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Textbook QFT

Traditionally, finite predictions in QFT can be made through (systematically
improvable) perturbation theory

o= od(ur)ol (1)
i=1

But QFT perturbation theory has many unphysical features:

¢ UV singularities need renormalization

¢ IR singularities — individual renormalized diagrams not finite, only after
summing unresolved (virtual) and resolved (real) diagrams (KLN theorem)

e Perturbative series not positive definite order by order

® Series not convergent in general

¢ Complexity grows exponentially — predictions restricted to low
multiplicities

Would like to organise calculation such that it is positive definite and free of
singularities = Parton Showers!
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Why are we talking about logarithmic accuracy?

Parton showers evolve hard states from
O~+v3downto A~1GeV 0=1TeV - !

This evolution generates logarithms of the

formL~ln%>>l, (gx(asL) ~ osL) 100 GeV -
T(O<e by =exp [—Lgrr(xsL)
+gnrr(ash)

+ osgNNLL (L) + ... ] 10 GeVH

| Q=M; Q=1TeV

> II 1]
ILgurl ~ ol 2 4 &y
lenLLl ~ oL 0.5 0.6 « O(100%) ,' " A
locsganiL] ~ o2l | 0.06 0.05 + 0(10%) A=1 GeV-

nKnpp..... KnnKnn

NNLL crucial to reach percent-level accuracy!
v

Figure by S. Ferrario Ravasio
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Why are we talking about logarithmic accuracy?

Parton showers evolve hard states from
O~+v3downto A~1GeV 0=1TeV -

This evolution generates logarithms of the ~  frmmz
form L ~ ln% > 1, (gx(axsL) ~ oxsL)

100 GeV
L(O<e ) =exp[—Lgir(osL)
+gNLL(asL)

+ atsgnNLL(osL) + . | 10 GeVH

Conceptual limitations

I
¢ Can we improve systematically from ,' ']
LL — NLL — NNLL — ...? A=1 GeVH

¢ How do we incorporate the hard nKnpp..... KnnKmmn

scattering at high orders? v
Figure by S. Ferrario Ravasio
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The ubiquitous Parton Shower

Pythia 8 Herwig 7

Anintroduction to PYTHIA 8.2

Herwig++ Physics and Manual Event generation with SHERPA 1.1
Torbjérn Siéstrand (Lund U., Dept. Theor. Phys.), Stefan Ask (Cambridge U.), Jesper R . Babr (Kariruhe U. 17, 5. Gleseke (Kartsrune U. 179 T Glefehers (SLAC). Stefan. Hooche (Zurth Uy, . Krauss (burham U. 195, 1.
Christiansen (Lund U Dept. Theor. Phys.), Richard Corke (Lund U, Dept. Theor. Phys.), . ”a ’"' :’;"‘ne Y IPLPP K‘e;e el' 3'5[“ e U. ITF), MiA.Gigg (Durham U, IPPF), D. oo e‘: E’QD( . u Te :"u 06; ser[v el E]d . m‘:z‘ o lamN N 200;
Mahita Dess! (U, Hakielberg, [TP) etal, 062 19, 2014) rellscheid (Durham U, IPPP), K. Hamilton (Louvain U.) et al. (Mar, 2008) chonherr (Dresden, Tech. U, S. Schumann (Edinburgh U.) et al. (Nov, 2008)
Published in: Eur.Phys..LC 58 (2008) 639-707 - e-Print: 0803.0883 [hep-ph] Published in: JHEP 02 (2009) 007 - e-Print: 0811.4622 [hep-ph]

Published in: Comput.Phys.Commun. 191 (2015) 159-177 + e-Print: 1410.3012 [hep-ph]

pdf @ links @ DOl [S cite _9 6.423 citations

pdf P links @ DOl [Z cite pdf P links @ DOl [Z cite

%) 3,150 citations %) 3,827 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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Current status on parton showers

* The most widely-used event generators,
Pythia, Herwig, and Sherpa, are all for-
mally limited to LL

¢ Overall they do a good job at the LHC,
but places where big differences are seen

— very differential phase space regions of
jets are associated with 10 —30% differ-
ences

¢ Feeds into many analysis, becoming
even more important to get right as ma-
chine learning will learn wrong features

1 & Nemissions
Nets dIn(kT)dIn(R/A R)

Pred./Data

QCD@LHC
CMS [2312.16343]

Lund Plane
(Recent CMS results; also ATLAS & ALICE)

138 fb” (13 TeV)
T

CMS Preliminary
F T T

AK4je{s =

035 Py >700 GeV, ly I<1.7 =
03 E 0.000 < In(R/A R) < 0.333 E

: 0.287 < A R<0.400 E
025" — =
= ® Data E
02 === HERWIG7 CH3 [E
0.15F —. =
. 15 — PYTHIA8 CP5 E
0.05[ — . . e
E dete(lztor levgl | ‘ == E
——
1.2F — - T

1_ P _'__.__

08b v T T
5 6

In(kT/GeV)

il il L P L L

1 10 102
k; [GeV]
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The NLL revolution

The PANSCALES collaboration has lead the effort to go beyond LL.

core principle for NLL showers:

QCD factorisation = Parton showers must correctly reproduce QCD matrix
elements in single soft/collinear limits, where QFT amplitudes factorise

This principle is violated by most standard showers!

Other work

NLL also achieved by other groups: ALARIC Herren, Hoche, Krauss, Reichelt, Schoenherr
[2208.06057], [2404.14360], APOLLO Preuss [2403.19452], DEDUCTOR Nagy, Soper [2011.04773],
and Forshaw-Holguin-Platzer [2003.06400]. Two latter with additional novelty
due to amplitude evolution.
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1/0(pez < M2/4) do/dpez [GeV-]

pp, V§=13.6 TeV, Toy PDFs
Born: dd~Z, yz =0

PanGlobal(Bps=0) [NLL]

]

PanGlobal(Brs=0) [NLL] |
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PanGlobal(Bes=0.5) [NLL] 1
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.
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showers
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PANSCALES [2207.09467]

Part of advantage in LL—+NLL is
reduction in residual scale
uncertainties for inclusive quantities
like the transverse momentum of the Z
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Myp = My

Azimuthal angle between leading jets (DY)

0.50 T T T
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0.20 . y x
0 n/4 n2 3n/4 n

Ady,

QCD@LHC
PANSCALES [2207.09467]
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Larger shape differences
can be observed in more
exclusive observables
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™~ LL showers

NLL showers

Slide 9/32 — Alexander Karlberg — NNLL parton showers


https://arxiv.org/abs/2207.09467

QCD@LHC
PANSCALES [2207.09467]

. . . =J1
Azimuthal angle between leading jets (DY) 7
0.50 T T T
PanGlobal(Bps=0) [NLL] ——
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o
w
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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,

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]

Slide 11/32 — Alexander Karlberg — NNLL parton showers


https://arxiv.org/abs/2002.11114
https://arxiv.org/abs/2205.02237
https://arxiv.org/abs/2207.09467
https://arxiv.org/abs/2305.08645
https://arxiv.org/abs/2011.10054
https://arxiv.org/abs/2103.16526
https://arxiv.org/abs/2111.01161

a selection of the logarithmic accuracy tests
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Going beyond NLL

Already made significant progress, in a few years, taking NLL — NNLL.

core additional principle for NNLL showers:
achieve QCD factorisation also for commensurate scale “pair” of emissions =-

1 hard emission double-soft emissions triple-collinear emissions
£ L

¢ leading-order os matching — Hamilton, AK, Salam, Scyboz, Verheyen [2301.09645]
e double-soft emissions — Ferrario Ravasio, Hamilton, AK, Salam, Scyboz, Soyez [2307.11142]

. parts of triple-collinear — Dasgupta, El-Menoufi [2109.07496], eid. + van Beekveld, Helliwell,
Monni [2307.15734], eid. + AK [2402.05170], PANSCALES [2406.02661]
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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 aCi+...)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?.
Whereas an analytic resummation in principle retains only the terms that are put in (i.e.
g1 and g, at NLL) the shower will instead generate spurious higher order terms

LO<e = (14 asCy +... ) exp {igl(cst)+g2(o<5L)+o<S§3(o<5L)+...} )

When thinking about going beyond NLL we need to address two things: 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)).
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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

Standard matching — don’t break fixed-order!

Log-aware matching — first step in improving
the shower log accuracy!

¢ Existing matching schemes not necessarily
suited.

* Main concern related to kinematic mismatch
between shower and hardest emission gener-
ator. This issue has been studied in the past
Corke, Sjostrand [1003.2384] but logarithmic un-
derstanding is new.

¢ Further subtelty in how shower partitions g —
g9 splitting function
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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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Ferrario Ravasio, Hamilton, AK, Salam, Scyboz, Soyez [2307.11142]

Include double-soft corrections

12
bt Double-soft corrections necessary for general
g NNLL accuracy — sufficient for large classes of
““““ observables
kea ~kep < Q

012 K 014,62
Achieves NNDL (o2 L2"~2) for multiplicities

and NSL (a?L"~1) for non-global observables
(at leading colour)

We implement through multiplicative matrix
element correction, care needed to get correct
NLO normalisation (interplay with Kcyvw)
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Ferrario Ravasio, Hamilton, AK, Salam, Scyboz, Soyez [2307.11142]
The double-soft ME

double soft matrix element tests

S’L W4 e R k —

i

o

X Bap=m—2

< 0.8Ff 12<Inke <11 N
=

I

=

1<y, <3
g2 >-1

d
* Any two-emission configuration in a 0.6 o2 0. 101ixed) ,'

. . =[S Ca=26r=3
dipole-shower comes with a number of Jg !
. A A~ 0.4+ 1! double-soft ME = = -
histories shower (no double-soft) -
0.2+ shower (with double-soft) =——

¢ We accept any such configuration with R L
the true ME divided by the shower’s ef- 6 4 2 0 2 4 6 8

fective double-soft ME summed over all by
histories that could have lead to that con- 5
figuration Pacce M
pt =
* NB: Efficiency depends on shower over- Zh |Mshowerh|
estimate!
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Ferrario Ravasio, Hamilton, AK, Salam, Scyboz, Soyez [2307.11142]

...and associated virtuals!

example AK correction
* Shower needs to reproduce both real and ' ' ' '

PGg -
virtual contributions! ~ 6 BE e
) ) s —+— PG;L,
® Virtuals are always included through the > —— PGp-1
Sudakov veto and an effective coupling C 4l —— KCMWZ J
(CMW-coupling) <
=

0(5~>OCS+O(S2K1/27I

AK(Bap

¢ Shower-recoil effectively modifies the
Sudakov/coupling — needs compensat-
ing term AKj

_ (Ps) (Ps) 2 _ (Ps) (Ps) 2
AKl_Jd(Du/i |M12/i‘ J'dq)u/i“'Mu/Lc‘ .
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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

0.2} no double-soft 3 [ with double-soft ] result from Medves, Soto-Ontoso
0.0 < Soyez [2205.02861]
] =
= _ o L ]
e 04 — PGa-o Showers without double-soft
“ce 0.6} 1F — PG-i 4 corrections show clear
=< o8k 1t ] differences from reference (and
each other).
—1.0 [ NLO 2-jet matching [ NLO 2-jet matching 1
_12 Ca=2Ce=% ¢ . . Ca=2Ce=% ¢ . .
o1 2 32 4 50 12 32 43 Adding the double-soft
E=asl E=adl corrections brings NNDL
agreement.
. Nps)—NnnDL
lim —————
ag—0 osNpr, fixed ogL?
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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

5.5 b 1
3 —_ PG?;‘" 0 —_ Gf;dfo Banfi, Dreyer, Monni [2111.02413]
1 — PGg-o (see also Becher, Schalch, Xu
&% 50 10— PGp=y ] [2307.02283]).
wd We did this test semi-blind:
a2 4.0ky<1 Ihy=1 1Lyi=1 1 only compared to Gnole after
i Ca=2C¢=3,n,=5 Ca=2Cr=3 Ca=2Cr=3,n=5 we had agreement between the
2] jelt NLO mlatch\ng . erelt NLO mlatching ; 2—je‘3t NLO mlatchmg . th.ree PanGlobal Variants.

-0.3 -0.2 -0.1 -0.3 -0.2 -0.1 -0.3 -0.2 -0.1

A=agn & A = agln g A= agn o .
We have NSL agreement with
Gnole (using 722! = 0) and
y(Ps) _ 5 ( g )
lim s T 4SL agreement between all showers
xg—0 Ks fixed gL with full-n; dependence (first

calculation of this kind as a
by-product!)
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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-
© 010F o Vi<0.5 1 Tsiice, y]<0.5 1 ants are remarkably close
E wat wat without double-soft correc-
3| PGEZo PGE=o tions, but have large uncer-
2 0.05 — PGg-o tainties
— PGg-: 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 sufficient to reach NNLL accuracy for event shapes.
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, with the inclusion of real double-soft emissions, only the Sudakov form factor
needs to be modified to reach NNLL, i.e. we do not need the fully differential
triple-collinear structure (hot off the press: van Beekveld, Dasgupta, El-Menoufi, Helliwell, Monni,
Salam [2409.08316])

Taking
2
Xs
et = 0 |1 5 (Ki+AKi (y)+B(2) + 5 Ko

there are two pieces missing - B, which is of triple-collinear origin [2109.07496],
[2307.15734] and K, (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 by AB, and AK,
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An intuitive picture

Ink, ;

Recoil induces a drift of emissions in the Lund plane. Main novelty here is numerical
compensation. Shower but not observable dependent!
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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

. © . 1 p
AKiRt EJ dyAKq(y), B EJO dz%(:)Bz(z).

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

AKilnt,PS _ 2<Ay>’ Biznt,PS: Biznt,NLO_ <Alnz>, K;S — Kaesum _4[30 <A1nkt> )

=AB; =AKy

Using these relations and taking Bizm'NLO from [2109.0749], [2307.15734] and K5esu™
from [1807.11487] one can prove that our showers are NNLL accurate for
event-shape observables
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NNLL numerical tests

NNLL accuracy tests

process NLL ~ w/DS 7,44 H-gg —: New analytic
shower PGE¥, PG, PG, PGs_o PGs-1n PG, results, not available
@5, DS, By, (A} (28,—,—, =) (31,4 ,—, =) (34,4, v) (34,v,7, /) (3L,v,v,v) (3,v,s,v)  inliterature
:; ,f,’ijz :** Not Not || NNLL 1: NNLL :: NNLL ‘t | NNLL 1: .
Féx;l NNLL NNLL T oK oJ oK i oK [ oK i With no NNLL .
L 1 N N L improvements, the
\/% L ** 4 ;:. :;_ :t Lo 1’: 8 coefficient of NNLL
Byl ® 1 o o o — 4> differenceis
— Sppoif ® 1a + o rys o #{~ significant, 9 (2—3),
— Mjg=1| # TH T o1 [3d o+ 1}-"\1 indicating importance
FCx=ip ® 18 T Lan Lan Hr ¢~ of getting NNLL right
— Saabd b 6 HE S
— Mgl Tt eh et e
FCx—o ® T8 T o+ &+ Hr 2 After inclusion of
l_T'u*u L '.'. I R 4 N 4 ST &l ST 4 b shiftsande andKz
32-10-32-10-32-10-3-2-10-32-10 -3-2-10 we have perfect
lim 2lin Sps/In Iy — 11 forA=asl = — 0.4 agreement
as— s
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Impact of NNLL

Thrust ¥23 (Durham) i .
10 eve ~znadrons | T W‘ ' Long-standing tension
VE=Mz=0912 GeV - - " 301 between LEP data and
| as(Mz)=0.118 E - . .

§ 1 g-;Etg'\iV/ ‘. 40.01 Pythla8 unleSS USII’Ig an
.§ 01f o {ALEPH ~ * 5 , anomalously large value
S SAf w4107
= oo1p & | ped +Pythias.311 Nk of ag(Mz) = 0.137 Skands,

I PGo — p hadronisation =4 ;

Lo-3 ¥ NNLL | pg, (tunes PG; 24A) 410 4 Carrazza, Rojo [1404.5630]

. Inclusion of NNLL brings
o large corrections wrt NLL.
2 Agreement with data
o . .
= achieved without

. 1 . anomalously large value

NNLL ]
06 1 1 1 1 1 1 1 1 06 of as
0.6 0.7 0.8 0.9 1.0 2 4 6 8 10
v=T v=In 1/y23
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What about tuning?

C-parameter

3 . . . Improved agreement with
F data across a large range of
1p® \\ E event shapes
© b .
R Olf " We start from the Monash tune
< I (see ref. above) but fix
S ALEPH s LI
0.01F a
Mz)=0.118 (M13
| PGEM13 —— i % (Mz) (M13)
1073 PG§Hf-24A —— . N
g & : : : : Full tuning exercise still to be
8 14f : ' ' . done, but very little impact on
© 1(2) - = infrared safe observables!
S OF- TM ....... ==
2 08y 1
e 0'6 C 1 1 1 1 =
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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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Conclusions and outlook

NNLL parton showers have arrived!

Full phenomenological impact still to be studied but encouraging results
observed in ete™

Our code, including the NNLL improvements discussed here from v0.2, can be
obtained from https://gitlab.com/panscales/panscales—0.X.

Next steps are to extend to hadron collisions...
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