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Precision observables at the LHC and beyond
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Increasingly precise data needs equally precise theory predictions to be
exploited to its fullest.

The same considerations apply to all future colliders, in particular
proposed precision ete™ machines (FCC-ee, CEPC, CLIC).
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Precision observables at the LHC and beyond

Theory predictions

® fixed-order calculations, e.g. pp — tt + X @ N3LO
— differential in parton defined in signature, inclusive in X,
partons as physical states
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Precision observables at the LHC and beyond

Theory predictions

® fixed-order calculations, e.g. pp — tt + X @ N3LO
— differential in parton defined in signature, inclusive in X,
partons as physical states
® resummed predictions, e.g. Drell-Yan gr spectrum @ N3LL'4+N?LO
— observable specific calculation, often idealised,
many degrees of freedom integrated out (e.g. QCD recoil)
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Precision observables at the LHC and beyond

Theory predictions

® fixed-order calculations, e.g. pp — tt + X @ N3LO
— differential in parton defined in signature, inclusive in X,
partons as physical states

® resummed predictions, e.g. Drell-Yan gr spectrum @ N3LL'4+N?LO
— observable specific calculation, often idealised,
many degrees of freedom integrated out (e.g. QCD recoil)

® Monte-Carlo event generators, e.g. PYTHIA, HERWIG, SHERPA
— fully differential, leptons and hadrons as physical states,
but can take into account non-perturbative effects,
often lowest formal accuracy due to intricate matching,
generally able to treat on same footing as data

Marek Schénherr Precision observables at the LHC and beyond 5/33




Introduction Analytic resummation Resummation in event generators Conclusions
0000 @0000000 0000000000 0000000
[e]e] [e]e]e]e]e}

I I
Precision resummation at leading power
I I

Analytic resummation

@ Analytic resummation
Precision resummation at leading power
Resummation at sub-leading power
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Precision resummation at leading power

Precision resummation at leading power

Analytical resummation
® identify sources of large logarithms spoiling standard perturbative
convergence order-by-order
® reorganise perturbative series resumming these logarithms, cross
section takes the following form
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Precision resummation at leading power

Precision resummation at leading power

Analytical resummation
® identify sources of large logarithms spoiling standard perturbative
convergence order-by-order
® reorganise perturbative series resumming these logarithms, cross
section takes the following form

Example: gt resummation in Drell-Yan

do a™log”
— ~ oy 5108 AT +de7,, all Iog"qT+Zem7,, alqrlog’gr+. ..

m,n

dgr qr

m,n m,n m,n

~~

LP NLP N2LP
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Precision resummation at leading power

Precision resummation at leading power

Analytical resummation
® identify sources of large logarithms spoiling standard perturbative
convergence order-by-order
® reorganise perturbative series resumming these logarithms, cross
section takes the following form

Example: gt resummation in Drell-Yan

do a™log”
— ~ c S—qu—FZ dm,n Iog"qT+Zem,,, algrlog"gr +. ..

m,n

dgr qr

m,n m,n m,n

LP NLP N2LP

- LP resummation: CSS formalism, SCET, momentum space
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Precision resummation at leading power
I
Drell-Yan @ N3LL'+N2LO
Ju, MS 21

LP resummation in SCET

® individual functions to describe
dynamics at respective scales

hard - H
beam - B
soft - S

(jet - J)

® evolved from their intrinsic scale p, s, (1j,) to the hard scale pp, of

the event using RGE
® ingredients for N3LL':

Logarithmic accuracy | Cus, C4, CV, Cy, S, B | Teusp | Vs
NLL O(as) O(a?) | O(ay)
N2LL O(a2) O(a?) | Oa2)
NSLL O(a?) O(a?) | 0(a?)
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Precision resummation at leading power
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Drell-Yan @ N3LL'+N2LO

Ju, MS 21
é f— w‘[h 243), ;1-3 y‘ T S‘[hh{‘ /id] sonly E
* R 3”"] nsonly --- Sk ;3“"] nsonly
axial vector E
B8 O N O O I Y I
non-singlet current current o5 1 15 2 25 3 35 "
n/ Mz
singlet singlet

e total singlet contribution about 10% of second order coefficients
® total singlet contribution same size as third order coefficients
= singlet contribution non-neglible at N3LL
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Precision resummation at leading power

Drell-Yan @ N3LL'+N2LO

Ju, MS 21

PP 2y s

2901

e fiducial regions for W* and Z
measurements differ
— must be accounted for when
calculating cross section ratios

L0 /ad) ép 10/ 00

® if ratios to be applied to data, it helps
to have these ratios as differentially as
possible £
— multi-differential distribution

L0 /ad) ép Hop/ 0

® due to presence of neutrino in W
process, only transverse observables
useful
— choose gt and A¢

I
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Precision resummation at leading power
I I

Drell-Yan @ N3LL'+N2LO

Ju, MS 21

jiis

a.u.

® split gr and d¢ into three regions:
below, on, above Sudakov peak

® e.g., gy spectra strongly depend on
I d¢ region

10

UL e e
PR BRI BRI

°
@ =

20
41 [GeV]
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Precision resummation at leading power

Drell-Yan @ N3LL'+N2LO

Ju, MS 21

® split gr and d¢ into three regions:

below, on, above Sudakov peak

d¢ region

® e.g., gy spectra strongly depend on

< LR AN RN AR AR T ® LIARAN AR AR RARS T ® AR RRARE ARAN
3 »E L N 3 oz i Wi g, PP Zi7 o e (3 TV LG
< 1782° < 8p < 180° < 17557 < Ap <1782 g 0 <ap <1755
2 sE - = R 3
3 NLUNLO 3 NLL+NLO 3 NLLANLO
: b NN ] 3 L E PRI R, NLLO ]
S - NLUSNLO 3 - NLLNLO 3 - NLUNLO
S 5 R 3 2
i i i
sE E 5 E
N T N el T
o gF T TR T g s T [ARARE AARAS AR RaRS -
% f E PN : Z
E 3o E]
2 E 2 sk 2 o
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Precision resummation at leading power
I I

Drell-Yan @ N3LL'+N2LO

Ju, MS 21

N T T T N T T T T
=, o WE/Z, WH/W
s = NPLUANLO !

ratios depend on
phase space region

e ' .
5 i —— ] 4 strong influence of
e mE oo e e differing fiducial
R Pustiallycomaed 5§ 1] Partialy cornlated —
L 3 feb : volumes
ERg £ 1 e e
:;‘; - T T E :s‘é 3 Pt p E ® multi-differential
g e Rayeorniaed § £ 11 Fly-comelated ..
T e o =S predictions help to
3 1 e :
had SSH account for effects

3 40
griGev]
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Precision resummation at leading power
:
3 J 2
Drell-Yan @ N°LL'+N<LO
Ju, MS '21
S *Eowemosan 9§ *Favem-ncw E
N 25 FUncorrelated Scale Variation: 4 ® 25 FUncorrelated Scale Variation -
N =E W 1 e Wt /Z, W/ W-
NLLNLO 15 [ NLUNLO E . '
a na 3 ratios depend on
£ ] | .
Feerpern | SRR phase space region
‘ ER - ® strong influence of
CosE Incorrela ' i 'Z!gq; = Uncorrelat i . . - .
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g uf 4 s up E
‘ ER R : volumes
i — ‘ R . E
b d R bbb ed ® multi-differential
ZuE ERE E s e
E ; E predictions help to
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S e
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Precision resummation at leading power

Drell-Yan @ N3LL'+N2LO

Ju, MS 21
o 175.5° < Ag 178.2°§ o
€ 3 NSLL.< - E ° RW/Z exhibit a strong shape
N — et in the vicinity of the Sudakov
E _— Mz =MW ] .
: A peak, induced by
F == both 3
w0~ E - different propagator poles,
B = Bw # pz
N N - different fiducial phase
’ ’ iG] space, Gw # Gz
N = E L I A D B . .
& a5 20V <sGy E o effect induced by different
£ N°LL 1
et E PDF structure for W and Z
- GG E is comparatively small
E—both E
sE =
E | [N P I B
150 155 160 165 170 175 180
A9l
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Precision resummation at leading power

Drell-Yan @ N3LL'+N2LO

Ju, MS 21
£ 175.5° < A 178.2°§ A
€ =t e ® Rw,z exhibit a strong shape
N — et in the vicinity of the Sudakov
E —_—z =W 1 .
: A peak, induced by
F == both 3
w0 E - different propagator poles,
sE = bw # piz
GE ] - different fiducial phase
’ miGeV space, Gw # Gz
N = E L I A D B . .
‘2‘3 L. [2GeV< g <6Gey E ® cffect induced by different
£ N°LL 1
S E PDF structure for W and Z
Wb e 3 is comparatively small
[ == both B
na E ® NB: Ry+/w- # const.
s = in particular G+ # G-,
E | [ T I I €+inW+:D£inW*
150 155 160 165 170 175 180
A9l
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Resummation at sub-leading power
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Resummation at subleading power

Mlog"q
qu ; m,n qf T+dena IOg qT+Zemna qT|0g gr +..

m,n m,n

LP NLP N2LP
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Resummation at sub-leading power

Resummation at subleading power

do a™log"gr
dar ™ Cmyn sq—T + Z dm,nad log"qr + Z em,n g’ qr log"gr + . ...
m,n m,n

m,n

LP NLP N2LP

Resummation at subleading powers
do m n
dgr exact ~ dar LP ~ Zm’" dmy,,Ols |og ar
contains integrable divergence for g — 0, problematic numerically
— relevant in particular when LP resummation used to
subtract N“LO infrared divergences (gt subtraction)

® also relevant at larger g where NLP no longer suppressed

o do

I
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Resummation at sub-leading power

Sub-leading power corrections of gr in ggh

gg channel

g4q/gq channel

47 Hg (13 TV LHO), Y| =0

5 H (13 TV LHO), [y =0
T

/a4 pb/GeV?]

T T T T o4 T T T
€
—ro. 1z
< of
— LPind.be 2
— NLPind. be. 5
—wrmdbe 3 5 O

= T
3
3 2
fl i
= 2
o Sup
] 3
Rl wi b
©
| |
Ty
g Hg (13 TV LHO), (1] —0
T
o g !
= E
a RS
~ 3 b
| |
ERET
¢ Hg (13 T LHO), |
g T
3
o i
o b
c S
v 2
b B
2 -
b=
o *

e T

/4,145 [pb/GeV?]

—— NPLPincl be.
== NLPexdl b

—— NPLPincl be
< NPexd be === NLPexd be ]

e crucial for gr — 0 (eg. in

e (Gev]

NXLO gr-subtraction)

Ferrera, Ju, MS '23
qq channel

® improves control over medium gr region and matching to fixed-order
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Precision resummation in parton showers
I I

ced
O

Overview

© Resummation in event generators
Precision resummation in parton showers
EW precision resummation
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Precision resummation in parton showers
I I

Monte-Carlo Event Generators

Matrix elements

Parton showers

Multiple interactions

Hadronisation

Hadron decays

QED radiation
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Precision resummation in parton showers
I I

Monte-Carlo Event Generators

® Parton showers

® QED radiation

I I
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Precision resummation in parton showers

Parton shower development

Parton shower development has been an active field again for the past
ten years or so.
® DIRE Héche, Prestel et.al '15 ff
(full analytic control over parton shower resummation)
- work towards fully differential higher-order splitting kernels

® analytic appraisal of parton shower resummation properties
Salam et.al. '18 ff

full colour evolution (amplitude level exponentiation)
Forshaw, Platzer et.al. '18 ff

® V/INCIA Skands et.al. '19 ff

EW showers Christiansen, Sjostrand '14; Krauss, Petrov, MS, Spannowsky '14; ...

I
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Precision resummation in parton showers

NLL accuracy in parton showers

Splitting functions need to reduce to the correct soft-collinear limits.
Collinear limits usually not a problem, the (sub-LC) soft limit sometimes
is (at LC Ca = 2Cf). Here, Lund diagrams are useful

Correct radiation pattern Inp, Dipole radiation pattern Inpy

Dipole showers may assign wrong colour factor for secondary soft
emissions. Dasgupta, Dreyer, Hamilton, Monni, Salam '18
Though solutions exist. Lénnblad, Gustafson '91
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Precision resummation in parton showers

NLL accuracy in parton showers

Splitting functions need to reduce to the correct soft-collinear limits.
Collinear limits usually not a problem, the (sub-LC) soft limit sometimes
is (at LC Ca = 2Cf). Here, Lund diagrams are useful

Correct radiation pattern Inp,

Dipole showers may assign wrong colour factor for secondary soft
emissions. Dasgupta, Dreyer, Hamilton, Monni, Salam '18
Though solutions exist. Lénnblad, Gustafson '91
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Precision resummation in parton showers

NLL accuracy in parton showers

Dasgupta, Dreyer, Hamilton, Monni, Salam, Soyez '20

T - - Dipole PanLocal PanLocal PanLocal ~ PanGlobal PanGlobal
Cambridge 53, ratio to NLL (Py8/Dire v1) (B=0,dip.) (B=3.dip.) (B=3}.ant) (B=0) B=1
1.00 Vyas +
= Brinot  ® Thot ¥ T NLL NLL N4
s 0.95 By [NLL i PN g LOK oK oK oK
v FC. ]
g 090 »/ Dipole(Dire v1) ® 1 fpzot L 4 L
E] # PanLocal(=0,dip.) — FE; 3
g /4 pantocal(=l.dip) O max(uf “H) [p=12 § 1 4
w085 PanLocal(B=1,ant) O | Thrust
PanGlobal(8=0) — max(uf ™! [ =1
0.80 PanGlobal(B=3) A slice fyere
NSUbiet (k-alg)
—06 —04 —0.2 0.0 -0.05 0.00 -0.05 0.00 -0.05 0.00 -0.05 0.00 -0.05 0.00 -0.05 0.00

A =3asloglyzs)

Relative deviation from NLL for as—0

® the standard PYTHIA and DIRE showers are not NLL accurate for

investigated eTe™ event shapes (SHERPA's CSSHOWER similar)

® PANGLOBAL and PANLOCAL family of parton showers designed for
NLL accuracy
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Precision resummation in parton showers
I I

ALARIC — A Logarithmically Accurate Resummation

A NLL-accurate parton shower must describe both the collinear and soft
limits accurately, ie. soft and coll. limits must be appropriately matched.

Choice: global recoil scheme (emission-by-emission)
Inspired by multipole radiation in soft-photon resummation. MSs, Krauss '08

S N VI
T T AT

With splitter f;, recoil momentum K, and colour spectator .
The recoil momentum K is a hard momentum, typically a (subset of) the
hard radiator.

I I
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Precision resummation in parton showers
I

ALARIC — NLL accuracy

g
:
H

I i limit: as — 0, A = a5 log O = const.
i « -oos 3 e Durham jet rate y»3 B8=0

B
T
i
g

4
E
T
Lowh e
B
o | 3
3 & =001
7 WE
PN =
8 t t Il Il Il
o | 3
3 &, = 0.005
EN - - 1
£ b —
B L
oo 2, = 00025
Z .0 4
by ————
2
oS | | | | | A
ey w0y
7 wof —_—
el I I I .3
B
A v
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Precision resummation in parton showers

ALARIC — NLL accuracy

S(a,InBy)

T T
B(R) = 2R2" (1126 (122 4 R 1)

SHERPA MC

4
g

Z WE

!0957

P

3

Z WE

£

B
o £
4 o= 0005
Z oFE

£

98 Il Il Il Il
L f BAE
g o= 00025
£

098 | | | |
=, T T T =
g 0 ()
Z of
= ogs | -
* I I I |
B

Vs,

limit: as — 0, A\ = aslog O = const.
® Durham jet rate y»3
® Total jet broadening Bt

B
B
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ALARIC — NLL accuracy

Sterra MC

S(a,InFC; )

limit: as — 0, A\ = aslog O = const.

I
NIEF © O

® Durham jet rate y»3 B
® Total jet broadening Bt B8
® Durham jet rate FC ), B

S &0

o1 o
A=a,InFC;
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Precision resummation in parton showers
I
= .0 T T Y
TOUE e z
Tk e i
- &
s E
Y 3
w0l E .
b 3 limit: as — 0, A\ = aslog O = const.

I
[ N N = I =)

® Durham jet rate y»3

i;j g e Total jet broadening Bt

)| R, ® Durham jet rate FC1/2
g TV TN ® Thrust 1 — T

o T ™
|

5 =005
N ——
2k E

I
2 «, = 00025
Z WE e
Enw7 4

N sanas T T T IRRARE
E w0y
Z of

el | | | |

06 05 04 03 2

o1 o
A=wIn(1-T)
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Precision resummation in parton showers

ALARIC — NLL accuracy

E limit: as — 0, A = aslog O = const.

TE ® Durham jet rate y»3 B8=0

i,:: ® Total jet broadening Br =0

3 ® Durham jet rate FC o =1

I o Thrust 1— T B=1

5;;: ® Hemisphere mass My B=1
whk
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Precision resummation in parton showers

ALARIC — LEP phenomenology

Differentl et e with Duham sgorthm (912 Ge¥) Diferentl 3t e with Duham sgorhm (912 Ge¥)
2 F T T T 7% Eg 10 T T T %
® ALARICH+PYTHIA §" HE El
string had. [ TT— i | - i
— ' i R €7 o009 3 [P) S e
® hadronisation . e b
models are not it 1 1 1 i | 1
infi d f d g iidmm T g mﬂlun IRRTTOROTIE
InTfrarea sare an g o "W\Tm’r‘ t RS g W‘W ‘TTTH‘H‘FHW
EE L L 5% L L

depend on el
distributlon of Soft n.nmmuwr‘,.ew.mmm..\‘,vwmm‘g‘;c,‘ev; nlﬂrwnllalywlrimwl(hDulhimi\gl‘)nlhmigizcew :
gluons

do/dys
do/dysg

® tunes are shower .

—+— JADE/OPAL data
EurPhys). C17 (2000) 19

—+ JADE/OPAL data
EurPhys . C17 (2000) 19

s ot~ Alaric il Alaric 4
specific TE mE T A
| | | | | |
® no matching or ] ' E 4 ‘ e
.. g K g Hmm“ It anEadull i I QM U
multijet merging ¢ AN o
R L
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Precision resummation in parton showers

ALARIC — LEP phenomenology

Thrust (Ecus = 91.2 GeV)

T o ]
D)
3
s
A
- 1
10"
—+4— ALEPH data
107% Eur.Phys.J. C35 (2004) 457
—+— Alaric
10-3 —+— Dire
14
3
%1.1 J
g
g gl
85 i E
53 1 [ B N SRR FE N N N

06 o065 ©O7 075 o8 o085 09 095

Total jet broadening (Ecyis = 91.2 GeV)

1/0 do/dBr

SuErPA MC

—+— ALEPH data
Eur.Phys.]. C35 (2004) 457
—+— Alaric

4 IPUTUUN

aRuun

I I I VI IR A e
005 01 015 02 025 03 035 04
Br

® no matching to fixed-order 3j, 4/, etc.
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Precision resummation in parton showers
I

ALARIC — LEP phenomenology

b quark fragmentation function f(x}j)

g ss T T
> S ata . .

5 e +hy ® ALARIC is constructed with
< —t— Alaric

= —— Dire massless quarks so far

—+— Alaric w/o threshold
® quark masses are

phenomenologically relevant

i

® quick fix: flavour thresholds
for g — ¢ and g — bb,

| properly implemented in

Assi, Hoche '23

1
T

P IS SRS AP AT NI AT IR N =
1

0.6 0.7 0.8
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EW precision resummation

Yennie-Frautschi-Suura soft-photon resummation

Yennie, Frautschi, Suura '61

® method of choice for highest precision QED, e.g.

- KKMC (YFS+NNLO) for ete™ = ptp~ Jadach et.al '00
® has been implemented for generic QED FSR in SHERPA with up to
YFS+NNLO QED+NLO EW for Z — ¢/ MS, Krauss '08

Krauss, Lindert, Linten, MS '18

e extended to include collinear v — ff splittings
Flower, MS '22

e QED ISR for eTe™ colliders in SHERPA
Krauss, Price, MS '22

I I
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EW precision resummation

Krauss, Lindert, Linten, MS '18

pp — Z — 00 at 13 TeV: my;

‘%‘ S L N B T

g ]

S e ® soft photon resummation
§ ] matched to NNLO QED +
":gw_, ] NLO EW

—+— Soft-collinear
—+ NLO QED
—+ NNLO QED 6? NLO EYV

® double-hard-photon emission
corrections negligible

N " NLd Qep 3 . .
Bro0s — %CEOQE%NLO v ® permille accuracy in the

§ et # uf description of the Z — ¢/
s . .

50995 kinematics

PPV SRR SRS VAR R AT SRR RN AR
75 80 85 90 95 100 105
my [GeV]
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EW precision resummation

Krauss, Lindert, Linten, MS '18

pp — Z — 00 at 13 TeV: my;

‘%‘ S L N B T

g ]

S e ® soft photon resummation
§ ] matched to NNLO QED +
":gw_, ] NLO EW

—+— Soft-collinear
—+ NLO QED
—+ NNLO QED 6? NLO EYV

® double-hard-photon emission
corrections negligible

N " NLd Qep 3 . .
Bro0s — %CEOQE%NLO v ® permille accuracy in the

§ et # uf description of the Z — ¢/
el . .

So.995 kinematics ?

PPV SRR SRS VAR R AT SRR RN AR
75 80 85 90 95 100 105
my [GeV]
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EW precision resummation
I

Resolving the photon cloud

Flower, MS '22

What happens to the photons after
they were radiated?

How does this impact the physical
dressed lepton?

|
o 1 2 3
Mpair

Photons split into other flavours (leptons, hadrons) and thereby remove
themselves from a naively defined dressed lepton.

This exposes the measurement to logarithms of the lightest splitting
product’s mass, me.

A more inclusive dressed lepton definition will result in a stabler result.
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Resolving the photon cloud

Flower, MS '22
On-shell Z — /¢ decays

® hard wide-angle photons have
higher probability to split

® O(a?) effect, but impact
much larger than NNLO
~-radiation corrections as
leading logarithms not

i

normalised frequency
3

—— 107 = ff, furess = {7}
7 o M fress = {7}

= 1 = M, fdress = {10}

= 7 = £, faress = {707 K 1,7}

L2 i already in resummation
i |
B ]
% E
= 0% =3
1076 107 10 1073 102 10!
AO
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Resolving the photon cloud

Flower, MS '22
On-shell Z — /¢ decays

® hard wide-angle photons have
higher probability to split

® O(a?) effect, but impact
much larger than NNLO
~-radiation corrections as
leading logarithms not
already in resummation

Bare leptons
—— noy — ff
—— o f

1/T dr/d logmy,

dr/drnov—»{f

Ev v v v b b ey
1 12 14 16

1.8 2
log (i1 /GeV)
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EW precision resummation
I

Resolving the photon cloud

Flower, MS '22

R I e e On-shell Z — ¢¢ decays
& ) £ Dressed Leptons 1 )
S S bl i E ® hard wide-angle photons have
S b 1Tt - higher probability to split
- E 0= e ={renKpt} ] > .

N E ® O(a?) effect, but impact

wel 5 much larger than NNLO

Nl & ~-radiation corrections as

10 L O O Y I L= . .
$EieE 3 leading logarithms not
Flab 3 already in resummation
o ® impact for small dressing

E cones moderate
I e e b e s \j

1 12 14 16 1.8
log (1m1¢/GeV|

=,
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Flower, MS '22

e N LA s e — =
£ E 3
% [ DressedLeptons ]
T 0 oy o f e = {71} E
= E — 7= e = {7} 3
L o e = e} ]
g E 7= fae = {100 K} 3
- o= ffge={renKp} ]
10 L A =002 u
0 E
107 E
== 1.08 - El
T 106 E
= o E
gs e

ey dr/dI
se oo m
S5 R8
zi

1 12 14 16

log (1m1¢/GeV|

1.8

=,

On-shell Z — /¢ decays

® hard wide-angle photons have

higher probability to split
O(a?) effect, but impact
much larger than NNLO
~-radiation corrections as
leading logarithms not
already in resummation

impact for small dressing
cones moderate
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Resolving the photon cloud

Flower, MS '22

1/ dr/dlogmy

noy - ff
faress=
2

dr/dr,
o

Dressed Leptons
—— 107 = ], fyress = {1}

= = e = {1}

o M fgpess = {10}
= £, s = {7,067, K}
= 7 =, fress = {10, T K 1, T
B8O 4yeqy = 0.1

12 14 16 1.8

log (1m1¢/GeV|

=,

On-shell Z — /¢ decays
® hard wide-angle photons have

higher probability to split
O(a?) effect, but impact
much larger than NNLO
~-radiation corrections as
leading logarithms not
already in resummation

impact for small dressing
cones moderate

larger dressing cones mandate

expanded dress. prescription
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Resolving the photon cloud

Flower, MS '22

1/ dr/dlogmy

Dressed Leptons
—— 107 = ], fyress = {1}

= = e = {1}

o M fgpess = {10}
= £, s = {7,067, K}
= 7 =, fress = {10, T K 1, T
B gpeqy = 02

noy - ff
faress
2

dr/dr,
-

5 8

T

12 14 16 1.8

log (1m1¢/GeV|

=,

On-shell Z — /¢ decays
® hard wide-angle photons have

higher probability to split
O(a?) effect, but impact
much larger than NNLO
~-radiation corrections as
leading logarithms not
already in resummation

impact for small dressing
cones moderate

larger dressing cones mandate

expanded dress. prescription
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Flower, MS 22

pp—ete, 3TV

i 105 g | L T T T T T T T T 13
< E El
s E Bare Leptons ]
Ed F——noy—ff B
3 104 o ff E
el E ]
107 =
10% £ -
P IR AU ISR IR s
L B o o e L B |
T oo E
L
A
1 1
3
T 09
°

Bl b b e b 10 3
2

17 1.8

21
log (m+, /GeV)

Off-shell pp — eTe~ decays

® hard wide-angle photons have
higher probability to split

® O(a?) effect, but impact
much larger than NNLO
~-radiation corrections as
leading logarithms not
already in resummation

® can be compensated by more

inclusive dressing procedure
(ideally: flavoured EW jet)
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Resolving the photon cloud

much larger than NNLO
~-radiation corrections as
leading logarithms not

Flower, MS '22
pp—ete, 13TV
N 105 ;\ T ‘ T T T T ‘ T T T ‘ T T T T T T T T T \;
S b Dressed Leptons, ARy =01 ] Off-shell pp — eTe™ decays
S r = noy = ff, faress = {7} 1
B 10t 7 o fgress = - .
R Pt i UM 3 ® hard wide-angle photons have
ol ] higher probability to split
E ] ® O(a?) effect, but impact

noy - ff
faress=1{7}

Y 1 H
5 owE g already in resummation

By ey o b e 3
[ A S R -
Eiab E ® can be compensated by more
LE o bl ST inclusive dressing procedure
el E 3
& 99;\ L v b v v b by 0 |l \E (Idea”y ﬂaVOUred EW Jet)

17 1.8 2 2.1

10g (11, /GeV)
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Conclusions

Analytic resummation
® highest logarithmic accuracy is process and observable dependent
- structure for gr differs from O-jettiness differs from ...
- singlet contribs in DY are non-negligible

® is inclusive for certain final state components,
e.g. QCD recoil in NXLL QCD resummation

® non-logarithmic or sub-leading power effects (e.g. phase space
boundaries, momentum conservation, ...) can be sizeable
Héche, Reichelt, Siegert '17
and are often needed

I
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Conclusions

Resummation on Monte-Carlo event generators
® parton showers are a numerical observable-independent and fully
exclusive resummation tool for precision QCD predictions
® formal NLL accuracy crucial in parton shower development
- meaningful uncertainty assignment
- subleading colour evolution
- NLO splitting kernels
- N2LO matching
but not necessarily phenomenologically relevant, other effects often
dominant

® phenomenological impact of higher-accuracy resummation cancelled
by poorly understood hadronisation process

http://sherpa.hepforge.org

I I
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Thank you!
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Backup
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Top-pair production at aN?LL'+N?LO

Ju, MS '22

pp — t+ X (13 TeV LHC)

NLL+NLO
© N?LL+N’LO
B aN2LL+N2LO

pp — tt production

® projected transverse
momentum gt oy and Ag
resummed at aN?LL'+N2LO

® removes azimuthally
asymmetric contributions

otherwise present for general
dQO'/dC_fT

do/dgreulpb/GeV]

do/depuzivio

o.
o.

=R R R A WU N RN R S e
15 20 25 30 35 40 45 50
qr0u[GeV]
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Top-pair production at aN?LL'+N?LO

Ju, MS '22
pp — tF+ X (13 TeV LHC)

=25 10> T T T T
_ §: F I I I I I I I I ]
pp — tF production - e,
. S F S aNPLLANZLO - A
® projected transverse S b E
momentum gt oy and Ag F 1
10100 = —
resummed at aN2LL'+N2LO : ]
500 — —

® removes azimuthally
asymmetric contributions 2
otherwise present for general g
dQO'/dC_fT g

SIS BT S AN N ST PR S S
0 005 01 015 02 025 03 035 04 045 0.5
Adir
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Top-pair production at aN?LL'+N?LO

Ju, MS 22
® azimuthally asymmetric coefficients in general present, but neglected

d2—ao<ZamL"[s (g1) + am(gT)]
dc"fT s m(qT m\dT

m,n

® a,(gr) needed to reproduce full IR limit

pp = 1+ X (13 TV LHCO)  gpy € (01,02 GeV pp = 14+ X (13 TV LHCO)  qpy € [1,2] GeV
235 T T T T e B AL s rym s S
[ = NLO == NLOAZ™ b = NLO == NLOAZ™
[ —— NLO. - NLOMMAE 16 [~ —— NLO, - NLOMMAE
F === NLOs;a = NLOs+a

»
@

H
do/dgy dAdx[pb/GeV /°]
4
! ‘| ‘P‘ o

do/dgrdAd;x[pb/GeV/°]

Ty
R

P R RS B sl L
B 50 100 50 B 50 100 50

Ad[°] Adi[°]

»
i
&

T

PRI

fi
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Precision calculations for future e e~ colliders

Krauss, Price, MS '22
Soft-photon resummation

efe” - HX
T T Yennie, Frautschi, Suura '61

7 ()

® supplement collinear
logarithms to
O(a3L3)

® account for coherent
radiation off initial
state electrons

102

100

® detailed prediction of
2 400 600 800 1000 1200 1400 1600 1800 2000 phOton momenta and
ValGevl transverse recoil
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