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Event Generators

e Event simulation factorised into

e Hard Process
« Parton Shower

 PDF/Underlying event

e Hadronisation

e Hadron Decays
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 We know a lot about filed theory and QCD in certain cases and
limits, PS is an attempt to do our best in all limits at once ——

o Compatibility with semi-classical Bremsstrahlung

» (General behavior of FO matrix elements

RESUMMATION OF JET

o Soft+Collinear limits — reproduce results from resummed OBSERERESIN QCD
calculations for certain (classes of) observables N

 What | will try here:

* Go through theoretical arguments entering shower development,
with eye on previous lectures, try to pin-point relations

%ﬁw Daniel Reichelt Terascale MC School 2025 4
7



Reading (and sources for this lecture)

................................................................................ |
® See IeCture 1 fOr Standard partICIe/ e B.R. Martin and G. Shaw, “Particle Physics",

i i e e e
COI I Ider phySICS bOO kS: vent generator fiierature e G. Kane, “Modern Elementary Particle Physics”,

o A. Buckley et al., Cambridge University Press (2017, 2nd edition)

“General-purpose event generators for LHC physics”, e D. Griffiths, “Introduction to Elementary Particles”,
Phys. Rep. 504 (2011) 145, arXiv:1101.2599 [hep-ph], 89 pp Wiley (2008, 2nd edition)

e J.M. Campbell et al., @ M. Thomson, “Modern Particle Physics”,
“Event Generators for High-Energy Physics Experiments”, Cambridge University Press (2013)

for Snowmass 2021, arXiv:2203.11110 [hep-ph], 153 pp o A. Rubbia, “Phenomenology of Particle Physics”

@ C. Bierlich et al., “A comprehensive guide - - ity P 2022) (11 |
to the physics and usage of PYTHIA 8.3", Cambridge EJnlverS|ty. ress (20 ”) (1100 pp!)
SciPost PhysCodeb 2022, 8, arXiv:2203.11601 [hep-ph], 315 @ P. Skands, “Introduction to QCD",
pp arXiv:1207.2389 [hep-ph] (v5 2017)

@ MCnet annual summer schools e G. Salam, “Toward Jetography”,

Monte Carlo network from ~ 10 European universities, arXiv:0906.1833 [hep-ph]

see further https://www.montecarlonet.org/,
with 2026 school at CERN, 31 May — 5 June

@ Other schools arranged by CTEQ, DESY, CERN, ...

e “QCD and Collider Physics” QCD and

Collider Physics

R.K.ELLIS, W.J. STIRLING
AND B.R. WEBBER

e “Introduction to Parton Shower
Event Generators” TASI lecture by R
Stefan Hoche

AND COSMOLOGY
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https://arxiv.org/pdf/1411.4085
https://arxiv.org/pdf/1411.4085

Recap: Unitary Parton Shower Algorithms

o Start with state (i.e. ingoing and outgoing partons with specified momentum,
flavour and charges) determined by hard process

* Given some probability to split a parton, assume unitarity, i.e.

P(no splitting) = 1 — P(any splittings) = 1 — Z P(n ordered splitting)

1 .y "
=1-— Z —P"(one splitting) = exp (—P (0116 sphttlng))
n!

» Select new scale and kinematics according to this, produce splitting

* Repeat until we reach some cutoff scale

ﬁﬁw Daniel Reichelt Terascale MC School 2025
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Recap: Unitary Parton Shower Algorithms

00000000000000000000000000000000000000000000000000000000000000000000000000000000000

- Start with state (i.e. ingoing ant
flavour and charges) determine

|

* Given some probability to split

P(no splitting) = 1 — P(any spli

e Select new scale and kinemati

|
|
* Repeat until we reach some cu
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Reminder: Algorithmically solved by veto
algorithm, see lecture by Torbjorn! +

The veto algorithm: solution

The veto algorithm

1 start with i=0and tp =0 |

2 1=1+1

3 t=t = G_l(G(t,'_l) — In R), l.e tj > tj_1q
4 y=Rg(t)

5 while y > f(t) cycle to 2

i

|

|

to 11 oty Tt =14 l
—_—tt

0 ’ %

That is, when you fail, you keep on going from the time when you \
failed, and do not restart at time t = 0. (Memory!)

Terascale MC School 2025




jet evolution - qualitative picture

o Start from simple partonic state

O |
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jet evolution - qualitative picture

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

o Start from simple partonic state

» determine new splitting scale and
Kinematics according to “no-
emission probability”

O |
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jet evolution - qualitative picture
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o Start from simple partonic state

* determine new splitting scale anc
Kinematics according to “no-
emission probability”

e produce new state with
additional gluon

O |
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jet evolution - qualitative picture
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o Start from simple partonic state

* determine new splitting scale anc
Kinematics according to “no-
emission probability”

e produce new state with
additional gluon

e [terate!

O |

(iE/RW Daniel Reichelt Terascale MC School 2025
7

11



jet evolution - qualitative picture
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o Start from simple partonic state

* determine new splitting scale anc
Kinematics according to “no-
emission probability”

e produce new state with
additional gluon
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jet evolution - qualitative picture

o Start from simple partonic state

* determine new splitting scale anc
Kinematics according to “no-
emission probability”

e produce new state with
additional gluon

e [terate!

tall
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jet evolution - qualitative picture

o Start from simple partonic state

* determine new splitting scale anc
Kinematics according to “no-
emission probability”

e produce new state with
additional gluon

e [terate!

tall
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Recap: Unitary Parton shower Algorithms

 Main ingredients to a shower:

& more collinear
¥ particles

1. splitting kernels P(z) captures

soft and collinear limits of matrix
elements

longitudinal momentum
conservation: 7 < lInk,/Q

2. fill phase space ordered In

softer
evolution variable (k,, 0, g, ...) particles
3. generate new final state after
emission according to recoll
scheme
EE?W Daniel Reichelt Terascale MC School 2025
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Collinear Splitting Functions

By
Lo Al t - v
P; = <Py | o). 7 T ‘|‘kt ,
g 4Pq 5T
By -
J o 9w A
7 4Pij

polarisation tensor:

oV Vo
" (p,n) = —g + L TP
) pn
PHY ( . .)_ TR d,U«( . —)T[]b. P]b. U]d’/( . —)
9—q\PirPj) = 5 5" @p\Pijs 1) LR P77 186 Pigs T
v]
i KN kY
e evaluate in collinear limit:  — Tr | — ¢ + 422, 1'62'
: 1
* spinaverage: _, T, [1 _ ZZ,-Z]-] — [1 —27(1 — Z)]
ﬁﬁw Daniel Reichelt Terascale MC School 2025
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Collinear Splitting Functions

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

— J

» Calculate for example g — gqg

I'r

Pg“iq(pi,pj) —

d’LILO (pij ] T_L) TT[

Qp%j |

e evaluate in collinear limit:

* Spin average: _, 7

‘t
(iE/RW Daniel Reichelt
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Full set of DGLAP equatios from

Introduction lectures:

The DGLAP equations

Generalizes to

DGLAP (Dokshitzer—Gribov—-Lipatov—Altarelli—Parisi)

dPysbe = o dgj P be(2)dz
Paas = g 11Jizz2
Peogg = 3 1 —2(21(1_—2)2))2
Peyqq = % (22 + (1 = 2)?) (nf = no. of quark flavours)

Universality: any matrix element reduces to DGLAP in collinear limit.

do (HO — qqg) _ dU(ZO — 498) in collinear limit
do(H? — qq) N do(Z° — qq)

e.g.

Terascale MC School 2025




DGLAP parton showers

« DGLAP equation determines collinear evolution

* of IS PDFs O 1 d> o
o f (@) = [ ZE2P(2) f(a/2,0
e or FS: fragmentation functions v
* Introduce Sudakov factor = exp[ / at / dz —P ]

* |eads to integral equation

“dt’ A(t) /dz Qs

‘. t' A(t) _;'Q?P( ) (.’E/Z,t,)

f(z,t) = A(t) f(z,to) +

ﬁﬁw Daniel Reichelt Terascale MC School 2025
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DGLAP parton showers

Evolution between

 and 1, without Evolution between
any splitting t and ¢’ without
any splitting

Select size of 1 step

ﬁﬁw Daniel Reichelt

Splitting at 7’ with
momentum
fraction Z

Select size of x step

Terascale MC School 2025
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Towards Coherent Branching

e Collinear enhancements under control at all orders

 What about soft gluons emissions?

|
* Limit of splitting functions enhanced by ~ 1
— Z
e |s that all? Lets have a closer look!
(iw Daniel Reichelt Terascale MC School 2025
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QCD calculations — soft 1limit

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

P1
q :
K . (g + 6 .
~ i@(p)(—ig )ty ———=(—ie)y"v(p,)e
P2 1 S (p1 + k)- v
(iE/RW Daniel Reichelt Terascale MC School 2025
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QCD calculations — soft Llimit

P1
+ ¥
: k  ~alp)(=ig)t'y “z% k))z(—ie)y"\f(pz)ea
P2
~ i(py)(—ig)ré 2% (—ie)y"v(p,)
P1

—

assume massless partons, p1
,soft gluon k — O limit

%ﬁw Daniel Reichelt Terascale MC School 2025
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QCD calculations — soft Llimit

P1
+ K
: k  ~alp)(=ig)t'y “z% k))z(—ie)y"\f(pz)ea
P2
~ i(py)(—ig)ré 2% (—ie)y"v(p,)
P1
~ i(py)(—ig )t 1’?’ (—ie)r"v(py)
1 °

Use éyl — 26 pl

%ﬁw Daniel Reichelt Terascale MC School 2025
7

23



QCD calculations — soft Llimit

P1
q — : A l(ﬁl T k) :
k ~ Uu(p)(—ig)t’y (—ie)y"v(p)e,
i (p1 + k)?
P2
_ . i, .
~ i(py)(—ig )¢ (—ie)y"v(p,)
2py - k
_ . Ip;-€
~ a(py)(—ig )t (—ie)y"v(p,)
p1-k
4P1° € e -_
~ &l Dk X M soft gluon emissions factorise!
1 ¢ I ) - i — —— e ———————————
(iw Daniel Reichelt Terascale MC School 2025
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QCD calculations — soft Llimit

P2 'soft gluon
emissions

j
~ g A2 !
: Pk

4
P1 / ' \
Pr-€pPy-€
2, % k ~ ZgEtAtB
p1-kpy-k
— P2
(iE\Rf/) Daniel Reichelt Terascale MC School 2025




QCD calculations — soft 1limit

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

¥ 2
P1 / \
P1-€pPr-¢€
DAY Kk o e
pr-kpy-k
p2 / z
(iE/RW Daniel Reichelt Terascale MC School 2025 20
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QCD calculations — soft Llimit

’
2
Py | 2
d I gz C 2p 1 P>
~ &8s “F
p (1 K2 B
2 E
(iw Daniel Reichelt Terascale MC School 2025 27
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QCD calculations — soft Llimit

——— e ———— — = — — — = — e ——=== p— — —— _

5 . ot . A - « ¢AB
Lperform sum over gluon polarisations €€, - — g,,, and Colour 't —

e — = — e S— —— e ———

'space factorises|
as well |
APqae = 1

Pz

CERN _ P T —
\/-wl Daniel Reichelt
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Eikonal factor

2D+ P> observation: divergent if k| | p, or k| | p, ork — 0
(P1 ' k)(Pz - k) — collinear and soft/infrared limits
(iw Daniel Reichelt Terascale MC School 2025
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Eikonal factor

2D+ P> observation: divergent if k || p; ork || p, ork — 0

(P1 ' k)(l?z - k) — collinear and soft/infrared limits

Explicitly in some reference frame, use p, - k = E.E,(1 — cos G;,)

2p1 * pz 1 1 — COS 612 le,k

(p1 - K)(py-k)  E} (1 —cosf)(1 —cosby)  E?

= divergencies visible for 6;, — 0 (collinear) and E; — 0 (soft)

%ﬁw Daniel Reichelt Terascale MC School 2025
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Coherent Branching - Angular Ordering

Eikonal derived In last slides:

W, . = E? it Pk _ |~ cos Oy
Y e p) e p) (1= cos O)(1 = cos G

We want to split this up, only divergent in one collinear region (by clever adding
and subtracting divergent terms):

L.=W + W
Wik, Wzk,J T Wik, j

G 1 1 — cos 0, | 1 1
#3772 \ (1 —cosby;)(1—cosbj)  1—cosby; 1—cosbjy

(iw Daniel Reichelt Terascale MC School 2025
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Coherent Branching - Angular Ordering

e We have found

Eri 1 1 — cos @, | 1 1
LA (1 — COS 97;]')(1 — COS ejk) 1 — cos Qij 1 — cos ejk

 Now perform the phase space integral, in particular angular integrals for
emission j, choose coordinate system with i along z-axis de = d COS Hljdgbj

(iw Daniel Reichelt Terascale MC School 2025
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Coherent Branching - Angular Ordering

e We have found

Eri 1 1 — cos @, | 1 1
LA (1 — COS 97;]')(1 — COS ejk) 1 — cos Qij 1 — cos ejk

 Now perform the phase space integral, in particular angular integrals for
emission j, choose coordinate system with i along z-axis d€2; = d cos 0,.d¢;:

1 :
=i if .. < 0.
J'de]Wik,] — { 1 — cos sz ] ik

O else

(iw Daniel Reichelt Terascale MC School 2025
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Coherent Branching - Angular Ordering

 \What does this mean for parton
shower?

 We should first generate
splitting at large angle

* will be generated
coherently from all more
collinear partons, so
generate them first while
we only have original
parent

(iw Daniel Reichelt

N rd

softer
particles

& more collinear
¥ particles

longitudinal momentum
conservation: n < Ink,/Q

Terascale MC School 2025
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Coherent Branching - Angular Ordering

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

 Reminder: Consistent with expectations from QED

Coherence

QED: Chudakov effect (mid-fifties)

AN\\N\NNNN NN\
cosmicray v atom

reduced normal

emulsion plate Nt e
lonization ionization

QCD: colour coherence for soft gluon emission
2 2

solved by e requiring emission angles to be decreasing
or e requiring transverse momenta to be decreasing

Introduction to Event Generators 2 slide 21/59
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Coherent Branching - Angular Ordering

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

 Reminder: Coherence in resummation of event shapes

CE/RW
\

N rd

MULTIPLE SOFT-COLLINEAR EMISSIONS

o We first consider an ensemble of soft-collinear emissions widely separated
in angle (rapidity)

o Due to QCD coherence, the multi-gluon matrix element factorises into the
product of single-emission matrix elements

gt . SR

« Contribution of multiple soft-collinear emissions to ¥ (v)

(o) = e;’w?(k) > 2 [ Tlasare k) 0 — V(s ki, .. )

virtual corrections, ensure that the inclusive sum over all emissions gives one

30

Daniel Reichelt Terascale MC School 2025
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Towards NLL - argument of ag

* |magine we want to calculate loop corrections to splitting functions:

T . L P2
* This will diverge in UV, need renormalization! :

* QCD is renormalized multiplicatively, effect:
replace bare by renormalized coupling

; €Tk 1 a,(u) , N P1
1 + 0
as — aS(//t) (471-)6 ( c 271_ ﬁ() (as)>
* On the other hand D-dim phase space w/ Sudakov parametrization
2D, -
dPp = L2 o dn dQ(e) kP 3dky S(p?) o (k)72 dzy dz, dQ dk.
a;
> In —
Zﬂﬁo ! k?
CiE\/Ri\DI Daniel Reichelt Terascale MC School 2025
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Towards NLL - argument of ag

CE/RW
\

N rd

* Imagine we want to calculate loop correct
- Essentially this term from lecture by

» This will diverge in UV, need renormalize Rene:

* QCD is renormalized multiplicatively, e
replace bare by renormalized coupling |

1 au)
€ 2r

() ee}/E
a. — a 1
S ”WM%<

‘4

* On the other hand D-dim phase space

)

>
dPp = L2 G dr, dQe) KP-3dky S(p2)
|

u? |

ﬂﬂO k2 [

Daniel Reichelt

Po + @(0552)>

UV renormalization in QCD

MS Scheme (massless QCD, covariant gauge):

oS,
Zqzl—A(JF4 + O(a?)
Wave functions: e
s S, A 13 4
Z,=1- 22 (2 2
g Are [(2 6>CA+3 F”f]+0( )
Coupling: 7 1 @9 1104 —dn,TF N
9s Are 6

These introduce new diagrams in the perturbative expansions:
- cancellation of all UV divergences

by A, o B, B
>mmA,a X (Zy, — 1) soososososess X (Zg — 1)
. p

GJ

Terascale MC School 2025
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Towards NLL - argument of ag

* |magine we want to calculate loop corrections to splitting functions:

P2
* This will diverge in UV, need renormalization! :

* QCD is renormalized multiplicatively, effect:
replace bare by renormalized coupling

: P1
0 e’r I a(u) )
1 + 0
as — aS(//t) (471-)6 ( c 271_ ﬁ() (as)>
* On the other hand D-dim phase space w/ Sudakov parametrization
2D, -
dPp = L2 o dn dQ(e) kP 3dky S(p?) o (k)72 dzy dz, dQ dk.
a;
> In —
Zﬂﬁo ! k?
CiE\/Ri\DI Daniel Reichelt Terascale MC School 2025
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Towards NLL - the physical coupling scheme

 More higher order corrections

* Full calculation, again in D
dimensions and and integrate
iInclusive over splitting variables

 In dim. reg. and MS scheme gives:

 Can be interpreted as local
enhancement of gluon splitting, and

absorbed into strong coupling 0 (u?) = a(w)| 1+ a () ( 5 In k; n K)
S \) 0 _2

(together with k, log from last slide): 27 U

ﬁﬁw Daniel Reichelt Terascale MC School 2025
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Towards NLL - the physical coupling scheme

* More higher order corrections s ——
- Compare to treatment in resummation

» Full calculation, again in D - In Lecture by Andrea: )
dimensions and and integrate | TWO-GLUON CORRELATED EMISSION |
|nCIUS|Ve Over Spllttlng Varlables The matrix element for two soft-collinear gluons can always be written as the

M?(ky, ky) = M? (k) M? (ko) + M2(k1, ko)

» Indim. reg. and M5 scheme gives: | 93 K ff *}jy

 Can be interpreted as local
enhancement of gluon splitting, and ‘
absorbed into strong coupling | s

‘ sum of an independent and correlated emission part

|

{ The correlated emission part, if integrated inclusively, is combined with the
‘ one-loop one-gluon matrix element to give the running coupling in a physical ‘
|
|

| renormalisation scheme

B AR A

l

(together with k, log from last slide): |

%@ Daniel Reichelt Terascale MC School 2025
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Putting things together

 Consider an rIRC safe observable like thrust

* Parton shower (as discussed so far) will produce very similar expression to
resummation (e.g. CAESAR master formula):

1 d i
ZPS ZHm' g gngz—l—l) ( - V(Slvagm))

m=0 2=0 Z

Pt t) =

dH(t/,t) / __—R(t,t) N [ &
ST [1(t",t) =€ R(1,1) = foMkZﬂP@)

* |n practice V not evaluated in strict limit — leftover higher order corrections

» Apart from that, AO shower reproduces resummed 2 “by construction”

ﬁﬁw Daniel Reichelt Terascale MC School 2025
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Putting things together

|

. - For example here: |

e Parton shower (as discussed so farj P z
w

resummation (e.g. CAESAR master SUDAKOV FORM FACTOR

o Strategy: split the exponent in two parts

| :
1 d f |dk] M (k) = / [dk]M? (k) + / [dk] M (k) / dk] M3 (k) = R(v) |

Yes() =) 11— | 7 :
m—0 i—0 T Ai >(v) = e ) {(fv[dk]M%k)Z%/H[dki]M2(ki)@(v—V({ﬁ},kl,...,kn))}
n=0 i
|
dH(t/ t) \ Sudakov form factor multiple-emission correction l.

/ L ) / |
P(t,t) = —— [1(t',t)
| }
» In practice V not evaluated in strict, 4
,‘ |
» Apart from that, AO shower reprodt '
(iw Daniel Reichelt Terascale MC School 2025 43
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Putting things together

 Consider an rIRC safe observable like thrust

* Parton shower (as discussed so far) will produce very similar expression to
resummation (e.g. CAESAR master formula):

1 d i
ZPS ZHm' g gngz—l—l) ( - V(Slvagm))

m=0 2=0 Z

Pt t) =

dll(t', ) )N —R(t) e as
dlnt LI(t,t) = e RED=| ) dzznP(Z)

* |n practice V not evaluated in strict limit — leftover higher order corrections

» Apart from that, AO shower reproduces resummed 2 “by construction”

ﬁﬁw Daniel Reichelt Terascale MC School 2025
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Non-global Observables - Dipole showers

 The argument that led us to coherent branching and angular ordering

crucially depended on freely averaging over the azimuth ¢j !

 What if we are interested in observables that distinguish radiation at
different @ ?

 Example: radiation into gap between jets = coherence argument fails!

ﬁﬁw Daniel Reichelt Terascale MC School 2025
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Non-global Observables - Dipole showers

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

» The argument that led us to coher¢ ="t ' —_—
crucially depended on freely averaJ Those are exactly the NGLs:

| I

: : : | NGLS IN THE LUND PLANE !
 What if we are interested in obsery = |
l o The energy of the harder gluon (real) spans a single-logarithmic region of |
. size In(Q/Qo) |
d Iﬁe rent ¢ ? o The softer gluon contribution cancels with virtual corrections below the veto |
‘ scale Qg i an i
" . | i |
« Example: radiation into gap betwe ane, S L _ M
_ N :
M | !
| @
| '
| B = e T [ wee) &
| |
\ . ;
"L S B - |
(iE/RW Daniel Reichelt Terascale MC School 2025 40
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Non-global Observables - Dipole showers

 The argument that led ustocohere . ‘ o
| S q/ Correct Language are dlpoles ordered
crucially depended on freely averay in k, )
THE BMS EQUATION j
. What if we are interested in obsen i | | ._ |
o e factorisation properties of the amplitude squared in the planar limit |
] makes it possible to write closed differential equations for G;;[Q, u] |
dlﬁerent ¢ ? « For G;;|Q;u] we obtain the Banfi-Marchesini-Smye (BMS) equatlon |
[AB Marchesini Smye hep-ph/0206076] |
\
« Example: radiation into gap betwe ot 15(52)3e - ‘b‘ o
]C PRAENG o8 8 =9 1 2 l
' (P1p2) l~
’1 12~ By '
' Q080G 12[Q, u] = /[dk l& (k(12)) wia(k orderlng vana&A |
| % {u(ka)Gral@Q, ulGua (@, u] — G12[Q3 ]} Q3 (Q — kiz?) 'q
" i The solution of the BMS equation gives the LL resummation of NGLs l
.' 62 ‘
‘ A S ‘ - |

%ﬁw Daniel Reichelt Terascale MC School 2025 47
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Dipole Showers!

* Correct language for NGLs are dipoles ordered in transverse momentum.

e Simple interpretation for shower:
Probability for emission from dipole i, k to emit j

» Afterwards, we have new dipoles, (i, k), (i, 7), (j, k) all emitting with
respective probabilities PP

()PP

ﬁﬁw Daniel Reichelt Terascale MC School 2025
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Addendum: dipole kinematics and matching

* Dipole showers are the correct language to discuss non-global logarithms
» But also:

* close correspondence to NLO subtraction schemes, makes matching to
fixed order significantly simpler

* Probably the main reason for their rapid adoption concurrently with the wide
availability of automated NLO calculations and PS matching schemes!

ﬁﬁw Daniel Reichelt Terascale MC School 2025
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Dipole Reco1l

* Preserve 4-momentum locally In
both,

o Scalet, i.e. after every emission
project back to on-shell state

* within the dipole, I.e.

PitPr=pit D+ P

e See e.g. [Catani, Seymour '97]

%ﬁw Daniel Reichelt

N rd

Pi =
Pj —
Pk —

2Py + (1 — 2)ypr + ko
(1 — 2)pij + zypr — k1
(1 —y)px -

Terascale MC School 2025
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Treatment of multiple emissions e.g. 1n CAESAR

* generalized rescaling
[Banfi, Salam, Zanderighi '05].

( + s> 9 t) ~ (ktena kte_na kt)
~ (p'¢, p'*e, p)

i

Hmax

kf = kip

5:
n’=n—=CInp

and assume — numerically

) evaluate phase space
V(kl- ) = pV(k) integrals in this limit

~ (L, p* p)
~ (pa P p)

* example assuming V(k,, 1) ~ k,/Q for brevity

(iw Daniel Reichelt Terascale MC School 2025 51
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Treatment of multiple

* generalized rescaling ,/
[Banfi, Salam, Zanderighi '05].

kP = k,p d

f=——

N’ =n—<Elnp Imax
and assume l

— numerically |

) evaluate phase spa
V(kl- ) = pV(k;) integrals in this im|

|
|
|

'

"

L

CE/RW
\

N/ S

Daniel Reichelt

emissions e.g.

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

Generalized rescaling from Andrea’s
lecture:

RECURSIVE IRC SAFETY CONDITION 1

The requirement that the observable scales in the same way irrespectively of
the number of emission is formalised as follows

V({ﬁ}7 kla ceey kn)

lim — finite and non-zero
v—0 v
/\ Ink,/Q ’T\ Ink,/Q
= =
generalised
rescaling
— e

o This is the first of the requirements known as “recursive” IRC safety

» rIRC safe observables are the only ones that can be resummed so far

41

example assuming V(K 7]) ~
Terascale MC School 2025
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Fffect of recoil on accuracy

e guestion: do recoil effects indeed pi = ZDij T (1 - Z>ypk + Ry
vanish in soft limit (i.e. p — 0)?* p; = (1 — 2)pi; + zypr, — k1
[Dasgupta,Dreyer,Hamilton,Monni,Salam ’18] o ~

Pk — (1 — ?J)pk

e consider situation where we first
emit p;; from p,,, p,, then emit p;,
ﬁij — D pj ~

pzj

. o D

o transverse momentum of p; will be ®
. . . LK

ki~ kY +k - kVas — — 0
t t t Il
[
Ak pk

* but, relevant limit is LN o(1)

?E/RW Daniel Reichelt k; pk; Terascale MC School 2025
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Effect of recoil on accuracy

[Dasgupta, Dreyer, Hamilton,Monni, Salam ’18]
® W'th IOcaI d|p0|e reCO”, eﬁeCtS Stay ratio1of dipole-shower double-soft ME to correct result
relevant even in the soft limit. | |

0.5

» Spoils NLL accuracy of most
currently used (e.g. by ATLAS/CMS)
dipole showers.

O
N

P2/ Py 1

r

0.1

0.05 | Applies -io- !'diamorid'! .rapidi.tyi.region o

| | | O
-TT -V 2 0 /2 T
Adqz
CERN . .
\/—V Daniel Reichelt Terascale MC School 2025
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New Parton Showers - NLL accuracy

e Several solutions/re-evaluations of parton shower concepts:

 [Dasgupta, Dreyer, Hamilton,Monni, Salam, Soyez '20], [vanBeekveld, Ferrario Ravasio, Hamilton,
Salam, Soto-Ontoso,Soyez '22] ...

o partitioning of splitting functions and appropriate choice of evolution
variable can lead to NLL accurate shower for local and global recoll
strategies

* [Forshaw, Holguin, Platzer ’20]
* Connections between angular ordered and dipole showers
* [Nagy, Soper '11]

* |ocal transverse, global longitudinal recoill
 [Herren, Hoche, Krauss, DR, Schonherr,’22], [Hoche, Asse 23], [Hoche, Krauss, DR ‘24]

* global recoll, enables analytic comparison to resummation and proof of NLL
accuracy

* [Preuss ’24]
* global recoll in antenna shower Vinca

(iw Daniel Reichelt Terascale MC School 2025
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Numerical accuracy tests

* First attempt: try to list all the differences between showers and resummation,
look at the differences [Héche, DR, Siegert 17]

* General expression: ¥ (v) :exp{ dgf RL, (&) — / df R/@(g)}
— 1 d§;
xzm' (H/ .R’<v€z> (U—ngz)
sv,soft /1 2 max sv,coll /1 2 max
8% H— Z§v,soft g ILL<rU <swv,coll
R’gv(f): 77( >) /m'n dz 1C:FZ W( = )/mm dzC’Fl_;Z

* Can give either shower or resummed result, depending on choices

ﬁﬁw Daniel Reichelt Terascale MC School 2025
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Numerical accuracy tests

<v.soft <sv,coll

=, 2 ,max = 2 ,max

/ g (:u’§) §v Soft CF X5 (,u§v) §fu coll 1 4+ z
T Zmln 1 — 2 g7l Zmln

 Can give either shower or resummed result, depending on choices

NLL Parton Shower NLL  Parton Shower
ng}éoft L= (f/Qz)%Z“ 2> vncoll 1 - (f/QQ)%za
'u>”v soft §(1 —z)a+s M2>v,co11 § E(1 — z)ats
¥ soft 2-loop CMW aZV | 1-loop  2-loop CI\/IW

2 @15 max
Z?S’;oft l —va 1 —(£/Q%) 2 “<w,coll 0 1 — (f/QQ) e
2 2b 2b
Iu<fu soft Q2Ua+b (1 - Z) et 5(1 - Z) aro :u2<fu,coll n.d. f(l - Z) a+b
asy soft 1-loop 2-loop CMW  qSv-coll n.a. 2-loop CMW
ﬁﬁw Daniel Reichelt Terascale MC School 2025 57
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Numerical accuracy tests

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

Fractional E C lati ith x = 1.
ractnonal Energy Lorrelation with x Fractional Energy Correlation with x = 1.

- 1.2 T T T T I
%&d B | | _ o 10 L L N R ]
- _ —I5 1 — L : —
0.8 — - ]
- — 0.8 — T
0.6 [ — — ] -
- — Analytic NLLe — 0 ] 0.6 — -
o4 — = Shower € = 0.001 | — - ]
- z2(1—2z) > k3/Q? - 0.4 — - — AnalyticNLL e — 0 —
0.2 — same plus Mz — kZT — - = Shower € = 0.001 _
. e Shower € = 0.001 ] 0-2 - T 2-loop (< v, soft) S
B z(1—z) > kZT/QZIU >0 - 0 = 2-loop CMW (< v, soft) 7
02 [ same plus ptz = k7 7 - — Shower € = 0.001 -
e - e | loop CMW | 1=
— = — | | | | | | | | | | | | | | | I
1.1 = . - — 1.2 — | | ! ! | ! ! ! ! | ! | | | | | | | | —
1.05 £- ’_|_|J+‘ ’_l_IJ — L L e - I_I_'_'_:
o 2F | - - e ™
S 095 B ﬁ = -_,% 0.8 _I—L —
09 E” = M 06 -
0.85 = o — = -
0.8 B N | N = 0.4 — || —
-2 -1.5 -1 -0.5 0 - | N |
FC4 -2 -1 -0.5 0
FC,

[HOoche, DR, Siegert ’17]
CERN : :
\/wl Daniel Reichelt Terascale MC School 2025



Numerical accuracy tests

Fracti 1 E C lati ith x = 1.
ractional knergy orrelation with x Fractional Energy Correlation with x = 1.

ﬁ&é‘ E E %g 1.2 :_ I I I I | I I I I _L_I I I _:
—lb 1 :— I_I_l—'_—'——_l__:I —: H!E :_ A=,:.'——._:|_I: _:
0.8 :L—_ — ] = EL_—._I .

oa - 7« Significant effects remaining away from strict = E
...+ | limit where resummation is derived e

° ;_____ | . . . oft) ===. E
02l * Need to probe limit directly if we want to | - -
e learn (or even define) log accuracy of parton b s
v shower =Sl
F 0.95 = : —
0.9 £ :, ] ] ; ]
o851 « Need for o, — 0 limit | -

| FC, -2 -1.5 -1 -0.5 0

FC,

cw
\

N rd

Daniel Reichelt

[Hoche, DR, Siegert ’17]
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Numerical accuracy tests

e Limit o, = 0 with A = a,L = const. (see IR TI R STyapreury
[Dasgupta, Dreyer, Hamilton et. al. ’20]) of ; :
ZShower

yNCL TP ( Shower ~ L&1(x Ln))
X exp (fALL or = 8L

X exp (O(aT'L"))

PS / NLL

PS / NLL

PS / NLL

— 1 if shower reproduces

LL, NLL logs
« Observable: jet resolution y,; in Cambridge

jet measure, # = 1 — only largest ot e

. : "y i rauss, :
emission m_att_ers, chepk that additional L Schanberr’22]
N shower emissions vanish 2 mm

N Daniel Reichelt Terascale MC School 2025 60
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https://inspirehep.net/literature/1782392

Numerical accuracy tests

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

 Most extensive sets of tests by PanScales collaboration

[Dasqgupta, Dreyer, Hamilton et. al. ’20]

Dipole PanlLocal PanLocaI PanLocaI PanGlobal PanGIobaI
(Py8/Dire v1) (B =0,dip.) (B= dip ) (B=5 1l ant.) B 0) ([3

\/E'+I! __'"+""!"__' """ é"-.’ """ %"-.’ """ %"-.’ """ @-
Brinot  ® Trot % Tnee ¢ T ¢ Tt ¢ T ¢ -
BW_NLL +i 1 NLL * 1 OK * OK + 1 OK + 1 OK I; i
il | F 1T 41 41 bt}
(oY SERERRRY VAN AR R A A
max[uB 2] Bops = 1/2 IP + T # T + T * T 4 1
UM ENNENRLT SN IENNENRRP VNN [ENNRNRRP VNN [NNENRRRY SNNINNENRRRP CENINNRNRNSP (RN
maxuf MM AT 4T ¢t 4T ¢t 4
icehes L1 4 # 4 F 4+
Nsubiet (kealg)p - &+ o &+ &4+ &+ &+ & -

-0.05 0.00 -0.05 0.00 -0.05 0.00 -0.05 0.00 -0.05 0.00 -0.05 0.00
Relative deviation from NLL for a;—0

(iE/RW Daniel Reichelt Terascale MC School 2025
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Kinematics - global recoill scheme (Alaric example)
[Herren, Hoche, Krauss, DR, Schonherr,’22]

» Before splitting:
colour spectator

................................................................................

| | T\ 0 HEK
[Catani, Seymour '97] A’uy _ g’,‘/ - (K + K)~ (K:I— K)v N 2K~Ky . A'MUKU _ gm
K- -K+ K? K?
(iw Daniel Reichelt Terascale MC School 2025 62
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What about angular ordered showers?

* Qriginal recoil scheme:
 keep momenta off-shell during shower
o at the end, boost jets to globally preserve momentum

* But modern “local” schemes can be problematic: [Berwick, Ferrario-Ravasio,
Richardson, Seymour '19]

Durham jet resolution 3 — 2 (Ecpg = 91.2 GeV), zoom

» (7 preserving scheme favored by data in hard region,

but not log-preserving

. q2 preserving scheme has problems describing data,
but theoretically solid in the soft limit

MC /Data

e Solution: new “dot product” preserving scheme as
middle ground

Cw Daniel Reichelt Terascale MC School 2025
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