16/43 — Alexander Karlberg — Parton showers and VBS




LHC EW WG

Lund plane picture

b L& a b 4% a

2
““““ —L kep ~kip <Q
kii~kip < Q L 012~ 01, ~ 0

012 K 014,02 E1~E~Q

hard matching — double-soft — triple-collinear —
&g correct for first emission get any pair of soft commen- account for genuine 2 — 4
-surate energy/angle right  collinear splittings
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Hamilton, AK, Salam, Scyboz, Verheyen [2301.09645]
Match without breaking NLL

¢ Exploration of two-body decays v — g4 and
h— gg @ NLO

e For additive-style matching (such as
MC@NLO, KrkNLO, and MACNLOPS) log
accuracy easy to maintain.

e For POWHEG style matchings (including
MiNNLO and GENEVA) log accuracy is more
subtle to maintain.

* Main concern related to kinematic mismatch
between shower and hardest emission gener-
ator (in general they are only guaranteed to
agree in the soft-collinear region). This issue
has been studied in the past Corke, Sjostrand
[1003.2384] but logarithmic understanding is
new.

e NB: Also issue with mismatch in partioning
function
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LHC EW WG

Hamilton, AK, Salam, Scyboz, Verheyen [2301.09645]

Phenomenological impact

SD;>0.25,5=0 INkt/Q, VS =2 TeV

0.30 A

¢ Contour mismatch by area xA leads to
breaking of NLL and exponentiation

e Correct matching on the other hand
augments the shower from NLL to
NLL+NNDL for event shapes.

¢ Impact of NLL breaking terms vary - for
SoftDrop they have a big impact due to 0.05 -
the single-logarithmic nature of the ob-

1/0 do/dO

0.10 A PanLocal (Bps = 1)
mult.+PanLocal (Bps =3)

Powhegg-+no-veto+PanLocal (Bps = 1)

servable. In particular the breaking man- g o wrong[y-matched i
ifests as terms with super-leading logs g —
z
E ly matched
L&A oo al’(r . aA, 8 O8] correctly matche
0.Xsp(L) =&ce 2&Le (1—e ) 5 oos . . . .
-6 -5 -4 -3 2 _

O =5D; =025, psp=0 INke/Q
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LHC EW WG

Ferrario Ravasio, Hamilton, AK, Salam, Scyboz, Soyez [2307.11142]

Include double-soft real emissions

* NLO matching is a necessary ingredient for going beyond NLL, but to some
extent NLO matching is a solved problem

e Until recently the inclusion of double-soft emissions in an NLL shower was
still an open question

* To get them right we must ensure that any pair of soft emissions with
commensurate energy and angles should be produced with the correct ME

¢ Any additional soft radiation off that pair must also come with the correct
ME

¢ In addition must get the single-soft emission rate right at NLO
(CMW-scheme)

* This should achieve NNDL accuracy for multiplicities, i.e. terms oZL?",
O(ngn_l and o(gzLZn—2

¢ and next-to-single-log (NSL) accuracy for non-global logarithms, for instance
the energy in a rapidity slice, o’L" and «/L"~! (albeit only at leading-N¢ for
now)
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LHC EW WG

Ferrario Ravasio, Hamilton, AK, Salam, Scyboz, Soyez [2307.11142]

Lund Multiplicities at NNDL (odngn_z)

no double soft W|th double soft * Reference NNDL analytic re-
sult from Medves, Soto-Ontoso,

02Fno double soft ] W|th double soft ] Soyez [2205.02861]
0.0 o .
< e We take s — 0 limit to iso-
8|, —02¢ — e, If — PG, ] late NNDL terms. This is
if'; —0.4F L — PGs_0 ] significantly more challeng-
2l o6l 1t — PGp-1 ] ing than at NDL due to pres-
EL ence of 1/ in denominator.
_08 - 4 F .
e Showers without double-soft
-1.0 'g:‘i ig?!!"““‘”g _22 é'c‘f‘:"g“’““"‘g 1 corrections show clear dif-
-1.2 D S S iearce}ilzii ef:;)m reference (and
E=a.l? E=a.l? ’
¢ Adding the double-soft cor-
i N(PS) — NNNDL fiz’i?ns brings NNDL agree-
ag—0 osNpr, fixed ogL?
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LHC EW WG

Ferrario Ravasio, Hamilton, AK, Salam, Scyboz, Soyez [2307.11142]

Energy in a slice at NSL (ocglL”_l)

double soft | double soft * Reference ~ NSL  from

Gnole Banfi, Dreyer, Monni

a0 — pcit, ] — pcyt, ] [2111.02413] (see also Becher,

W

% —— PGg-o Schalch, Xu [2307.02283]).

£18 5.0 1 — 1] . . L.

NE? PGs-3 e We did this test semi-blind:
=g only compared to Gnole after
no4.5 ] ] ] we had agreement between
5‘" the three PanGlobal variants.
] Flyl<1 Hpv=<1 {pi=<1 e

2 4.0 Cam2Crm mpms Comacims G2t mp=s e We have NSL agreement

2-jet NLO matching 2-jet NLO matching 2-jet NLO matching

with Gnole (using n}eal =0)
-0.3 -0.2 -0.1 -0.3 -0.2 -0.1 -0.3 -0.2 -0.1
and agreement between all

Et, max Et, max Et, max

A=adn=5= A=asin—=g= A=asin=5= showers with full-ny depen-
dence (first calculation of this
) _yg kind as a by-product!)
lim ————
xg—0 XKs fixed agL
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LHC EW WG

Ferrario Ravasio, Hamilton, AK, Salam, Scyboz, Soyez [2307.11142]
What about pheno?

no double-soft double-soft * Westudied energy flow be-
T — — tween two hard (1 TeV)
ete - jets, Vs =2 TeV ete - jets, Vs =2 TeV . ..
NODS; 0.5 < x,,, < 2 NODS; 0.5 < x,,, < 2 jets as a preliminary pheno
— 015 Cr=%Ca=3,n=5] Cr=%,Ca=3,n=5] case
"l‘ 2-jet NLO matching 2-jet NLO matching .
3 e The three PanGlobal vari-
O 0.10F 1 ants are remarkably close
— slice, |y| < 0.5 .

E without double-soft correc-
3|8 tions, but have large uncer-
- 0:05 tainties

e With double-soft correc-
0.00 L L L tions we see a small shift
10 100 10 100 in central values but a sig-
Esiice [GeV] Esiice [GeV] nificant reduction in uncer-
tainties.
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Compute triple-collinear ingredients

¢ Double-soft corrections are not by themselves enough to reach NNLL accuracy for
event shapes. We also need triple-collinear ingredients (cf. Dasgupta, El-Menoufi
[2109.07496], eid. + van Beekveld, Helliwell, Monni [2307.15734], eid. + AK [2402.05170] for work in
this direction)

* However, it turns out that with the inclusion of real double-soft emissions, only the
Sudakov form factor needs to be modified to reach NNLL for event shapes, i.e. we do
not need the fullly differential triple-collinear structure

¢ Taking

2

Xs
Sty = 0t |1 22 (Ki +AKq (y)+B (2) + 15 Ko

there are two pieces missing - By which is of triple-collinear origin [2109.07496],
[2307.15734] and K5 (A3) which is known Banfi, El-Menoufi, Monni [1807.11487], Catani, De
Florian, Grazzini [1904.10365]

* NB: NLL showers generate spurious B, and K, — must be compensated
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LHC EW WG

PANSCALES [2406.02661]

An intuitive picture

Ink, ;

Imagine an emission, 1, sitting anywhere right at the observable boundary (red line). The key
observation is that whenever the shower splits 1 — 12, the kinematic variables ( Y12,k 12,212) of the
resulting pair, do not agree with that of the parent (y;,k; 1,z1). Since the Sudakov was computed
assuming conserved kinematics of 1, and the observable is computed with the actual kinematics of
(12), we have generated a mismatch. We can compute these drifts!
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PANSCALES [2406.02661]

Relation between shower and resummation ingredients

It is fairly straightforward to see that at NNLL we only depend on AK; and B,
through their respective integrals

Pgy(2)

2C1: BZ(Z).

AK™ EJ dy AKq (y), BY" _J dz

These (and K3) can be related to the drifts in y ((Ay)), Inz ((Az)), and Ink;
({Ang,)) and analytical resummation through

AKmt ,PS 2<Ay> Bmt ,PS__ Bmt ,NLO__ <Aan>7 Kgs — K;esum _4‘30<Alnkt>'
Using these relations and taking By from [2109.07496], [2307.15734] and KLesu™

from [1807.11487] one can prove that our showers are NNLL accurate for
event-shape observables.
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PANSCALES [2406.02661]

Are we there yet?

¢ New analytic
NNLL accuracy tests results, not available
process NLL w/DS gz, qq H-gg in literature van Beekveld,
shower PG;s;di 0 PGIS;dL 0 PG,SJdL 0 PGB -0 PGB =12 PG?;(Lf 0 Buonocore, El-Menoufi, Ferrario
as, DS, Bo,{A) (20,—,—, =) (34,v,—, =) 3L,v,v,v) (3L,v,v,v) 3L,v,v,v) (3Lv,/,7) Ravasi([;, Monni, Soto—Ont]oso,
T T T T T T T T i tion
N Sjﬂ:o _* T ¢__ ¢__ b' N 1’_ Soyez [IN prepara
! Not Not NNLL NNLL NNLL NNLL i im-
— Mig=of®nni i nNLLiT ok ®T ok ¢ ok ¥ [ ok ¢ ° With no NNLL im
_ 1 | N L provements, the coef-
FCx=1 b ? q ) ficient of NNLL dif
YV F T o (28 ¢ a :
y§3r _** 1 ol ol ‘t L 1_ 8 ference is significant,
Byl # 1 o o v Lo l_Tg Q(Z —3), indicaﬁng
I T4 T o of ol b #_: En]\};](j{tapc}f of getting
JB=3 5 right
— Mj,g:z; SR 1% + ot ot e I L2k ) g' )
FC._a bk * la 1 o ol o L oo With the inclusion of
S x=a + 14 1 pas ok ot s B double-soft,  observ-
_ jB=1 8 ables with the same
Mg=1f ® T T T o "r *"T\N Bobs align but do still
F(]-.‘—x=70_ r : T : T ot o Hr LaE not agree with the
-'p®oor® T T B Y analytics
-33-2-10 2—3 -2-10-3-2-10-3-2-10-3-2-10 -3-2-10 o After inclusion of shifts
lim 2[In Zps/In Iyw — 1] forA=asl = — 0.4 and B; and K, we have
as—0 s perfect agreement
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Not far now...

Thrust 23 (Durham) Long-standing tension between
10 e*e-~z3nadrons | T ] M_ T LEP data and Pythia8 unless
VS =M;=912 GeV -~ - . 10! using an anomalously large
i ‘;ﬂg,\y - ~ Joo1 value of xs(Myz) = 0.137 Skands,
3 - 1 ALEPH | ® . Carrazza, Rojo [1404.5630] (also
3 | P8 =) Lpythias.3n1 = 310 present for PanScales showers)
PGo hadronisation 4 . .
LB NNLL (tunes PG} -24A) 10 Inclusion of NNLL brings large
103 F 1 PGy, ¢ ' g g
14 ; ; ; —— ; ——=t—="J14 corrections with respect to NLL
© 12(2) . hz, Agreement with data achieved
5 o8 08 without anomalously large value
o 06 0.6 £
< 14 1.4 o &s
512 1.2 . Lo
® 1ok 10 Beware: no 3j@NLO which is
g-g g g-g known to be relevant in the hard
' 0 regions

v=T v=nllyz Residual uncertainties still need

to be worked out
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What about tuning?

C-parameter Improved agreement with data
- - - - across a large range of event

s ] shapes
: Tuning here still rough

§ 0.1g .1 — We start from the Monash tune
£ K] (see ref. above) but fix ag(Mz) =
© 001p  ALEPH T CE 0.118 (M13)
PeaT i3 ' F NLL sh his is th
102 F - pogit-24n ] or our showers this is the
. . . . E tune we use
© N T T T T ]
k| 1‘21 - _— For the NNLL showers we tune a
S 1.0 fr s i TS number of parameters in the string
-% 8-2 I 1 model semi-automatically (24A)
" 00 02 04 06 08 10 Full tuning exercise still to be

c done!
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PANSCALES [2406.02661]
What about tuning?

Y34 (Durham) charged multiplicity log chg. scaled mom
L e, ' 0.1f . : ] —
o “a - -
0.1f - - | = = .,
3y o °, — = -~ E
<0 -~ . £ 0.01p = = E N K
5 - - = = w  1f s E
c 0.01f . 103 = z_ 2 N
3 . - 5. 3[* = ] S 0
5 s ALEPH = = £107F 3 = s * ALEPH  *
c - . T £ -_ H
T 1073 F PGE-M13 —— g = PGE-M13 —— -— i PGg-M13 ——
. Es 104 L . P— 0.1k ¢ " 4
PG§I-24A —— 0 PG§I-24A —— - PG§Hf-24A ——
104 3 H J ; | ; H 3] L] H ;
s qar t t t e RO s — 2 s 14f t t .
° l2F= - 41 © 1.2f - o 9 ° 12 1
S 10 -"'-MM:é ..... - 2 1.0 ""L""—""‘:""'"ﬁ"""""'_‘u'_‘"' e 1.0-:_-"_ ——
S 08, 1 8 08" e 2081
C 06F . : : =, 1 © 06 : : . © 06 : ; .
2 4 6 8 10 20 40 0 2 4
In1/y$) Nen &

Impact of tune very minor on infrared safe observables, even those that are
only NLL accurate

Impact on unsafe observables much larger, bringing good agreement with
ALEPH data.
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Parton Shower outlook

* As the experiments at the LHC record more and more data, it will become
increasingly more important to improve on the accuracy of event generators

® NLL accurate showers have now been established by several groups

¢ Reduced and reliable uncertainties one of the main advantages of having
controlled logarithmic accuracy

— Major steps towards general NNLL accuracy recently taken!

e With these corrections we have reached NNDL accuracy for multiplicity and
NSL accuracy for non-global observables and NNLL for event shapes

* Not fully studied, but uncertainties certainly reduced compared to NLL

® The associated NNLL code has been made public in a the 0.2 release of the
PanScales code

¢ Work ongoing for hadron-collisions. Will bring improved logarithmic
accuracy to observables like colour-singlet pr and (central) jet veto
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And now for something completely different...




LHC EW WG
VBSCAN [1803.07943]

Defining the VBS process

LO: o8, o®a, and oo 2

T

a8 - signal aPayg : interference (14()43 : QCD background

NLO QCD: afa; (ot the end of the story, arxiv:1708.00268 )

i

oSas . QCD correction of the signal a® aBas : EW correction of the interference a’avg

Figure: M. Zaro
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LHC EW WG
VBSCAN [1803.07943]

Defining the VBS process

u —> >
wt W
W+ W+
d —e <

At LO the VBS approximation consists of keeping

all t/u-channel diagrams at O(a®)
and discarding all

s-channel diagrams

O(oPas) and O(ato2)

interference between t/u/s-channel
At NLO there are many various degrees of approximations available.
Usually calculations using t/u-channel only and including only QCD
corrections to the signal are said to be in the VBS approximation. [See also
talk by A. Denner]
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LHC EW W

Defining the VBS process

VBSCAN [1803.07943]

CODE 0(ab) 0(a®) Non-res. NLO | NFQCD | EW corr. to
s, t,u interf. O(ag a5)

BONSAY t/u No Yes, virt. No Yes No No

POWHEG t/u No Yes Yes No No

MG5.AMC Yes Yes Yes Yes No virt. No

MOCANLO+RECOLA Yes Yes Yes Yes Yes Yes
PHANTOM Yes Yes Yes No - -

VBFNLO Yes No Yes Yes No No
WHIZARD Yes Yes Yes No - -

i

ctorizable QCD corr

non-factorizable QCD cor

%;; :
A\~
| /W\(‘W
& < §
. < || B o
&~ channel s — channl it at Ol
g <

Figure: M. Zaro
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LO contributions

Inclusive study at LO: do / dmi1j2 (fo/GeV) Inclusive study at LO: do / d|A yuzl (fb)

E e o
F 1= — 08
= L — — oot
F 08l — 08+ 0,08+ aZat
F g
e = 06f
c > " -

< r Tell e o

D o4 e T

o2f- e 3 Rty
0 M
= 1 Il 1 Il Il 1 Il 1 Il
0 100 200 300 400 500 600 700 800 0 05 1 15 2 25 3 35 4 45 5
m;; (GeV) 1y, ‘.II

Plots for ssWW, but results generalise to other VBS processes

EW signal tends to dominate at large Ay;; and m;;

EW/QCD interference in general very small

At LO it looks as if the EW and QCD modes can be separated at the %-level
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VBS approximation

o8 UL HUT [|t|2+|L]1|2] in the (m;, Ay,) plane o SUSTERL UM [|36|2*[‘f|l:|fl*]‘|u|2]

o ful in the (mji, Ayﬂ_) plane

1 1 1
300 400 500 600 700 800 300 400 500 600 700 800
m, (GeV) m; (GeV)

Large discrepancies between full and VBS approximated calculations
This discrepancy disappears when applying suitable cuts in Ay;; and m;;
Adding the s-channel after cuts make little to no difference

At LO this leads to the erroneous conclusion that under tight VBS cuts the
signal is defined at the %-level by the VBS approximation alone
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VBSCAN [1803.07943]
NLO contributions

Inclusive study at NLO QCD (0): dofdm,  (fb/GeV) Inclusive study at NLO QCD (cc%): doidjay, 5 | (fo)
[ — full I — ful
1
0l — P+uf E — Itf+uf
F — IsF+Htf+uf E — IsP+f+uP
s n _ r
g r € 10 E
v{ N 22, E
L I
= [=3
3 il TR
[ 107
Bl | | | | | E
11E E
1E _L'—‘—u—-_.-._. el M Ao 12¢
= tr =i 0es = 11
2090 2P =
S 08F 31
gof H us::_'_f |:
:'i 3 08
) o 500 1000 1500 2000 2500 3000 3500 4000 2 3 4 8 9

m,, (Gev) : Iy, I ¢
With NLO corrections — VBS approximation breaks down at the
0(10%)-level even with moderate cuts

Separation between EW signal and QCD background breaks down at the
same level
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Jager, AK, Reinhardt [2403.12192]

Semi-leptonic decays

® Recent work in the POWHEG-BOX on semi-leptonic (and fully hadronic) decays
in WZjj (also available for W+ W™ jj Jager, Zanderighi [1301.1695] and ZZjj eaed. + AK
[1312.3252])

¢ Studied impact of retaining full spin correlations and off-shell effects
compared to decaying with e.g. MadSpin, as was done in some analysis, cf.
ATLAS [1905.07714] and CMS [1905.07445]

¢ Also studied impact of NLO-QCD and parton shower in semi-leptonic and
fully hadronic decay modes

¢ Implemented dim-6 EFT operators (not discussed here)

¢ See also recent very comprehensive fixed-order study of semi-leptonic
decays iN Denner, Lombardi, Schwan [2406.12301]
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Off-shell effects
We study pp collisions at /s = 13 TeV with typical VBS cuts

pr¥>30GeV, |y <45  m®>500GeV

and further more require the tag jets to be in opposite hemispheres with a large
rapidity separation

tag  tag tag  tag
Yin Y <0, |y]'1 Y 1>5

We compare our POWHEG (VBS approximation) implementation against
predictions obtained with MadGraph5_aMC@NLO in two modes, for the leptonic

decay mode vee uptjj at LO:
1. Full off-shell computation (MG5-full)
2. On-shell calculation with bosons decayed by MadSpin (MG5+MadSpin)

Slide 40/43 — Alexander Karlberg — Parton showers and VBS


https://arxiv.org/abs/2403.12192

LHC EW WG

Jager, AK, Reinhardt [2403.12192]

Off-shell effects in vee ™ pu—ptjj

102 10!
FO-LO FO-LO
. POWHEG-BOX =+ POWHEG-BOX =+
= 108 MG5-+MadSpin =« . MG5-+MadSpin =%«
§ MG5-full ==+ E MG5-full =+
£ 104
= 10 2z
= oF
£ 10° £
£ =
< 5
<
2 10°
107 10t
150 200 250 300 350 400 80 85 90 95 100 105
m(WZ) [GeV] mf, [GeV]
o 2 Q14
e e o o (T ] 1 S Il o il
s o =i Tt | S i T T
o 05 S 08
2 £
2 0 150 200 250 300 350 400 & 06 80 85 ) 95 100 105

¢ Clear impact of full off-shell calculation away from on-shell peak compared
to on-shell calculation

* Very good agreement between VBS approximation and full calculation
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Jager, AK, Reinhardt [2403.12192]

Parton shower effects in W(jj)Z(u pn")jj

10 100
Accuracy Accuracy’
FO-LO =+ FO-LO =+
— FO-NLO »¢ — 101 FO-NLO =&
% NLO+PS &5 g, NLO+PS
g
2103 E)
i 22 107
i £
z -~
8 8 10%
10t
104
0 50 100 150 200 250 300 350 400
PR [GeV]
1.25
Q Q
g o= T%W il g g ]
s W—’-& s i
2o ol i~ 21 T Do M
g0 e 2
& g e
050 50 10 150 200 250 300 350 400 % 7w 7 s 8 9% 9 100 105

Huge impact of Parton Shower due to smearing of mS¢c. Here we require two
jets close to myy satisfying

di d
Pl > 40 GeV,  pfee > 30 GeV
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Best practices

¢ NLO+PS predictions available for all processes (in VBS approximation) in
most generators. Use them.

¢ Combine with NLO-EW whenever possible through k-factors or dedicated
generators (Cf Chiesa, Denner, Lang, Pellen [1906.01863])

® VBS approximation typically good enough, unless cuts become too inclusive.

* Not possible to separate VBS signal from QCD-induced background beyond
LO. Better to measure both rather than trying to subtract the background.

e Until Parton Showers with robust uncertainties become available (i.e. NNLL
accurate showers) best practice is to compare two or more generators

¢ Impact of soft QCD and non-perturbative effects not discussed here, but also
of importance (cf. Bittrich etal. [2110.01623])
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