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This talk will mainly focus on precision calculations for future eTe™
colliders.
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Highest precision measurements need highest precision theory
predictions to make full use of the data.
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Z pole
EW precision observables:
use on- and off-peak data to measure Z lineshape, Arg(s), Ry, ...,
and determine mz, [z, sin? 85, a(my), as(mz), ...
To exploit full data precision theory predictions must keep pace,
otherwise parameter extractions are severely theory limited.

- NNLO EW needed throughout
(N3LO in some places)
including ISR, FSR resummation and
initial-final interference (IFI)

- need highest precision Monte-Carlo event
generators to account for finite fiducial re-
gion, bremsstrahlung effects, hadronisation
corrections, etc.
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WW threshold

W mass and width determination

e needs precision calculation

12 —
B O e ok ooy (NNLO QCD, QCD-EW, EW)
gmi oo A et and QED threshold resumma-
5 7

tion

e including implementation in
Monte-Carlo event generators
to account for finite fiducial
region, colour reconnection,
hadronisation, etc.

e highest precision calculations
T R still from LEP (YFSWW and
& GeV) RACOONWW)

e Amy =~ 0.7 MeV,
Aly =~ 1.5 MeV
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Radiative return

3000 . )
Ve = 169 208 Ga¥ L3 Mainly relevant to determine the
M™ = 91.266 = 0.080 GeV o L .
> T preliminary invisible Z decay width through
> ; . _
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@ L2y~ qat)
5 [ Background i .
= I mnv. mnv. 1
i Ri(s) # Ru (3v,SM) can hint
g 1000 at DM candidates.
E
é .
QED/EW corrections strongly de-
0 ; ; ; pendent on precise experimental
70 80 o0 100 110

5 [Gev] selection.

Needs highest precision fully exclusive Monte-Carlo event generator
containing multi-loop higher-order QED and EW effects.
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Monte-Carlo event generators with highest precision for both
production mechanisms and Higgs decays necessary.
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tt threshold — mass and width
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tt threshold — electroweak couplings

Determination of top quark electroweak couplings,
Bttys Bt t.Zs BtrtrZs etc.
e typically using kinematical information above threshold
(spin-correlations of final state leptons)

e needs precision Monte-Carlo event
generators (NNLO QCD, QCD-EW)
to account for finite fiducial region,
top decay kinematics, colour
reconnection, hadronisation, etc.

— 08unz: 08tz ~ 2%

Uncertainty

£ £z £z
2 £ P

Barducci et.al. '15
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EW precision fit
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e vast improvements in uncertainties on EW precision data and theory
may point towards inconsistencies in the Standard Model
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New Physics — EFT interpretation
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e extraction from precision data through quantum corrections

Cj
Lsvert = Lsm + Z 2 (@F
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New Physics — ALPs

107!
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axion-like particles’ (ALPs) masses and widths can be constrained

mainly through ee — ~va
large parts of the parameter space (medium mass, small coupling)
can be excluded thanks to high statistics of FCC-ee/CEPC

e complementary exclusion of high-mass ALPs for CLIC3q09
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Precision event generation

Generally, lepton colliders allow for fewer processes/signatures to be
studied compared to hadron colliders, but with much higher precision.

FCC-ee/CEPC statistics much larger than any other e™e™ machine in
history, allows for study of very interesting but rare processes

- v physics

-~ structure function (pert. and non-pert.)

- BFKL effects
Need precise electron structure functions which are also differential in the
photon (and other partons at O(a?)).

Needs precise calculation of Bhabha scattering for luminosity
determination at a similar accuracy we have today for (g—2),,.
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The role of the electron structure function

Although the electron is a point-like object, it has a substructure (QED).

Electron PDF

access to complete partonic
content of SM through
QED-+EW-+QCD evolution
O(a) v, WE, Z, (h)
O(a?) et u*, 7t v

u d, s, c, b, t
O(c?as) g

10!
100

101

102
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104

10

Bertone et.al. '19

NLL, Ho = Me, | = 100 GeV

L .
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z

L L
0 01 0.2

High luminosities allow to study rare process.
Photon luminosity of particular interest.
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The role of the electron structure function

Although the electron is a point-like object, it has a substructure (QED).

YFS soft-photon resummation
Yennie, Frautschi, Suura '61

e resums soft-photon logs
e photon radiation explicit

e most appropriate when /s near
resonance
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The role of the electron structure function

Although the electron is a point-like object, it has a substructure (QED).

YFS soft-photon resummation
Yennie, Frautschi, Suura '61

e resums soft-photon logs
e photon radiation explicit

e most appropriate when /s near
resonance

Collinear structure function
Kuraev, Fadin '85

e resums collinear logs
e photon radiation integrated out

e most appropriate when /s well
above resonance
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The role of the electron structure function

Although the electron is a point-like object, it has a substructure (QED).

YFS soft-photon resummation

Yennie, Frautschi, Suura '61

e resums soft-photon logs

o (s) [fb]

e photon radiation explicit

e most appropriate when /s near

resonance

Collinear structure function
Kuraev, Fadin '85

e resums collinear logs

e photon radiation integrated out

e most appropriate when /s well

above resonance

= in practice yield similar results

¢te” — ptpu~ + Ny Krauss, Price, MS '22
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Soft-photon resummation

Krauss, Price, MS 22
Implementation in SHERPA

e YFS resummation in EEX

ete” - HX
scheme b

o ()

e can be systematically com-
pleted with collinear corrs

107

e while most appropriate if /s
close to resonance, provides
precise results over a very
large range "

J=

o fully differential in photon ,
. . 200 100 600 800 1000 1200 1400 1600 1800 25 00
kinematics ValGev)

e full NLO EW to appear
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Collinear resummation

Flower, MS to appear

ete” = ptp 500 GeV

QED parton shower and % P
Mc@NLO EW matching in £, o 3
SHERPA £ - - B
_ 5 ]
e ePDF/SF resums collinear w©
e — e logarithms o 3
e QED parton shower integrates ) AT T
the spectrum differentially in & 4
the e and 7 kinematics £ 0g ~_ 13
e matched to NLO EW corrs N ‘3‘\)0‘ L ‘4(\)0‘ L ‘5(\]0‘
iy [GeV?]
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Collinear resummation

Flower, MS to appear

ete” — ZH 240 GeV
ET T T T
E —+ 10
-~ LO+PS
—— MC@NLO EW

QED parton shower and
McOGNLO EW matching in
SHERPA

e ePDF/SF resums collinear
e — e logarithms

do/dmzy [pb/GeV]

e QED parton shower integrates

the spectrum differentially in é
the e and  kinematics H

S oo E 3

e matched to NLO EW corrs B T TRl

mzy [GeV]
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Precise electroweak corrections for the LHC

Electroweak corrections are also essential for precision physics at the LHC.
EW Sudakov logarithms at large momentum transfers.

Originate in the exchange of v, W, Z, h bosons between legs i and j
with large sj;.

Large negative logarithms, KLN theorem is broken by the EW gauge
boson masses and the distinguishability of the EW fermion doublets.

Captured in well-understood approximations

— EWsyq approximation Denner, Pozzorini '01
Bothmann, Napoletano '20
— EW,;;x approximation Kallweit, Lindert, Pozzorini, MS '15

I
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Precise electroweak corrections for the LHC

Inclusive NLO EW corrections are typically much smaller, but essential
for precision observables.
Examples: my,, A;, sin4,,

Particle level calculations essential to account for full experimental
environment

Matching of fixed-order calculations to parton showers needed
simultaneously for NLO QCD and EW corrections.

= Mc@GNLo QCD+EW

I
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Precise electroweak corrections for the LHC

Resonance aware parton showers
and matching

e needed to preserve the shape

e QED subtraction has to be

of internal resonances beyond
NLO

essential for QED parton
showers in the presence of W,
Z ht

modified accordingly

dor/d(m/GeV) [pb]

Flower, Roper, MS to appear

Dineutrino invariant mass [GeV]
UL B A R R

+
g.
a

2.0
it

o b b b b b e a0y
0 25 50 75 100 125 150 175 200
m/GeV

Mc@NLO QCD+EW for offshell W and Z production with SHERPA
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Precise electroweak corrections for the LHC

Flower, Roper, MS to appear

<}

ilepton invariant mass [GeV]
+  ged-alldipoles
+  qged-bvirs

4+ ged-allkt2maxl
+ qed-FFkt2max1
+  ged-TFk2maxl

Resonance aware parton showers
and matching

e needed to preserve the shape
of internal resonances beyond

dor/d(m/GeV) [pb]

AL U e e |
ol il )

NLO
e essential for QED parton
showers in the presence of W, ,01,;;"‘\HH\HH\HH\HH\HW
Zr hy t 'Fou “":." /
e QED subtraction has to be - ‘ ‘ ‘ ‘
modified accordingly o e

Mc@NLO QCD+EW for offshell W and Z production with SHERPA
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Precise electroweak corrections for the LHC

Ju, MS '21,'22,'23,24

e Analytic resummation of gt and

§ P2/ i 3TV LG A¢ in off-shell W and Z prod.
£ o =
g wf NUoato ] e currently N3LL+N2LO QCD
] EN o N2LL+N?LO ]

40 E—g FNPLLANPLO accuracy

30 H -

E e NLL QED corrections compa-

mf L‘_‘_ﬁ—‘ é 2 1

N e o rable to N“LL QCD, but still
e °F \“a\\\\\\ unkown
; e EW corrections relevant for
3 osf ‘ E precision observables
’ ’ T e my, sin“ 0, A;

— towards N*LL-+N3LO QCD + NLL+NLO EW for offshell W and Z

production

I
Marek Schénherr Electroweak precisionat future e e~ colliders 22/27




Overview Electroweak physics Precision event generation Conclusions
[e]e]e) 000000000 000000000800 000
:

QCD aspects at e"e™ colliders

Inclusive QCD production, ee — jets
e integrated over individual hadron properties

e event shapes are an excellent testbed for precision QCD calculations
(higher orders, analytic resummation, parton showers) — extract as

Need a fully differential higher-order parton shower resummation,
beyond simple K-factor modifications of LO showers.

First step: NLL accurate parton showers.
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NLL accurate parton shower — ALARIC

‘Sterea MC

Constructed to cure defects in current show-
ers and be demonstrably NLO accurate.

limit: s — 0, A = a5 log O = const.
Durham jet rate y»3 5=0

Marek Schénherr
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NLL accurate parton shower — ALARIC

&0 A ! T H

SOE ; Constructed to cure defects in current show-
wE 3 ers and be demonstrably NLO accurate.

ok | I I | Lo

i ———on ] limit: as — 0,\ = aslog O = const.

K.o. = .
B e aeaes e aae e O Durham jet rate y»3 B=0

e Total jet broadening Bt B=0
oz | T T T T ‘:0.0&57

i

% N3 a, = 0.0025

Lok | | | | | A

e[ T T T T E|

E WE w0 (fit)

E 098 | =
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NLL accurate parton shower — ALARIC

sF H
i Constructed to cure defects in current show-
vE ers and be demonstrably NLO accurate.
e limit: s — 0, A = a5 log O = const.
Eo. = .
ez Durham jet rate y3 B=0
Total jet broadening B B=0
$E Durham jet rate FC; 5 =1
[0 NI
A
“ "9‘: | o | | o
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NLL accurate parton shower — ALARIC

= F ¢
b i

tE Constructed to cure defects in current show-

o ers and be demonstrably NLO accurate.
e limit: s — 0, A = a5 log O = const.

Eo. = .

"h Durham jet rate y»3 5=0
3 Total jet broadening Bt 8=0
5 F : _1
u Durham jet rate FC; » B=75
s Thrust 1 - T B=1
Z obE
Lol | | | | |
Y ann T T T NARE
_Z‘ WE =+ 0 (fit)

“ "9‘: | | | | |
o e ey
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ALARIC — LEP phenomenology

e apply in realistic LEP scenario
e compare with existing DIRE shower (not NLL)

Thrust (Ecys = 91.2 GeV) Total jet broadening (Ecyis = 91.2 GeV)

= 9] & <
S ¢ g g
S < < o
° & 5 B
£ g z £
= 1 & = &
—+— ALEPH data
1o EurPhys.J. C35 (2004) 457
E —— Alaric ]
. —+— ALEPH data 3 Dire
10 EurPhys]. C35 (2004) 457 3§ A
—+— Alaric E 103 1
03 —— Dire ] 3
E somt [l b
14 + o BT
13 E 13 B
£ 12 s 12 B
R T izl
O 09 & HUTTTYHTWW ¥ il J oo It HW—VTHTH w
S o8 b g oie
07 B = o7 B
F53- 1 [W U A O R I B I P31 | N IR U I N I I
06 065 07 075 08 o085 09 095 0 005 01 o015 02 025 03 035 04
T Br
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Conclusions

eTe™ colliders, FCC-ee and CEPC in particular, offer great physics
opportunities, however
e demands high-precision calculation of a number of signatures
e Monte-Carlo event generator development indispensable

- many new developments on the precision frontier in SHERPA
- some are already available in SHERPA-3.0.1, some are currently
developed for future versions

http://sherpa.hepforge.org
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Thank you!
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