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Quest for precision

Measurements and theory
predictions reached incredible
levels of precision

However, with increasing
statistics theoretical
uncertainties will become
dominant for many processes

Standard Model Production Cross Section Measurements
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Event Generators

mucial for precision Collider Physics

Short distance physics:
e Hard Process
e Parton Shower
Long distance physics:
e Underlying Interaction
e Hadronization

e Hadron Decays
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Event Generators

ﬁucial for precision Collider Physics

Short distance physics:
e Hard Process
e Parton Shower
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Parton Showers [Start with fixed order configuration, ]
e.g.ee — g, qq — I, eq — eq

@ > Color dipole

Pk




Parton ShOWBrS [Add one gluon emission ]

Gluon emission most
likely in singular limits!
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Parton ShOWBrS [Add one gluon emission ]

Gluon emission most
\ likely in singular limits!

o Cr \

[Gluon soft: |qug‘2 ~ 2%|qu|2 ]

pip;)(p;Pk
. . 2 Py(2) 2
[Gluon collingar: | My, |"~ 57 "5 Md




Parton Showers

\

@SCF

[Add one gluon emission ]

Gluon emission most
likely in singular limits!

|

[Depends on both dipole members ]

rd

pip
[Gluon soft: |qug‘2 ~ 2<—k|qu|2 ]

pip;)(PiPk)

2(pip;)

; P (z
[Gluon collinear: |My,l° ~ q”()quqIQ ]

N

[ Depends only on radiating parton ]

\

Problem #1:
Double counting in
iterated limit!




Parton ShOWBrS [Add one gluon emission ]

Pj¢

/Need momentum mapping \
between on-shell momenta:

Di Pi
) > Pk
2 Pi J

Also Q may change




Parton Showers
Dj

[Add one gluon emission ]

/Need momentum mapping \
between on-shell momenta:

Di

Pi
> Pk
Pk Pi

Also Q may change

Problem #2:
Suitable momentum

mapping

\

ﬁ)nditions:

D 2D,

p;j — (1 —2)p;

in collinear limit, and

2 _ A2
N 9




Parton Showers [Repeatedly add emissions ]

Problem #3:
When do we stop?
—> Evolution variable

Problem #4:

Evolution resums large
logarithms, but at which
accuracy?

Problem #5:
How do we handle NLO
calculations?




NLL Showers

Where do the logarithms come from?

(see also [Banfi, Salam, Zanderighi] hep-ph/0407286)

7

\.

[Dasgupta,Dreyer,Hamilton,Monni,Salam,Soyez] 2002.11114

Criteria for NLL accuracy at leading color outlined in: ]

J

[ Depends on logarithmic variables of emission pairs: ]

-

Shower needs to reproduce
results of analytic resummation
of rIRC observables

Energies/Angles Distinctly different Comparable
Distinctly different LL NLL
Comparable NLL NNLL

Shower needs to reproduce the correct tree-level ME
squared in these regions

g

~N

J



https://arxiv.org/abs/2002.11114
https://arxiv.org/abs/hep-ph/0407286

Soft Radiation

Factorisation in the soft limit:

n<17 500 ,n|1, 50 c ,n>n = —87'('043 Z n—1<17 200 7.&7 cc Jn’TZTk wik,j
i,k#£]

1,...,j,...,n>n_1

Eikonal factor:

DiPrk 1 1 — cos 0,

Wy = e
“I (pipy) (o) B2 (1 — cos 6;5)(1 — cos 0)

\

Implementing the Eikonal in the collinear limit
leads to double-counting of soft singularities

[Marchesini, Webber] Nucl.Phys.B 310 (1988) 461-526
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Soft Radiation

Factorisation in the soft limit:

n(L.nll . n)y = —8mas Y no1(l, ..

ik

,5{, “aey n’TZTk Wik, 5

1,...,j,...,n>n_1

(Additive matching of singularities: )

_ Tii <
Wik = Wi ; + Wi

\ Wik,
/

Eikonal factor: /
W — e 1 1 — cos O
S (pips)(pipr)  E2(1 — cos8;)(1 — cosBj)

ad y 1 1 1
?
o= Z | W _
L) ( %I cos 0i; 1—cos ij)

N\

Implementing the Eikonal in the collinear limit
leads to double-counting of soft singularities

[Marchesini, Webber] Nucl.Phys.B 310 (1988) 461-526
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Soft Radiation

Factorisation in the soft limit:
n<17 c e ,TL|1, . 7n>n = —87TO¢S Z n—1<1; c e ,3{, « ooy n’TZTk wim

1,...,j,...,n>n_1

k7]
\ Wik ;
(Additive matching of singularities: A Eikonal factor: /
Wik = Wi, + W§ v, — pl-;.ok _ 1 1 — cos O,
\_ ij Jk)

N\

leads to double-counting of soft singularities
[Marchesini, Webber] Nucl.Phys.B 310 (1988) 461-526

[With D; on z-axis:

Implementing the Eikonal in the collinear limit
cos 0, = cos «9} cos 0 + sin jS sin 6} cos gb;k]
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Soft Radiation

Factorisation in the soft limit:

WLon|l o n), ::——8ﬂ(n;2£: n—1<1;"'7j7

i,k#j

: ..,j,...,n>n_1

A

Option 1:
Angular Ordering — Spoils NGLs

/Option 2: Implement radiator differentially

~

Azimuthal average

2
o / d¢ zk g




Soft Radiation

Factorisation in the soft limit:

(L om|l . ), = —8mas Z n_1<1, : ..,ﬁ,...,n|TiTkwik’j‘1,...,j,...,n>n_1
i,k#]

anlement radigtor diﬁerentially\

[Multiplicative matching of singularities:\
Wij = Wi + W;fw

_ 1 — cos b s
Wi =W J
ikj *39 " cos 6;j — cos O
Q?atani, Seymour] hep-ph/9605323 )

Azimuthal average: i 27 o8Byl +cosby)
L[ g 1 W e e
o ik YVikj — : : ' — COS~ 05 — COs” Uk
o JA -] | Bie= = cos O



https://arxiv.org/abs/hep-ph/9605323

Soft Radiation

Factorisation in the soft limit:

n(L-nll )y = —8mas Y o1l )

i,k#j

50 c ,TLIT@'Tk Wik, 5

1,...,j,...,n>n_1

(Multiplicative matching of singularities:\
Wij = Wi + W;fw

1 — cos 0y,

Wi i = Wik
ikj 2 — cos B — cos Oy,

QCatani, Seymour] hep-ph/9605323

anlement radi?tor Qiﬁerentially\

1 1 s
[QPZM (i7)i(2) oD (i3)i(2)+0(y E?

color spectator! N.b.: only leading color

J

( Z)] } [Splitting functions depend on direction of
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Momentum Mapping

Color Spectator

(" Main Idea: )
maintain directions of hard particles exactly
Pi = ZPi _ pin
—n DN
Pk = Pk (pi + pj) )

¥

e ™| = o e S E TR R) SRR,

/ K pi
Hard system / r
Emitter Need to find /< and P such that: Shift:

K?=K? pj— Q- 2)p

G

J

[n—K+(1—z)ﬁJ




Momentum Mapping (" Main Idea: A
maintain directions of hard particles exactly
Di = ZPi L b
Color Spectator =D i +pin
/p Pk = Pk (pi + pj) )
4

Hard system

(=

Emitter piK

pj
K

= (1—2)p;+v (f(— (1 —z+2/<;)]5¢)+k
ZK—’U<R—<1—Z—|—2/€)]§¢> —]ﬁ_

]

through Lorentz Transformation:

p) — MUK, K)p}

Recoil distributed to remaining momenta




Recoil Momentum mapping works for initial and final state emitters/spectator
— e+ ¢-, pp, DIS, ... all treated on same footing

Pi ;,:" n B B ‘;_,f
K —kr

(IF)

n " -
Y - _ ;i
| ® 1\ / F

Di n B
K kr

(1)




Recoil

Recoil distributed to remaining momenta
through Lorentz Transformation:

P} — ALK, K)p;

(IJeﬁne

.

Xt=p;—(1-2)p;
=v(K"— (1 —z+2K)p!') + K/

J

\

At most O(k_) in
logarithmically
enhanced region




Recoil

through Lorentz Transformation:

Recoil distributed to remaining momenta
p; — NJ(K, K)p]

(IJeﬁne )
Xt=p;—(1-2)p;

=v(K"— (1 —z+2K)p!') + K/
\_ J

s - ~ N
A (K, K) = g'+ K"A, + X"B,

jylm—XV_M—va o (B X))
O LE-Xp T (B x)pp (K —XJ22,




Recoil

through Lorentz Transformation:

Recoil distributed to remaining momenta
p; — NJ(K, K)p]

Suppressed by
O(k./K)

l

K,X,
[Ag ~ gh o+~ T + O(k)

(IJeﬁne
Xt=p;—(1-2)p
=v(K"— (1 —z+2K)p!') + K/
\_

J

(K = X)"

(K = X/2)"

(K — X)?

(K - X/2)

(A (K, K) = " + K" A, + X"B,

(K - X))

(K —XJ22,




[Banfi, Salam, Zanderighi] hep-ph/0407286

In k,/Q

Recoil

For one emission kinematic variables in\
the Lund plane scale like:

keg — kiy = /gt7lp(1—€z)/a+€z/(a+b)

Inp
—n=n—
m—=mn =71 &aer
i
fl_m,max

Qhere a=1andb =0 for Alaric /

Ink,/Q
n
generalised
rescaling
H
h . )
71
0 ’ \
\ 7 \ o
3 7 NS
\ 4 \ ¢
\ /’ N
\ o \
‘2 3,

[W()rking in the rest frame of the color\
dipole, the other momenta scale like:

~0 1—
P~ ptd
1,2

pp ~p
-3 1—
P~ pd

(e 0 Y
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[Banfi, Salam, Zanderighi] hep-ph/0407286

" In k,/Q In k,/Q
Recoil n
general'ised
rescaling
—_—
% (P)
Scaling under an additional emission is determined by 2
the Lorentz transformation in the limit p — 0:
: K? K2 K2 K
(Scalingbecomes: . " A
Ap? -~ pl—szO_|_p2—€z—ma><(€z’,€j)[N(0+p1—€zX0 ~ p2_€l_max(£i7€j) pp~ p o
Apll,Z ~ pl—lel,Q ~ p2—£l ]5}’2 ~ IO
_ —&—max(&: £ . —
kAp? ~ ,01 le?’ ~ p2 §—max(&;,&5) D~ pl &l j
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Evolution

~

Evolution variable: i
t =2E(1 — cost}) = v(l — 2)25,K
Corresponds to Lund plane #2 — gps =0

Rewntepiartlalradlators: in the generalized rescaling limit
Ujl o mk,J _ VVikJ k
e EJQ Dip;
= 2 - Bounded from above by 2
T 4| < el
s 4
—

Mild dependence on
azimuthal angle

(Differential splitting probabilities: N
APLEW (1 2, 8) = dt dz S0 2200, W,
w50 2momt J Soft-subtracted splitting
d p_"k<;?°”> (t,z,¢) = dt dz %&Ca < qunctions
8% 2m 2t )




Numerical Tests
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- For Thrust, Heavy Jet mass and Fractional Energy Correlators with b =1,
Numencal TeStS both Dire and Alaric are NLL
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Numerica' TeStS E?frf ::w Two-Jet rate, total Broadening and FC with b = 1 Alaric and Dire
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Let’s look at Data

fl)etails:
- CMW scheme

- Massless b- and c-quarks

- Havour thresholds

- Hadronization through Lund
string fragmentation

\_

~

J

ﬁomments:

- Perturbative region to the
right, except for thrust

- Some deviations for
Broadening and Aplanarity

- MECs and massive quarks
will improve situation

~

J
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Differential 2-jet rate with Durham algorithm (91.2 GeV) Differential 3-jet rate with Durham algorithm (91.2 GeV)
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Let’s look at Data e e
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NLO Matching

4 R

If we compare NLO calculation and PS expanded to
first order in the strong coupling:
e NLO calculation: contains virtual corrections,
one hard, soft or collinear emission
e PS: contains one soft or collinear emission

\_ /




NLO Matching

4 R

If we compare NLO calculation and PS expanded to
first order in the strong coupling:
e NLO calculation: contains virtual corrections,
one hard, soft or collinear emission
e PS: contains one soft or collinear emission

— Double counting of soft and collinear radiation!

— Find procedure such that PS treats soft and
collinear emissions, FO calculation treats hard
emissions and there is a smooth crossover in
between them

\_ /




NLO Matching

/ \ [a<NLO> :/dcbn [B+ V] +/ch>,l+1R

If we compare NLO calculation and PS expanded to « =

first order in the strong coupling:
e NLO calculation: contains virtual corrections, / \
one hard, soft or collinear emission . Divergent in soft and
e  PS: contains one soft or collinear emission [EXplICIt poles ] [collinear limits

— Double counting of soft and collinear radiation!

— Find procedure such that PS treats soft and
collinear emissions, FO calculation treats hard
emissions and there is a smooth crossover in
between them

\_ /




NLO Matching

/ \ [(;(NL@ = / 4o, [B+V+ / d@HS] + / d®,,1 [R — S ]

If we compare NLO calculation and PS expanded to

first order in the strong coupling: /
e NLO calculation: contains virtual corrections,

one hard, soft or collinear emission (" N
e PS: contains one soft or collinear emission Depends on momentum Contains Fikonal and
mapping, poles need to be splitting functions
— Double counting of soft and collinear radiation! made explicit
. Y,

— Find procedure such that PS treats soft and
collinear emissions, FO calculation treats hard

emissions and there is a smooth crossover in
between them Two common schemes:

e [Catani, Seymour] hep-ph/9605323
K / e [Frixione, Kunszt, Signer] hep-ph/9512328



https://arxiv.org/abs/hep-ph/9605323
https://arxiv.org/abs/hep-ph/9512328

NLO Matching

/ \ [(;(NL@ = / Ao, [B+V+ / dchs] + / AP, [R— 9] ]

If we compare NLO calculation and PS expanded to

first order in the strong coupling: /
e NLO calculation: contains virtual corrections,

one hard, soft or collinear emission (" N
e PS: contains one soft or collinear emission Depends on momentum Contains Fikonal and
mapping, poles need to be splitting functions
— Double counting of soft and collinear radiation! made explicit
. Y,

— Find procedure such that PS treats soft and
collinear emissions, FO calculation treats hard

emissions and there is a smooth crossover in 4 _ )
between them In the MC@NLO scheme, the subtraction terms are chosen

to be the PS evolution kernels — Need to compute
K / integrated terms with our momentum mapping
QFrixione, Webber] hep-ph/0204244 )



https://arxiv.org/abs/hep-ph/0204244

N I_O MatChing [Alaric shares many similarities with h

Catani-Seymour identified particle subtraction
— MC@NLO matching straightforward
Follow [Hdche, Liebschner, Siegert] 1807.04348

J
4 )
Combined integrated subtraction term for identified parton production with a partonic fragmentation function:

/ do® +/ = Z Z/ o= 26/do pl,..,, .7pm)®i§fs)
m—+1

\_ zqqqzl Y,

Insertion operator:

=9 — 0(1 — 2)Ii + Py + Hy;
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m 2
p Qs TiTy zpp
P voon—00c : = — In —6;; P;
u(pl; ) 9 y Pm; 25 ,UF) o Aéﬂ;#z T% n 2pipk: w “(2)
m
Oug T; T _ .
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https://arxiv.org/abs/1807.04348

I )
N I_O MatChmg Alaric shares many similarities with
Catani-Seymour identified particle subtraction
— MC@NLO matching straightforward
Follow [Hdche, Liebschner, Siegert] 1807.04348
J
4 )
Combined integrated subtraction term for identified parton production with a partonic fragmentation function:
/ do® +/ ZZ/ 226/da pl,...,&,...,pm)@)igs)
\ m+1 z q,q,q 1=1 o : )
4 )

Non-trivial integral:

\_

O

1
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7
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https://arxiv.org/abs/1807.04348

Towards higher orders

¢

LO Subtraction:

o [terated soft+collinear limits
e (Genuine double soft+triple collinear limits
o

o

Overlapping singularities
Integrated counterterms complicated

By now, several schemes have been developed

Nested soft collinear subtraction scheme comes
with analytical expressions for integrated CTs and
subtraction terms solely based on Eikonal factors
and splitting functions

~

GLL in Parton Showers: \

e Must handle emissions for which multiple
logarithmic variables are of similar size

e Higher-order kernels [Hiche, Prestel] 1705.00742

e Comparison to analytic resummation

Momentum mapping will be crucial to match to
fixed order calculations. ldeally, repeat MC@NLO
one order higher...

Can we modify an existing subtraction scheme for
this purpose?

Qﬂla, Melnikov, Rontsch] 1702.01352 /

\_ /



https://arxiv.org/abs/1702.01352
https://arxiv.org/abs/1705.00742

Conclusion 220806051

(. )

e We presented a new NLL accurate
Parton Shower Algorithm: Alaric
e First dipole-like algorithm to
disentangle colour and kinematics
e Strict positivity of evolution kernels
e Momentum mapping preserves
\ directions of hard partons / o @

{Additional developments: \
o Initial state emitter and spectator |4
o Initial state emitter and final state spectator | 4
e Implementation in Sherpa [ 4

Add massive quarks, higher order corrections, spin

correlations, subleading colour,...

\_ Y



https://arxiv.org/abs/2208.06057

