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QCD, Event Generators & Phenomenology g gsitat

QCD description of collider reactions:
Complexity challenges precision.

Hard partonic scattering:
NLO QCD routinely

Jet evolution N parton showers:
NLL sometimes, mostly unclear

Hadronization

do ~ dopara(@Q) X PS(Q — 1) X X ...
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Bottlenecks

Parton shower algorithms

Lack a systematic expansion, obstruct fully differential NNLOs
for the hard process, open guestions regarding mass effects ¢
and unstable particles.

Lack constraints from perturbative evolution: Hiding
perturbative corrections? Genuine uncertainties/constraints?

Rethink foundations of parton showers.
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Loads of materialyill focus on:

¥Colour space and large-N expansions
¥Collinear subtractions and structure of evolution
¥Algorithmic aspects & numerical results
¥Relation to colour reconnection

Will skip/discuss off3ine:
¥Spin

¥Ordering variable
¥ Coloumb/Glauber issues




Parton Branching at Amplitude Level ) Pngrsitat

. [Nagy, Soper N 2014 E]
[Angeles, De Angelis, Forshaw, PIStzer, Seymour B JHEP 05 (2018

- m.. [Forshaw, Holguin, PIStzer B JHEP 1908 (2019) 1
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Parton Branching at Amplitude Level ggrsitat

[Angeles, De Angelis, Forshaw, PIStzer,vSeymour b JHEP 05 (2018
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The Colour Flow Basis wiversitat

[PIStzer D EPJ C 74 (2014) 290

Not trUly a basis, but handy from a [Angeles, De Angelis, Forshaw, PIStzer, Seymour B JHEP 05 (201€
Computationa| point of view. [see also Prestel & Isaacson, Hoeche & Reich
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The Colour Flow Basis wiversitat

. [PIStzer B EPJ C 74 (2014) 290
Colour charge operators decompose into [Angeles, De Angelis, Forshaw, PIStzer, Seymour B JHEP 05 (2018

colour line operators
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Expanding around Large-N
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[Angeles, De Angelis, Forshaw, PIStzer, Seymour B JHEP 05 (2018
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Expanding around Large-N

[Angeles, De Angelis, Forshaw, PIStzer, Seymour B JHEP 05 (2018

virtuals reals
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Expanding around Large-N Wniversitat

[Angeles, De Angelis, Forshaw, PIStzer, Seymour ® JHEP 05 (2018

Re-derive BMS equation: Prototype of constructing a dipole shower
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Algorithmic Framework

[De Angelis, Forshaw, PIStzer N 2018 E]

origins in | | V! Y | ;:

[PIStzer B EPJ C 74 (2014) 2907] P — g — - r—l‘—3
Full evolution needs to sample T i i | —
colour RBows differently in P
amplitude and conjugate It3) (L3l D1ty (Lol V) [IHI" 1) 1]V "] (ol D |"5) ("l
amplitude, and account for I I I I I I
differences in virtual evolution BEOR RN ey el e
at the amp“tUde level. amplitude conjugate amplitud

Weights are complex during
evolution.



Algorithmic Framework
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B origins in
[PIStzer B EPJ C 74 (2014) 2907]

A, (E)

[Mnf 1 L—a

Full evolution needs to sample ., _,
colour Bows differently in

amplitude and conjugate
amplitude, and account for
differences in virtual evolution

at the amplitude level.

Weights are complex during
evolution.
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Algorithmic Framework

[De Angelis, Forshaw, PIStzer N 2018 E]

Importance sampling in colour space rules: #(7—, 7—’) ~ 1/N#(T17/)
B origins in
[PIStzer B EPJ C 74 (2014) 2907]

Full evolution needs to sample
colour Bows differently in
amplitude and conjugate
amplitude, and account for
differences in virtual evolution
at the amplitude level.

Weights are complex during
evolution.
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Collinear Subtractions

. . . . . . Forshaw, Holguin, PISt b JHEP 1908 (2019
Identify and subtract collinear singularities in soft evolution =9 FEter -
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Collinear Subtractions wiversitat

i : . - . . Forshaw, Holguin, PIStzer ® JHEP 1908 (2019
Identify and subtract collinear singularities in soft evolution' =~ "% F= (2019)

! w2 3
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The Fifth Form Factor (reloaded)

[De Angelis, Forshaw, PIStzer N 2018 E]
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Collinear Subtractions in Real Life {0 \Dyesitat

[DeAngelis, Forshaw, PIStzer B unpublish
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Collinear Subtractions in Real Life it

[DeAngelis, Forshaw, PIStzer B unpublish
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Collinear Subtractions in Real Life niversitat

[DeAngelis, Forshaw, PIStzer B unpublish
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Collinear Subtractions in Real Life

[DeAngelis, Forshaw, PIStzer B unpublish
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Collinear Subtractions in Real Life

100

Forshaw, PIStzer B unpublish
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Collinear Subtractions in Real Life

100

[DeAngelis,

Forshaw, PIStzer B unpublish
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Collinear Subtractions in

Real Life

100

Forshaw, PIStzer B unpublish
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Collinear Subtractions in Real Life

[DeAngelis, Forshaw, PIStzer B unpublish
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Collinear Subtractions in Real Life

[DeAngelis, Forshaw, PIStzer B unpublish
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tree-level
zero emissions, collinear
one emission, collinear
all emissions, collinear
I collinear shower
Zero emissions, soft
one emission, soft
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Collinear Subtractions in Real Life
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Forshaw, PIStzer B unpublish




Colour Matrix Element Corrections \niversitat

Correct real emission by exact colour correlations, [p|gtz[zlr,sstjz§£’aijf$?glr§1?55515 i (é%ﬁ))%
obtain iterative corrections by amplitude evolution.

. 0 ol "V (DO
Pik (07, 2P, ) = I (07, 23 P » P) Vi (P72 25 Py D) # T%W anlli\fA 6::'2k|M n% Moss = $ " ;‘ag Viik (l?ll,épwpk) TeaMaT,,
can be
supplemented by correction factors for M
real emission, but still lack virtual : R ——
contributions beyond leading-N. Tl T
i
Different from amplitude level evolution. q \

Some subleading-N corrections can be restored.

Available in Herwig 7.2, including collinear contributions.

250 0
0s [Gev]



Colour Matrix Element Corrections vs Full Colour Wniversitat

Colour matrix element corrections reconsidered. [Holguin, Forshaw, PIStzer © arXiv:2003:063¢

[Hoeche, Reichelt B arXiv:2001.11492v1]
I I 1 n !n
:d!+18#$s-mn+k|-n+k( ) IMns La( )= # Ti! T

"n+k 'Mp+k[Mnp+ k" Wt

d" n+ k1 Lij

Cross-section unitarity is not sufbcient to produce correct subleading-N virtual evolution.

Trnom € = erom M)+ O AN 2(Tr nom "V 2 (TF norm "V )?) Compare to Oexponent counting®
n! 2
!I n+1 [( )1 11 ("N
L(L)=  (N¢l " Cnm (L) S
n=0 m=0 ogea o
Chm = CO + ! —ch + 7c<2) +.

Lc, “NLC, NNLC , R



Numerics with CVolver iy ersitat

L)
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Geometric & Baryonic Reconnection Wniversitdt

New model uses geometric measure
instead of Ostring lengthO and introduce
baryonic degrees of freedom

Charged Multiplicity ~ (5) = 7 Tev

R + R < R + R o p/'! in INEL pp collisions at *§= 7 TeVin |y| < 0.5.
_ 51010 ~ v
49,949 4,949 q,9 499,949 z —— ALICE Data
z —— Herwig 7.1 default
s —— new model
102

(p+ @/ (t*t+1"

E o

£ . o

r 1001 -
10 % F —e— ALICE Data

E F —— Herwig 7.1 default

) £ [ ——— baryonic reconnection

[ Herwig § —— g! swsplittings
1041 | | | | | | Herwig 7 —— new model

S N P P AP AP A T

el g
i

[Gieseke, Kirchgaesser, PIStzer © EPJ C 78 (2018) 99] T T e e e e e I R

T
MC/Dat:
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Geometric & Baryonic Reconnection

New mode[ uses geomet[ic measure N 7 )
instead of Ostring lengthO and introdi ~ - £ A .

baryonic degrees of freedom \ .
A :C\E:c | \
% B \

Ryqq + Rgqq < Rgg + Ryq,qq

8 > — o,

MC/D:
.
g8 .
T
[d

MC/D:
oo
S8~
ﬁj

[Gieseke, Kirchgaesser, PIStzer B EPJ C 78 (2018) 99] TR e e e e : . o



A New View on Colour Reconnection niversitat

[Gieseke, Kirchgaesser, PIStzer, Siodmok N JHEP 11 (2018) :
[Kirchgaesser, PIStzer N work in progress

005 —— Initial clusters
-------- Final clusters
20.03
| 2 ) ST Y e T
A= %U {p},p5{Mj} |
“ o B e
Arr gy e = Bik | $# 5 U {p}, w5 {Mj} [# Nl AN e
Bijk ! = Ly B
Bn # "

PBaryonic
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Thank you!
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QCD Coherence

=1 1.<1 1< -[1<1

Resummation of observables which
globally measure deviations from n-jet limit.

Use for and basis of constructive interference branchings
parton shower algorithms. in each collinear region orderin ~angle



QCD Coherence

7% Wniversitat
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=1

Formulates iterative structure of
contributions to cross sections.
Could mean iterative structure of

amplitudes or Odensity operatorsO.

<1l

<1<l

Parton shower:

Numerical implementation of a
parton branching algorithm. Used to
solve evolution equations stemming

from a parton branching algorithm.



Non-global Observables @ Wniversitdt

No global measure of deviation from jet conbguration:
Coherent branching fails, full complexity of amplitudes strikes back.

Even with a dipole approadhiN effectspossibly become comparable to subleading
logarithmsand intrinsically 10% effects. Cannot ignore in the quest for higher precision.



Parton Showers from Amplitude Evolution

[Forshaw, Holguin, PIStzer D arXiv:2003:064

Start from amplitude evolution equations

R R LGOI CRLBIRWCHC BINCY
g |
+  dRn Dn(thi )An 1(tht ;{ptn 1) Dp(chr ) a "(a ! Oh1)
) # ® "%
d% (W) = d"i TrAn(p #(W;{pto,{V}) = d% (1) u({p}tn.{Vv})
i=1 n

Combine insight from soft evolution, large-N expansions and collinear subtractions:

¥ Can wereproduce existing algorithmas well-depPned limits of amplitude evolution?
¥ Can we use this to obtain an idezi



Collinear Subtractions & Angular Ordering Wniversitdt

] ] o ] [Forshaw, Holguin, PIStzer D arXiv:2003:064
Collinear subtractions within a dipole?

Recall angular ordering and coherent branching:
ni, énjn
ni, an nj, an

ni, an;j, ! ninén+ 1
nj, ann;, an ni. an

n

= Pinjn + Pjnin1 where ZDinjn =

Azimuthal average will result in angular ordering and simplify colour structures.

oo " ! "
+ "M ) " m@EAP ), ) Corm(IMal? (k) S, )

e bt TR R T L

+ higher order correlations \

irrelevant for global observables at NLL
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Collinear Subtractions & Angular Ordering

] ] o ] [Forshaw, Holguin, PIStzer D arXiv:2003:064
Collinear subtractions within a dipole?

Recall angular ordering and coherent branching:
ni, énjn
ni, an nj, an

ni, an;j, ! ninén+ 1
nj, ann;, an ni, an

n

= Pinjn + Pjnin1 where ZDinjn =

Azimuthal average will result in angular ordering and simplify colour structures.

n M n(! )|2 includes momentum mapping and physical
T Lol phase space boundaries for on-shell partons
# # '#S $ | 2" # #S
# — dzPy i (2) 4 onshell%s7  [IM n(1)] 1..n T gpll in (zn)
jn+r ! $ !

!
&$| onshello/ﬁ d4pjn 06(p]n # le"l lp]n) IM n! 1(!n,jn)|2 1 nt 1 !n,jn %I # !n,jn)
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Dipoles, Recoil & Partitioning

[Forshaw, Holguin, PIStzer D arXiv:2003:064
Colour in dipole shower evolution follows the BMS derivation.

.. #
'R " (On+1) $
q Leading® w Es as;"’
- in+1.jn+1 CC.in"
" o % &
# 4$in+1 gjnﬂ_ Nc %L]:Il! Jn+1 (CII )' on shell 0/_()- Lead|ng|(9) ’Qn(Q! )
U ) $ #
' 4P S8 Ne 90" (G )R,
in inJnc.C.in"

9%, &
# % Leading? ... Ry 1(thi) a %a " o).

Combination with collinear contributions: partition using coherent branching logic

Pi, 8D, Poap, , Tap, 1  Tap, 1
Pi, h P, 4t Pi, aCh Pj, & T ath pj, a0 T ao pi, aoh

v




Dipoles, Recoil & Partitioning universitat

. . [Forshaw, Holguin, PIStzer D arXiv:2003:064
Evolution now per colour Row matrix element:

' ) !IQ! o o
o ES ! dq!(lﬁﬂ .|°n+1)$(q!(lﬁ+1 qCh+1) u G)  dz! onshel Pey v (2) M g )(q! )|2
' #*g; % o n

d*p, RPP o () g KT a )M G )

H 70

dipol 1
R dipole _ §+Asymigi7n(qﬂ) Riﬁ

ic
'n

ifiC) igich)

Tapg ()2, Tape, ()2

(5.7%))2 2(pig 40nh)(Pjc, &th)
) 4T &0y pig &0y 4T &Gy Pye, &

(% Pic épﬁn

AsyMic io. () =



Dipoles, Recoil & Partitioning universitat

[Forshaw, Holguin, PIStzer B arXiv:2003:064
Recoil needs to be addressed separately.

(h?™)? P,
1" z, 2pi &pjc, |

Be = Zopic, (qgiEiCn))Z =" k2, ke &pig = k- 4pc, =0

B,
Pig zpg+ ki + O(k?)

(1" 2)pig

h=(L" z0)pig + ko +

balance only
longitudinal fractions

Redistribute recoil globally, but per emission, W
inspired by HerwigOs kinematic reconstruction.

recent discussion in: v
[Bewick, Ferrario, Richardson, Seymour N arXiv:1904:11866] Ol unbalanced momentum

fi
Y

This scheme is free of the issues encountered
for local dipole recaoils. il e
[Dasgupta, Dreyer, Hamilton, Monni, Salam N JHEP 09 (2018) 033]



Parton Branching at Amplitude Level ggrsitat

Formulate iterative structures quite generally, with the goal of systematically approximati
the iteration, not Oiterating an approximationO. Similar in spirit to Nagy & Soper

Actual predictions

Guiding principle to
incremental improvements
of existing algorithms.

Non-global observables and accuracy for global
observables both set the level of complexity.



