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colliders in the real world

Example displays

of ttH( — bb)

events



colliders for theorists

* Event simulation factorised into

* Hard Process

» Parton Shower
* Underlying event
* Hadronisation

Hadron Decays
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colliders for theorists

This Talk:
/ Why?
(Part on Shower ) * parton showers. resum large logs ~ NLL,
but open questions on actual accuracy

« starting work towards NNLL — probably
better resolve this first needed for

fully consistent NNLO
matching

* recent formal discussion — current dipole
showers need reworking



colliders for theorists

This Talk:

 Go over resummation in CAESAR framework and

- relation to PS accuracy
G’arton Shower )

* Formal problems in current parton showers

* Alaric
» construction principles
» proof of NLL accuracy

« first pheno and data comparison



NLL resummation

» CAESAR [Banfi, Salam, Zanderighi '05] = ‘direct’ QCD, easy to compare to what
parton showers are doing

* looking for cross sections with an upper cut on some IRC safe observable,

do do

« assume there is some multiplicity n where V(®,) = 0, so we measure effect

of additional particles, e.g. with n = 2:

q
< >
q



LL single emission

« factorisation in the soft limit (‘Eikonal’)
d0n+l = dO' ® dd)+l

Z ks (pkq)(pzq)

* integrate over triangle in “Lund plane” /»ﬂ % ~ 1/K?
Prd\PHq
single emission /
n - more collinear phase space [ransverse momenium
rticl
k parieies & rapidity
In () y “
. longitudinal momentum d(I)+1 ~ dkt dﬂ d¢
E conservation: 1 < Ink,/Q
e.g. take V(k,n) = k,/
softgr , g ( 1 ”) t Q
particles s 0 In k: /10
K™ g~ B2y
| | n~-—In“1/v
$’ constraint V(®,, k,,n) < v 27[ kt o 27




multiple emissions QCD coherence:

emissions separated

do,.,, in 7 and k, are
Z(v) = Oy 1 - 2 Jd¢n+m dD ®(V(¢n+m) -V) independent

m 0, n+m /\/
do, )

do,
=, (1 - Jd(bn —0. ; Id@H 5 OV(@,.,) = V)

+1
_/
do, do,
do_, OV(®,,) —v) +|dd,, O(ev — V(D))
+1 n+1
single emissions, liaibl _— Ut
all larger than v e negligible emissions, contributing < €v
+ Jd@H L eoW@,,,) - vIOV(D,,) —ev)OW — V(D,))

multiple emissions, do,

together contributing > v 8



multiple emissions

* how to extract NLL observable
independent (i.e. without additional
information)?

(+,—.k) ~ (ke", ke™, k)

1- 1+
~ (p f, P 69 p)
* method from [Banfi, Salam, Zanderighi '05]:

need explicit implementation of soft-

collinear limit*:

kf = kyp g \

n" =n=¢&lnp fimax I ~ (1, p% p)
and assume — numerically | ~ @, p, p)

evaluate integrals

2\ — . ' m
V(k,- )=p V(ki) in this limit * again assume V(k,, 1) ~ k,/Q for brevity



example: jet resolution scales

3 ]
 consider Durham jet cluster algorithm: z : o detatt
—+— alternative

21N2 ’
Vi (1 —cos6y) ~ ki/Q & _
g 1 : “:H:Ww.auu.,
* Yyns+1 —> Minscaletoresolve (n+ 1) jets oo 0o o
Inyzy
' ' v . ' ,_: 0.8 B
« little analytic insight = numerical .
K ; o
evaluation needed b " 4
0.5 [, ——  F(R'=8)x 2000
0-4§ — F(R=4)x15
: : E* — F(R'=1)
* ¥,3 first in [Banfi, Salam, Zanderighi ‘02] o3/ Lines: alternative method t
:: e
* higher rates in [Baberuxki, Preuss, DR, Schumann ‘19] ! m L L L B
~logy, ©
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https://inspirehep.net/literature/568092
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NLL wrap up

* Additional components: collinear terms form DGLAP splitting kernels, running

coupling and CMW scheme for a; evolution — relevant for single emission
only

» Master formula 2(v) = [d@ne"R(v)g (v) ~ exp(Lg,(a,L) + g,(a,L))
L=Inllv

d6+l 8i = Z a;ch
R(V) — Jd¢+1F®(V(¢+I) - V) k

+1

, d V(k?

Fv) =limek ) JdCDH d;“ ® (1 _ lim 2 ))
- +1 p—0 PV

e—0
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shower intro

« Start from no-emission probability |

~ e R0) with some choice for
evolution variable

* generate splittings according to
this, iteratively generate effective

F (v) from multiple emissions

* no explicit soft limit — generate
momenta and distribute transverse
recoil among other particles in
event

1 - - ~>

* need explicit choice of
recoil scheme, for
example default dipole
shower in Sherpa:

pi = zpij + (1 —2)ypr + k.1
p; = (1 — 2)pij + zypr, — k1
pe = (1 —y)Dk .

12



example: jet resolution scales
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effect of recoil on accuracy

pi = 2Pij + (1 — 2)ypr, + k..
(1 = 2)pij + zypr — k1
(1 —y)px -

* question: do recoil effects indeed
vanish in soft limit (i.e. p — 0)?*

[Dasgupta,Dreyer,Hamilton,Monni,Salam '18]**

* consider situation where we first
emit p;; from p,, p;, then emit p,,

~

Pij = Pi> Pj

« transverse momentum of p; will be

~ kY + K/
AKT ki
N SV
k! pk/

P =
Pk =

* note: + further problems for
colour assignment in
multiple emissions

** see also Melissa van Beekveld’s talk
last year in this Seminar
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Alaric intro, splitting of Eikonal

Starting point: again eikonal PiPx _ 1 1 —cos 6 _
( (pip)Pipr)  EF (1 —cosfy)(1 —cosby)  E?
naive implementation leads to soft double counting need to

Wik j

split into ij and kj collinear terms [Marchesini, Webber ‘88]
Option 1:
~ ~ ~ 1 1 — cos O 1 1
Wik = Wi .+ Wk .| h Wi .= = - -
oJ ik, T Whi; WHETE ha ™ 9 ((1 — cos #;;)(1 — cosb;) N 1 —cosf;; 1—cos ij>
Option 1a: Angular ordered shower — —

* downside: problems with NGLs
Option 1b: differential

 downside: cancellation between p .
positive and negative contributions 15




Alaric intro, splitting of Eikonal

Starting point: again eikonal DiDy 1 1 —cos 6y Wik

(pip)(P;Py) - E,-z (1 —cos8;)(1 — cos &) B Ej2

C—' naive implementation leads to soft double counting need to

split into ij and kj collinear terms [Marchesini, Webber ‘88]
Option 2: follow [Catani, Seymour '97]

. 1 — cosb;x
ik,j — (1 — COS Qij)(2 — COS 0,-,- — COS Ojk)

i ik
Wikj = Wi i + Wi s, where

« full phase space coverage
« splitting functions remain

positive definite

16



Alaric kinematics - global recoil scheme

» Before splitting: » After splitting:
Px = Dk
colour spectator ‘j
....... - } i r t B eeanteenana — _kl~"/ - 4 pl Bt e s
splitter ? k . = D
Zother momenta k; P K2 = R2 A= 2
K ALK K+pi=K+p;+p
i i - - ~
[Catani, Seymour '97] A”y _ g# (K + K)Y(K + K)y 4 2K’:KV . A”ka _ g

v KR+ R2 &2 7



Alaric analytic proof of accuracy

AH (K f{) . g“ n FhA n X@\ vanishes in soft limit

KX K¥ XV KV
work out p — O limit: A" P89 e and ; Llama 2
0,3
Ap ! ~ l—max(fi’fj)
03 P
. D
apply to soft momentum pj: 19
Ap;-

(1-¢&)(max(&;,&)—&)

compare to Ak, ~ O(1) = —~ from local dipole scheme

18



Alaric numerical validation

e Limit a, = 0 with A = a,L = const. of
yShower
sNLL

~ exp (f&k ovyor = L&IAIL™)

X exp (O(a*'L™))

— 1 if shower reproduces
LL, NLL logs

» Observable: jet resolution y,, in Cambridge

jet measure, # = 1 — only largest
emission matters, check that additional
shower emissions vanish

PS / NLL

PS / NLL

Ele, In /55)

PS / NLL
"o e o ow
3 3 522 38 w o

FS / NLL

PS / NLL
a o

&, 0 [6x)




Alaric numerical validation

:w'- PR~ 28
5
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Alaric pheno, details and b fragmentation

b quark fragmentation function f(xj™*)

* first caveat: no quark masses

i S = SLD Data :
implemented yet Z ety o0
< 28 | = Alaric

» problem for cluster hadronisation

N .
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— use Lund model via Pythia

* + need flavour threshold for
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Alaric pheno, LEP observables

1/o deo/dT

MC/Data

10° '
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Thrust:
* Note thisis T, not 1-T:
soft physics is to the right
* Note there is no matching,
relevant for small T

Total jet broadening (Ecys = 91.2 GeV)

g 10 et
- : <
3 g
) 1 3
= | ?

107! 5 —+— ALEPH data 1
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e —+— Alaric
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Total Broadening:

» soft physics is left hand side

* some deviations from data,
but similar to Dire
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Alaric pheno, LEP observables

* Durham regolu’;ion scales
yn,n+1 ~ kt / Q

* higher Born multiplicities —
sensitivity to multiple emissions
increased

* again, note no matching/merging
involved
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Conclusion

* NLL resummation in CAESAR formalism as definition and validation
of parton shower accuracy

* New parton shower Alaric

 partial fractioning of eikonal — positive definite splitting function
with full phase space coverage

* global kinematics scheme enables analytic proof of NLL accuracy
+ numerical validation

* included in Sherpa framework and first pheno results
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