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Precision physics at the LHC — role of electroweak (EW) corrections

Standard Model Production Cross Section Measurements Status: Fobruary 2022
8 it ol ATLAS Preliminary
— " Theory
5 V5=5,7,8,13 TeV
100 B LHC pp V5 =13 TeV/ B
Il 0aa 321390
10° E
LHC pp V5 =8 TeV
10° £ o0 BB 0aa 202-203f0 E
on
103 £ NE‘QLVY:E“V o LHC pp V5=7 TeV ]
i g %o B 0ua 45-490
2 [ & s J
10 - °°‘°“.‘. LHC pp V5 =5 TeV
10' ~
1 b
10—1 |-
1072¢
107 F =
o

Vi tRE e
oo o o e

PP oJets Y W z €t W v H Hi VHVy aviH wwy oy v P g
ty

» excellent agreement between SM predictions and LHC data,
< SM can only be challenged with highest possible precision!

» NNLO QCD ¢ NLO EW corrections meanwhile standard
in most 2 — 2 key processes

Physikalische:
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Relevance of EW corrections at the LHC
Precision measurements at the LHC
> cross-section uncertainties for single-W/Z production:
A(luminosity) ~ 4%, A(PDF) ~2-3%
» often 1% precision on shapes of distributions or ratios of cross sections
P high-precision measurements of My, sin’ 0,13?';:
AMy /My S2-107%, Asin? 0P /sin? 1" < 4.107*

» energy reach deep into the TeV range with several-% precision

Size of EW corrections
generic size O(a) ~ O(a?) ~ 1% suggests NLO EW ~ NNLO QCD

but systematic enhancements possible, e.g.

» by photon emission
< kinematical effects, mass-singular logs « aIn(m,/Q) for muons, etc.,
often several-10% effects near shoulders of distributions
» at high energies

— EW Sudakov logs  (/s%) In>(Mw /@) and subleading logs,
typically several-10% effects in the TeV range

Physikalisches Institut__;
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Further peculiarities of EW corrections
Large universal corrections

» induced by photonic vacuum polarization
and corrections to the p-parameter

» can often be absorbed into leading-order predictions
by appropriate choice of EW input parameter scheme

Instability of W and Z bosons

> realistic observables have to be defined via decay products (leptons, s, jets)
> off-shell effects ~ O(IF/M) ~ O(«) are part of the NLO EW corrections

Photon—jet separation
» non-trivial due to g — g + v splitting
< separation, e.g., by quark-to-photon “fragmentation function”
» complication by photon-induced jets via v* — qg
— description by “fragmentation” or “conversion function”
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State of the art in the calculation of EW corrections:
» NLO machinery worked out in recent decades

» on-shell / MS renormalization
> all multi-leg, multi-scale 1-loop integrals known with complex masses
» NLO treatment of W/Z resonances
(pole expansions, complex-mass scheme)
> IR slicing and subtractions
» Numerous NLO EW calculations for specific processes,
including multi-leg calculations up to 2 — 8 particle processes
» QED parton showers
(PHOTOS, showers in HERWIG, MADGRAPH, PYTHIS, SHERPA)
» NLO EW automation accomplished
(MADGRAPH5_AMC@NLO, OPENLOOPS, RECOLA/COLLIER, etc.)

» few mixed NNLO QCD xEW corrections exist
(several decays, Drell-Yan processes, first results for ete™ — WW)

» NNLO EW results still extremely rare
(p decay and Myy predictions, Zff formfactors, partial results for ete™ — ZH)

Physikalische:
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Plan for this talk:
» highlight role and significance of EW corrections

» review key features of EW corrections
— exemplified via Drell-Yan + multi-boson processes at the LHC

» consider combination of QCD and EW corrections
(including results on NNLO X EW corrections)

» emphasize challenges for high-precision physics at future e*e™ colliders

Note: Selection of topics by far not exhaustive (and personally biased)

Physikalisches Institut__;
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Features of EW corrections

Universal EW corrections, muon decay, and input parameter schemes

1 decay including higher-order corrections

Vu Vu
® N + QED corrections <— ® ¢ + EW corrections
G, W
Ve Ve

< Relation between G,,, «(0), Mw, and Mz including corrections:

V2

a6 =

2
G, My (1 — %) = a(0)(1+ Ar)
Z

Ar comprises quantum corrections to p decay

(beyond electromagnetic corrections in Fermi model) Sirlin 80, Marciano, Sirlin '80
2
5 :
Arl*loop = AO((MZ) - Z}\ A/)top + Arrem(l\/lH)
W
~ 6% ~ 3% ~ 1%
2
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Predicting My from muon decay
Measure G, in u decay and trade My for G, as input in

V2

™

2
G, I\/I\2V< - %) = o(0)(1+ Ar) — solve for My,
Z

Ar depends on all input parameters — sensitivity to m;, Mg in SM fit

Contributions to Ar:

+ virtual corrections:

I (s)
’ w W
W self-energy Wy, vertex correction box diagrams

+ photonic bremsstrahlung in the SM

— photonic bremsstrahlung in the Fermi model
+ full two-loop contributions + higher-order corrections to p-parameter

v.Ritbergen,Stuart '98; Seidensticker,Steinhauser '99; Freitas et al. '00-'02;
Awramik,Czakon '02/'03; Onishchenko,Veretin '02
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Confronting predicted and measured values of My
Hollik et al. '03
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» Current theoretical precision: AMw ~ 0.003 GeV

» Most precise measurements:
CDF '22: (80.4335 + 0.0094) GeV  (controversial analysis)
ATLAS '23:  (80.360 + 0.016) GeV
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EW input parameter schemes for cross-section predictions
Aim:  absorb universal corrections from A« and Ap
into leading-order (LO) predictions as much as possible

oxto = a"Aro (1 + dew), dew = O(a)

< minimize missing higher-order corrections!
> A" terms can be absorbed to all orders
> Ap" terms can be absorbed at least to two-loop order

» factor « in dgw can still be adjusted appropriately
(e.g. a—a(0) if v radiation dominates, a—ag, if weak corrections dominate)

» Typical scheme choices:  EW input quantities:

» «(0) scheme: a(0), Mw, Mz

» «a(Mz) scheme: a(Mz), Mw, Mz

» G, scheme: Gu, Mw, Mz,

» hybrid schemes: e.g. IM]® o« a(0)" ag,

< optimal choice depends on #(external photons), energy, etc.

S.Dittmaier Needs and challenges in electroweak physics QCD meets EW, CERN, Feb, 2024
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Collinear final-state radiation (FSR) off leptons

Leading logarithmic effect is universal: ke 5
1
LO LL 2
OLL,FSR = /dU (ki) / dz ;' (z. Q) Ocus(zki)
~—— Jo ——
hard scattering leading-log structure

function, Q = typ. scale

> [/(z, Q%) known to O(a®) + soft exponentiation,
equivalent description by QED parton showers
2 1 2
> O(a) approximation:  [,)"'(z, Q) = a(:)[ (%) 1] (%)+
» Alternative approach: QED parton shower
— advantage: photons described with finite pr and definite multiplicity

Impact on predictions:
» log-enhanced corrections for “bare” leptons (muons) — large radiative tails

» KLN theorem:
mass-singular FSR effects cancel if (¢y) system is inclusive
(full integration over z)
» full FSR not universal,
in general not even separable from other EW corrections
(possible only if LO amplitudes do not include W bosons)

S.Dittmaier Needs and challenges in electroweak physics QCD meets EW, CERN, Feb, 2024 14



Radiative tail from final-state radiation

occurs if resonances reconstructed from decay products

Typical situations: ete™ — WW/ZZ — 4f,
pp = Z/y = 0+ X 1000 o

SNLO

100 oNLOrec 3

Final-state radiation:

=
resonance for =
2
2 2 2 2 =
M? = (kit+k2)* < (kitkot+ky)* ~ M 5
.. - . . . s
< radiative tail in distribution (‘11—,\(;, 7
of reconstructed invariant mass M
fOr M < MZ “.“15[] (;ll 7‘[] 8‘(] S;ll 11‘1(1 ll‘ll lé(l 13‘5[) 1«‘1[] 150
My[GeV]
S.D., Huber '09
. . 10 -
Example: Single-Z production Tt/ 10 ——

5ﬂvuoak
Sqep/100 -~

» radiative tail with corrections up to ~ 80%

> FSR effect drastically reduced =
by photon recombination (“rec”): N

If Ry < 0.1 then (Iy) — T with p; = p; + p,.

50 60 70 80 90 100 110 120 130 140 150
Mu[ GeV]

Physikalische:
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Comparison with radiative tail from initial-state radiation

occurs if initial state is fixed etk b f
Typical situations: efe™ — Z/y — fF, _ 7
wrp™ = Z,H,? — ff o 7

< scan over s-channel resonance in oyt(s) by changing CM energy +/s
Initial-state radiation:
7 can become resonant for s = (pi+p_)> > (pr+p_—ky)* ~ M3

< radiative tail for s > M2 due to “radiative return”
S.D., Kaiser '02

Final-state radiation: olpb] — T T T
2 2 1()[][)(]:— i
s = kZ ~ MZ for FSR F corrected E
. - -- -- -- corrected, My,q cut 1
— only rescaling of resonance A Born 1

Example: 1000

. - My = 115 GeV
cross section for =t — bb in lowest order,

including photonic and QCD corrections,
with and without invariant-mass cut 100
/5 — M(bb) < 10 GeV

ptp~ = bb

SM

1 1 1 1 1 1 .
80 8 90 95 100 105 110 115 120 125

Vs[GeV]

|

Physikalisches Instiut
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Single-W/Z production

Physics goals:

>
>
>

vyvyVvYyy

My, — detector calibration by comparing with LEP1 result

sin” 91" — comparable precision with LEP1 and SLC

Mw — exceeds LEP2 precision by factor of 2-3,
most recent AMHGTEAS = 16 MeV
(tension with AMGPY = 9MeV)

o, do — precision SM studies

decay widths 'z and I'w from My or M, tails

search for Z' and W’ at high My or Mt ,,

information on PDFs

S.Dittmaier Needs and challenges in electroweak physics QCD meets EW, CERN, Feb, 2024
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AW — v, event from ATLAS

$ATLAS

I e S.Dittmaier Needs and challenges in electroweak physics

QCD meets EW, CERN, Feb, 2024
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A Z — pTu” event from ATLAS

ATLAS

EXPERIMENT

Run Number: 327265, Event Number: 117236869

Date: 2017-06-19 19:59:16 CEST

_Physialisches instiut_
— |
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Comments on the theory status

> fixed-order QCD corrections known to N*LO for cross sections, puhr et al. 20
to NNLO for differential distributions
Hamberg et al '90; ... Melnikov et al. '06; Catani et al. '09, ...
» EW corrections known to NLO Baur et al. '97; Zykunov '01; S.D. et al. '01; ...
+ higher-order improvements (universal corrections, multi-v)

> fixed-order mixed O(asa) corrections
(pole approximation for W/Z, for Z even fully off-shell)
S.D. et al. '14;'15;'20; Behring et al. '20; Bonciani et al. '21;
Armadillo et al. '22; Buccioni et al. '22; ...
» QCD resummations (gt resummation, SCET, etc.),
QCD/QED parton showers, etc.
< essential to describe pr spectra of W/Z bosons

Physikalisches Institut__;
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W /Z cross-section measurements at the LHC:

led

14 CMS Preliminary Updated 17/08/2023
—— Theory (N3LO QCD, MSHT20an3lo PDF set) &  pp-Z/y" + X-IL, 60 < my <120 GeV
R QCD scale uncertainty L pp-WH+ XLty I
1. — -
2.76TeV, 5.4pb~1, JHEP 03 (2015) 022 (for Z) T ppoW+X=L7Y;

5.02TeV, 298 pb~?, CMS-PAS-SMP-20-004 (for Z and W)
7TeV, 4.5fb"" (ee), 4.8fb" (uu), JHEP 12 (2013) 030 (for 2)
8TeV, 19.7fb"1, EPIC 75 (2015) 147 (for Z)

2.76TeV, 231nb"1 (uv), PLB 715 (2012) 66-87 (for W)
7TeV, 36pb~", JHEP 10 (2011) 132 (for W)

0.8f 8TeV, 18.2pb~!, PRL 112 (2014) 191802 (for W)
13TeV, 201 pb~!, CMS-PAS-SMP-20-004 (for Z and W)
13.6TeV, 5.04 fb~%, CMS-PAS-SMP-22-017 (for Z)

Inclusive production cross section [pb]

0.6
0.4
0.2 //»—-
2.76 5.02 7 8 13 13.6
V3 [Tev]

Good agreement between LHC data and N*LO QCD + NLO EW predictions
(tension for 13 TeV W-boson cross sections to be clarified, PDFs?)

Physialisches Instiut
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Further recent results from the LHC

Test of lepton universality in W decays:  (mostly from tt events)

359 ' (13TeV)

0.120
cms +  CMS (shape)
+ LEP
0.115
~ ~ ) x SM
2 z 3
i ! !
= 0.110 = =z
@ @ @
0.105
0.105 0110  0.415  0.120 0.105 0110  0.415  0.120 0.105 0410  0.415  0.120
B(W— pv,) B(W—1v,)

B(W —ev,)

< tension in LEP results not confirmed
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Differential W /Z cross sections

. . . 2 plept
< information on My, sin® 6:5P", etc.

x10° CMS x10° CMS
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Sensitivity of distributions to My versus NLO EW corrections:
(based on S.D., Kramer '01)

Al%] [%)
1.5 T T T T 2 T T T T
pp = W =yt +X pp— WH =yt +X
s =13TeV

1+ Vs = 13TeV 1 0 ’J—"‘— v

0.5 — -2+ NLO EW (bare /1)
0 4t

0.5 — 6

Ratio of LO predictions
My + 10 MeV
My — 10 MeV
. .

~15 .
60 70 80 90 100 110 60 70 80 90 100 110
My ,1[GeV] My 1[GeV]

Shape prediction at the level of few 0.1% required!
— Proper inclusion of EW corrections at NLO + beyond crucial!

< In particular, check resonance treatment!

S.Dittmaier Needs and challenges in electroweak physics QCD meets EW, CERN, Feb, 2024
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Exercise:  Compare two different resonance treatments!

Complex—mass scheme (CMS) Denner et al. '99,'05; see also Denner, S.D. 1912.06823
— Complex on-shell renormalization with complex EW couplings

— Gauge invariance and NLO accuracy in resonance and off-shell regions!

Treatment of W productionv ia some “factorization scheme (FS)":
SD, Kramer '01

Virtual corrections:

8L el 4 M

W self-energy qG’ and Wyl vertex corrections box diagrams
FS rar o IN A A AR
dovie(5,t) = doLo X [5WW(S) + 0w (8) + Owwy1(3) + dbox (5, t)]
~——
1
& e M iy Ty 12 Tw % 0 only in log(s — M2, + iMww)

Real photonic corrections:

e amplitude gauge invariant for complex W-boson mass pw and real sy

e IR divergences exactly match between dol, and dolS,

== S.Dittmaier Needs and challenges in electroweak physics QCD meets EW, CERN, Feb, 2024
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Comparison of width schemes for W production at NLO EW

A[%)]
0.2
0.15 pp > W = y,put + X
01 L Vs =13TeV
0.05 + i

—0.05r 4

NLO EW
—0.1r Aps_cns ——— q
—0.15F 4
—0.2
60 70 80 90 100 110
My 1[GeV]

Consistency between the FS and CMS at the level of
Ars_cms = 2288 1 ~ 0.02%!

docms
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Survey of EW corrections to Z production

SD, Huber '09
1000 T T T T T T T o 10 T T T T T T T T T
I
ZLO Do /10
Wl R ol /10
NLO,rec .
o Ogq,weak

Saen/100

3[%]
-

do/dMy[pb/ GeV]

50 60 70 80 90 100 110 120 130 140 150 50 60 70 80 90 100 110 120 130 140 150
My[GeV] My[GeV]

» NLO QED corrections (mostly FSR) several 10%
[maximally ~ 40%(80%) for dressed leptons (bare muons)]

> Mulit-y effects still at the few-% level

» Weak NLO corrections at the few-% level
< most sensitive to width scheme

Physialisches Inst
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do/dMy[pb/ GeV]

Survey of EW corrections to Z production

1000

100

GNLO

GNLOrec

3[%]

.
st
Ot

Ohoveak —

My[GeV]

90 100 110 120 130 140 150 50 60 70

» NLO QED corrections (mostly FSR) several 10%
[maximally ~ 40%(80%) for dressed leptons (bare muons)]

> Mulit-y effects still at the few-% level

» Weak NLO corrections at the few-% level
< most sensitive to width scheme

My[GeV]

100 110 120 130 140 15

0

Physialisches Inst
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Comparison of width schemes for Z production at NLO EW
(based on S.D., Huber 0911.2329)

A%

0.2

0.15 | pp = Z/y = ptpm +X 1

0.1 b Vs =13TeV ]

0.05 - Resonance schemes:

’ (see also 1912.06823)

0 CMS = complex-mass scheme
~0.051 NLO EW 1 PS = pole scheme

o1k Ars_cng  ———— i FS = factorization scheme

N (less solid, more tricky
—0.15- PS-CMS 4 due to «v/Z interference)
0.2
70 75 80 85 90 95 100 105 110
]Wn[GCV]

Consistency between the PS, FS, and CMS at the level of

dops/ps 0
Aps/ps—oms = ot — 1.5 0.1%!
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Forward—backward asymmetry Arg(My) in neutral-current Drell-Yan production
Issue:  symmetric pp initial state at the LHC, i.e. no preferred forward direction!
Solution:  exploit PDF difference between (valence) g and (sea) §

< on average, g carries more momentum than g!

< on average, CM(qg) ~ CM(Z) ~ CM(£*¢~) — g direction!

= Collins—Soper angle 0, ¢:

» go into centre-of-mass frame lepton plane
CM(Z) of the Z boson

» 7 axis = line of intersection of
leptonic and hadronic planes ks

» 2z direction inherited from ) 0 [
Z direction in LAB frame T

IS
.
:s\
o]
[N

» +x direction from beams

» +y direction completes
right-handed coordinate system hadron plane

> 0, ¢ = polar angles of £~ momentum ki

Physikalisches Institut__;
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FB asymmetry Arp in Z production — weak corrections and width schemes

Arp defined via Collins—Soper angles

— sensitivity to sin® 05

lept

S.D., Huss, Schwarz '24

Pp— Z/y = (1T +X V5 =13TeV pp = Z/y = L1 +X V5 = 13TeV
0.1 T T T T T 0.0: T T T T T
Lo —
0.08 | At 0.025 | NLO QoD B
: e -U2o A AP ——
e ) VT —
0.06 - o — 0.02 + ange 1
004 L A 0.015 | A 1
I
£ o £ oo
N <
0 0.005
—0.02 0
—0.04 —0.005 F Bl
bare muons bare muons
—0.06 . . . . . —0.01 . . . . .
60 70 80 90 100 110 120 60 70 80 90 100 110 120
My[GeV] My[GeV]

Large EW corrections!

Experimental uncertainties and precision targets:

e Z resonance at LEP:  AAR5 = 0.0016, AA%; = 0.0010
< Asin? 01" = 0.00029 from AARg
AArg(Mg) < 1074

< great challenge (not yet completely reached)

» LHC precision target for predictions:

Physikalische:
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Measurements of the effective weak mixing angle — current status

ATLAS Preliminary

LEP-1 and SLD: Z-pole PR 0.23152 + 0.00016
LEP-1and SLD: A% | —e—i | 0.23221: 0.00029
SLD: A, B —e—i "1 0.23098 + 0.00026
Tevatron B — "] 0.23148+ 0.00033
LHCb: 7+8 TeV B — o |0.23142+0.00106
CMS: 8 TeV B — | 0.23101+ 0.00053
ATLAS: 7 TeV I . "1 0.23080 £ 0.00120
ATLAS: e, | L "1 0.23119  0.00049
ATLAS: eeg, B —e—— |023166+0.00043
ATLAS: 8 TeV B — e, | 0.23140 + 0.00036
023 0231 0232
sin®eL,

< LHC closes in on LEP precision!

Physikalisches Institut__;
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Adpg

0.001

pp = Z/y > " +X

V5 = 13TeV

—0.001

—0.002

—0.003 +

—0.004

—0.005

bare muons

QED 15K
AT

QED IF
Adpy

g

0.006
60 70

80

90
My [GeV]

100

110 120

0.0025

0.002

0.0015

0.001

0.0005

AApp

0

—0.0005

—0.001

—0.0015

0.002

» NLO weak corrections very important

FB asymmetry App — different sources of EW corrections

S.D., Huss, Schwarz '24
V3 = 13TeV

pp = Z/y = 1Y +X

ALLFSR

EWHO

bare muons

60 70 80 90 100 110

Myy[GeV]

» large QED corrections due to FSR (previous plot)

» little impact from QED ISR and IF interference

» multi-photon FSR effects significant
— leading-log treatment (ALLFSR) not sufficient!

> universal EW higher-order effects (EWHO) due to Ac, Ap relevant

Physikalische:

120

S.Dittmaier

Needs and challenges in electroweak physics

QCD meets EW, CERN, Feb, 2024
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FB asymmetry Apgp — differences of width schemes differentially

5 T T T T

AApg[1071] pp = Z/y = (0T +X /s =8TeV

1 ] input: G, Mz, My 1
RADY, NLO weak
S FS-CMS |
PS-CMS
2 |- -
1 -
0 (g
I "|_L| | “

-1

70 75 80 85 90 95 100 105 110
My[GeV]

— |[PS-CMS| < 10°*
FS less accurate (theoretically not as solid as PS/CMS)

— theoretical improvements beyond NLO EW very desirable!

S.Dittmaier Needs and challenges in electroweak physics QCD meets EW, CERN, Feb, 2024 35



NNLO QCDxEW corrections
Calculation in pole approximation (PA) S.D., Huss, Schwinn '14,'15; S.D., Huss, Schwarz '24

» leading term of resonance expansion

< valid in vicinity of W/Z resonance

. 2 plept
< relevant for My, sin® 0.5°" analyses

. - De Florian ey al. '18; Delto et al. '19;
» on-shell production/decay as building blocks Bonciani et al. '19-'21; Behring et al. '20;
. Buccioni et al. '20
— reduced 2-loop complexity
Full off-shell calculation
» important for off-shell tails of My, M ¢, kv, distributions

> full 2-loop complexity (e.g. boxes with internal masses)

» O(Nrasa) parts, complex renormalization SD. Schmidt. Schwarz 20

Bonciani et al. '21; Armadillo et al. '22;
» neutral-current process fully known Buccioni ot al 22
» charged-current process approximately known g oo coc ot al 21

(2-loop part approximated)

Physikalisches Institut__;
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NNLO QCDXxEW corrections in pole approximation

Factorizable initial—final (IF) corrs.:

4

B S.D., Huss,
¢,  Schwinn '15

» large corrections due to collinear
FSR

Factorizable final-final (FF) corrs.:

q, 4

~ S.D., Huss,
ay €y,  Schwinn '14

> only V¢ counterterms (small)

Factorizable initial-initial (Il) corrs.:

7, I De Florian ey al. '18;
Delto et al. '19;
Bonciani et al. '19-'21;
Behring et al. '20;
Buccioni et al. '20;

a4y ¢y, S.D., Huss, Schwarz '24

» moderate/small corrections,
widely absorption into PDF
redefinition

Non-factorizable (NF) corrs.:
4

B S.D., Huss,
¢, Schwinn '14

» corrections negligible

New: Evaluation of O(asa) corrections to FB asymmetry! s b 1 o s pars 24

Physikalisches Institut__;
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FB asymmetry Apg — NNLO corrections (QCDXEW in pole aproximation)
S.D., Huss, Schwarz '24

pp = Z/y = L 0F +X V5 =13TeV Pp— Z/y = 0T +X V5 = 13TeV
0.009 . . . . . 0.0005 . . . . .
0.008 | ) 1
AAFEPEN —— 0.0004
0.007 | s 4
0.006 | Aaggrreer —— 0.0003
0.005
o 0004 o 0.0002
B 1
< i <
<4 0003 a4 o000t
0.002
0.001 0
0
—0.0001
—0.001
bare muons bare muons
~0.002 ~0.0002
60 70 80 90 100 10 120 60 70 80 90 100 10 120
My[GeV] Myy[GeV]

> NNLO QCD x FSR QED (IF) by far dominating NNLO effect!
» NNLO QCD x weak final-state (FF) corrections still relevant

» other NNLO QCD x EW corrections (initial state, non-factorizable)
negligible

S.Dittmaier Needs and challenges in electroweak physics QCD meets EW, CERN, Feb, 2024
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Adpp

Fixed-order O(asa)

pp = Z/y = 0 X

corrections verses QCD x QED parton shower

Vs =13TeV

0.025

0.02

0.015

0.01

0.005

—0.005

bare muons

—0.01

LOdPhotos
Adpy

NLO EW
AA

QED Fit
angy

60 70 80

90 100 110 120

My[GeV]

» 7 production:

Adpp

0.008

0.007

0.006

0.005

0.004

0.003

0.002

0.001

—0.001

S.D., Huss, Schwarz '24

pp = Z/y = 70 + X V5 = 13TeV

P —

ANLOGep &P
Adpy

bare muons

60

80 90 100 110 120

My[GeV]

70

QED parton showers (like PHOTOS) capture FSR effects well

But:

Approximative quality only known by comparison to full MS-based results

» Note: Concept of FSR not well defined for charged-current processes!

S.Dittmaier

Needs and challenges in electroweak physics

QCD meets EW, CERN, Feb, 2024
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O(asar) corrections to high-energy tails in Drell-Yan processes

NNLO QCDxEW corrections to M,,,, distribution (bare muons)

Bonciani et al. '21

o pt+X Vs =14TeV

10 lo~* — —do))
3 05 1073 —doD ]
9
8 0 (1,1)
=) 1074 - —do, 4
205t fact
£ 10 T S
N
£ 15 10-5

_2'0 L L L L

+10

do/daro [%)
[=]

do/doReS 1%
o

200 400 600 800 1000
My, [GeV]

0 ~1-2% in TeV range
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NNLO QCDxEW corrections pr,, distribution (bare muons)

Bonciani et al. '21

pp = ppt+ X Vs =14TeV
}3 ] — do ] o — _dot
10 | jEEms i ALY
3 H IpA - 1., —dopy

: o goun 1107 oD 3
Ofact T UOfact

do/dpr,,+ [pb/GeV]
(=]

do/doro [%)

+80 F
+60 f
+40 f
+20 |

do/doQeS (%]

30 35 40 45 50 55 60 100 200 300 400 500
Pt [GeV] pr,ut [GeV]

0 ~ 10—15% for pr,, ~ 500 GeV
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NNLO QCDxEW corrections to My, distribution (dressed leptons)

Buccioni et al. '22

Invariant mass of the dilepton system

do/dmy, [fb/GeV]
5
T,

:\\H‘\\H‘\\H‘\\H‘HH‘HH‘HH‘HH%

— dogepxew

=z 0.98
&

= 5 0.96

(1,
Roc

0.94

0.92

0.9

(1,1)
Racpiew

200

300

400 500 600 700 800 900 1000
myy [GeV]

Effect from ~ recombination seems small?

Physialisches Instiu
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NNLO QCDxEW corrections to pr,¢ distribution (dressed leptons)
Buccioni et al. '22

Transverse momentum of the positron
L B B L B B I B I

102 — doqcpxEw

do/dpr+ [fb/GeV]

=
0.98
0.96

Racp-ew

0.94

(11
0.92 - RocoEw

Y T S NS NS T NN N e
100 150 200 250 300 350 400 450 500
pre+ [GeV]

Effect from = recombination very significant?

Upshot:
Great progress on NNLO QCD xEW frontier!

But more flexibility / comparability of results wrt. v recombination desirable ...

S.Dittmaier Needs and challenges in electroweak physics QCD meets EW, CERN, Feb, 2024
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Electroweak corrections at high energies

Sudakov logarithms induced by soft gauge-boson exchange

etc.
+ sub-leading logarithms from collinear singularities
Typical impact on 2 — 2 reactions at /s ~ 1 TeV:
« s 3a s
Sipleor o n? ~ —26% Sa %P ~ n ~ 16%
LL 775\2,v ( M\ZV ) °, NLL s, ( M€\~ ) °
2 2
[l s 3 E s
§27loor 4 In*(——) ~3.5%, §2rloop In® ~ —4.2%
LL 2n2sd, (M\Z\.) ° NLL w25k (l\/lf\ ) °

= Corrections still relevant at 2-loop level

Note:  differences to QED/QCD where Sudakov logs cancel
» massive gauge bosons W, Z can be reconstructed
< no need to add “real W, Z radiation”

» non-Abelian charges of W, Z are “open” — Bloch—Nordsieck theorem not applicable

Extensive theoretical studies at fixed perturbative (1-/2-loop) order and

suggested resummations via evolution equations
Beccaria et al.; Beenakker, Werthenbach; Ciafaloni, Comelli; Denner, Pozzorini;
Fadin et al.; Hori et al.; Melles; Kiihn et al., Denner et al.; Manohar et al. '00—
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High-energy limit — Sudakov versus Regge regime
Sudakov regime:  all invariants ki - k; > Mg, !

Example:
2 — 2 particle process

7

2 k4 f/ il f/
ko ka

\
k k
/k: PN =

3

i
i

Kinematic variables in centre-of-mass frame in high-energy limit (ka — 0):

s = (ki+k)® ~4E? E = beam energy,
t = (ki—ks3)? ~—4E%sin’(0/2), 0 = scattering angle,
Msy = /s~ 2E,
kr = ksr~ Esin®

High-energy limits in distributions:

ddTU: kr > Mw = s, [t > M2, = Sudakov domination
T
do . . .
am : Mss > Mw = small |t| possible = in general no Sudakov domination
34

(i.e. typically smaller corrections)
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Example: Drell-

Yan production

Neutral current: pp — £Y4~ at /s = 14TeV  (based on S.D./Huber arXiv:0911.2329)
Me/GeV | 50—co  100—co  200—co  500—oco 1000— o0 2000— o0
oo/pb | 738.733(6) 32.7236(3) 1.48479(1) 0.0809420(6) 0.00679953(3) 0.000303744(1)
e hot/% | —1.81 —471 —2.92 ~3.36 —4.24 —5.66
Sqaweak/% |  —0.71 ~1.02 —0.14 —2.38 —5.87 —11.12
60 /% | 0.27 0.54 —1.43 —7.93 —15.52 —25.50
5P | iou/%| —0.00046 —0.0067  —0.035 0.23 1.14 3.38

Charged current:

pp — £Tvp at /s = 14 TeV

no Sudakov domination!

(based on Brensing et al. arXiv:0710.3309)

Mr,,,0/GeV | 50—oo  100—co  200—oco  500—oo 1000—o0 2000— oo
o0/pb 4495.7(2) 27.589(2) 1.7906(1) 0.084697(4) 0.0065222(4) 0.00027322(1)
555 A —2.9(1) —52(1) —8.1(1) —148(1)  —22.6(1) —33.2(1)
57 /% —1.8(1) —3.5(1) —6.5(1) —12.7(1)  —20.0(1) —29.6(1)

58‘{(%“\ /% 0.0005 0.5 ~1.9 -9.5 —18.5 —29.7
S otveron /% 0.008 0.9 2.3 3.8 4.8 5.9

62 koo/% | —0.0002  —0.023  —0.082 0.21 13 3.8

Physialisches I

Sudakov domination!

S.Dittmaier
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Multi-boson production / scattering at the LHC

Massive di-boson production

CMS Preliminary

5 T T T T T T
2 L = PP NNLOQCD x NLO EW (MATRIX) .
§7F B8 ppNNLO QCD x NLO EW (MATRIX)
H E=1 pp NLO (MCFM)
3
S
10 4
;
id
V + CMs
V WW measurements o ATLAS
WZ measurements v CDF
10°F ZZ measurements s+ DO 4
, S S ; ; ; ; 4
v vioohE L o :
2
Zosf 4
ik ' ot t t t + 4
gt £ "
Sos ‘ ‘ ‘ ‘ ‘
%15 2z
g10 +— -
it r
2 4 6 10 12 1
VE (TeV,

» overall good agreement between data and SM
> NNLO QCD corrections essential for proper descritpion of data
» NLO EW corrections important in differential distributions

» data constrain anomalous VVV couplings
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A utp~ete” event from ATLAS

ATLAS

EXPERIMENT

Run Number: 328263, Event Number: 953423990

Date: 2017-06-28 22:02:01 CEST

_Physialisches instiut_
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pp — WW/ZZ — eTe”viv + X: survey of different NLO contributions

pp > ete v Kallweit et al. '17

= T — T . W
@ oot ] XS contrlbutl(?ns.
g 1073 pr=pF =y H? WW + ZZ + interferences
& CT14 QEDy 059,
£ |
S
N R Lo > Jet veto:
S == NLOQCD jet lep
b —— NLOEW HE = E pr,i > Hyp
. —— NLO QCD+EW L
oo | === NLOQCDXEW i€jets
— Kqcp moderate
P [ |
-+ -+ .
14 ; » EW corrections

~ —40% in TeV range

T

8 (EW Sudakov logarithms)
< Pl TR e Sy o TR
3 o8 [ » Combination of QCD and EW
ool E corrections:
F L ‘ L 7 | QCD4+EW — QCDXEW |
20 50 100 200 500 1000 2000 ~ 6QCD X 6EW
T4, [GeV] ~ 10—20% for pr.s, = 1TeV

Note: product better motivated!

Physkalisches Instiut__j

S.Dittmaier Needs and challenges in electroweak physics QCD meets EW, CERN, Feb, 2024 51



EW corrections — full NLO versus pole approximation

Double-pole approximation (DPA) vs. Full off-shell qg — 4f
calculation
G w f1
d f2
v/Z
d f3
q ‘ w fa
on-shell production on-shell decays
» expansion about resonance poles P off-shell calculation with
— factorizable & non-fact. corrs. complex-mass scheme
» not many diagrams (2—2 production) » many off-shell diagrams

3
numerically fast (~10°/channel)

— validity only for V3 > 2My + O(T'y) — CPU intensive
+ NLO accuracy everywhere

Approaches compared for ete™ /pp — WW — 4f, etc.
(similarly for pp = WWW — 64, pp(WW — WW) — 4£2j, etc.)

Physikalisches Institut__;

S.Dittmaier Needs and challenges in electroweak physics QCD meets EW, CERN, Feb, 2024
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=X

DPA versus full off-shell EW correction in pp — vuute” e + X

Rapidity and invariant-mass distributions

pp = vupte e+ X
Ve = 13TeV

ATLAS WW setup
1 treated coll. unsafe

4[]

pp = vupte e+ X
o = 13TeV

ATLAS WW setup
ju treated coll. unsafe

Level of agreement as expected

Ye-

L —95 L L

2 100 200 300 400 500 600 700 800 900 1000

M-+ [GeV]

(dominance of doubly-resonant diagrams)

— difference < 0.5% whenever cross section sizable

Physkalisches Instiut__j

Biedermann et al. '16

S.Dittmaier
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DPA versus full off-shell EW correction in pp — v, ute ¥ + X

Biedermann et al. '16

Transverse-momentum distribution of a single lepton

10
do [ b }
o LGev
1 ]
pp = vupte e + X
Y Vp = 13TeV
107! ATLAS WW setup 4 "
k 1t treated coll. unsafe ut
1072 W . Pr(ptvume)
1073 a ¢
q v/Z
1074
pr(e”)
10 e”
v
0 . .
ol Impact of singly-resonant diagrams
ol where ¢~ takes recoil from (;17v,,7%)
g
=30t (W bremsstrahlung to Drell-Yan production of eTe™)
—40 +

100 200 300 400 500 600 700 800 900 1000
Pre- [GeV]

Agreement degrades for pr 2 300 GeV, since off-shell diagrams get enhanced
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CMS Preliminar

Aug 2023
M CMS EW . 7TevCl [a——
Electroweak gauge-boson scattering Ty T oy s oo sty o
13 TeV CMS measurement (stat stat+sys) .
QW . 0.84+008+0.18 193"
qaW el 091+002+009 359 fb"
qqZ ——ofp—t 0.93+0.14 £0.32 5.0fb"
P qq§ e 0.84£0.07 £0.19 19.7'b:
W/Z/~ 2 o GBetoriots sy
n-WW - + 1.74+0.00+0.74 19.7 fo’
qqWy — “1.77+067+056 19.7fb"
qaWy ol 089+0.11+0.15 138 fb"
W/Z/~ os WW . 1.12£015£0.17 138 fb"
p A et
a2y — — 1484065048 197 fb"
qqzy e 1.20£0.12£013 137 b’
qqWz L 1.46+0.31+011 137 fb"
qqZZ . . 1.19+0.38+0.13 137 fb?!
PhySICS Interest: m,‘,‘;ﬁ:ﬁﬂﬁ’pm ! Production Cross Section Ratio: Gerp/ o
» strong sensitivity to EW gauge-boson self-interaction
» window to EW symmetry breaking (EWSB) via off-shell Higgs exchange,
complementary to direct analyses of (on-shell) Higgs bosons
Analysis framework:
> “SM Effective Theory (SMEFT)" based on SM particle content
Ci dim—6 . .
Lo = Lsm + E A—'Zﬁf im=6) effective dim-6 operators
i Buchmiiller, Wyler '85; Grzadkowski et al. '10
» Specific SM extensions (extended Higgs sectors, modified EWSB, etc.)
All channels measured by ATLAS & CMS  — compatibility with SM
= BSM effects (if accessible) subtle and small — highest precision required !
S.Dittmaier Needs and challenges in electroweak physics QCD meets EW, CERN, Feb, 2024 55




JPWT scattering event at the LHC

280 ET [GeV)

p*p*jj Candidate Event

mi=2800 GeV | Ayi|=6.3

1

160 360

>ATLAS
JLEXPERIMENT

Run Number: 207490, Event Number: 33152138

Date: 2012-07-26 04:16:35 UTC

Physialisches Instiut _
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Schematic view of perturbative orders at LO and NLO

" w W w Vo g
ws W W W w ’V§f<>’7—i\;v
MER MER MQCD +c.c. MQCD MI@%E
LO a6) 0(asa5) (’)(a a4)
NLO a7) O(ozsaﬁ) (’)( 045) (’)(a 04)
mixed EW-QCD QCD

= Tower of mixed EW-QCD corrections at NLO
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Survey of NLO contributions of QCD type

QCD corrections to EW channels

£ LT

X MER o asa

A

< QCD corrections only ~ 5% (little colour exchange between protons)

QCD corrections to QCD channels

g ruwrTIe

X MIQ%B o« alat

ERRE AN NN

2

R
0
R R R

;

» no relation to EW VBS subprocess, just QCD VV + 2jet production

» contribution damped by VBS cuts, but still quite large
(WEW= is exception with ~ 10%, since gg channel missing)

S.Dittmaier Needs and challenges in electroweak physics QCD meets EW, CERN, Feb, 2024
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NLO corrections of EW and mixed QCD-EW types
Mixed QCD-EW contributions o« a2a’

\Zﬁ_( \:ﬁ_( W
LO=x* LOx%
~/Z )W g $N/Z/W X MQCD X Mgw
W, W, W

Mixed QCD-EW contributions o asa®

mixed contributions not VBS enhanced,
partially colour-suppressed

— very small

w

wh o w Sudakov-enhanced VBS corrections,
%g o) Z)W X MIE%* ~ —15% (larger in distributions)
ws W W < experimentally relevant!

Physikalisches Instiut
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Comments on NLO calculations:
» genuine QCD corrections available since more than 10 years (several groups)
» NLO predictions for full NLO tower extremely challenging, but available

WEWE: Biedermann et al. '16,'17; S.D. et al. '23; WZ: Denner et al. '19;
Z7: Denner et al. '20,'21; WEWT: Denner et al. '22

» Main challenges:
> algebraic complexity (many partonic channels, ~ some 10° diagrams)
< recursive one-loop amplitude generators RECOLA / OPENLOOPS
> multi-leg tensor one-loop integrals (8-point functions)
— numerically stable evaluation with COLLIER library
or improved OPENLOOPS reduction

u

. M " ” "
u u u

» NLO/MC techniques pushed to the extreme, but work well:

QCD/QED dipole subtraction formalism, complex-mass scheme,
multi-channel Monte Carlo integration, etc.

» new subtlety: integration over low-virtuality v* — qg splitting
— relation to Aanaq via “conversion function” pepner et al. 19

u

e SRR S.Dittmaier Needs and challenges in electroweak physics QCD meets EW, CERN, Feb, 2024 60




Tower of NLO corrections to QCD W*W™ 4 2j channel gicgcrmann et al. ‘16,17

. .. 1 1 i — — —- LOEW
Example: M, ;, distribution (/s = 13 TeV) - B
LOINT
= LO
== NLO
1072 T
e T Tl
107 -
10
3 o’ aa® —— NLO
=
ST
-4
15 25
0Np— -30
5
-0 3
§ s I
=10 5
w19 S -
2% P i ) )
25 21— @a’ ot ——— photon o
30 3
600 800 1000 1200 1400 1600 1800 2000 600 800 1000 1200 1400 1600 1800 2000
M, [GeV] M, [GeV]

EW O(a’) contribution is largest NLO correction
< §,7 = —13% for integrated cross section within VBS cuts

Good description of dominant correction by leading EW high-energy logarithms:
- 2a 2 19 2
Sq1 A ——— In? (%) +——n (%) Q ~ (Myg) ~ 400 GeV
ST My 12s5,m My

(due to soft/collinear W /Z exchange)

Physialisches Inst
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Schematic view of perturbative orders at LO and NLO

" w W w Vo g
ws W W W w ’V§f<>’7—i\;v
MER MER MQCD +c.c. MQCD MI@%E
LO a6) 0(asa5) (’)(a a4)
NLO a7) O(ozsaﬁ) (’)( 045) (’)(a 04)
mixed EW-QCD QCD

= Tower of mixed EW-QCD corrections at NLO

S.Dittmaier Needs and challenges in electroweak physics QCD meets EW, CERN, Feb, 2024 62



Survey of NLO contributions of QCD type

QCD corrections to EW channels

£ LT

X MER o asa

A

< QCD corrections only ~ 5% (little colour exchange between protons)

QCD corrections to QCD channels

g ruwrTIe

X MIQ%B o« alat

ERRE AN NN

2

R
0
R R R

;

» no relation to EW VBS subprocess, just QCD VV + 2jet production

» contribution damped by VBS cuts, but still quite large
(WEW= is exception with ~ 10%, since gg channel missing)

S.Dittmaier Needs and challenges in electroweak physics QCD meets EW, CERN, Feb, 2024
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NLO corrections of EW and mixed QCD-EW types
Mixed QCD-EW contributions o« a2a’

\Zﬁ_( \:ﬁ_( W
LO=x* LOx%
~/Z )W g $N/Z/W X MQCD X Mgw
W, W, W

Mixed QCD-EW contributions o asa®

mixed contributions not VBS enhanced,
partially colour-suppressed

— very small

w

wh o w Sudakov-enhanced VBS corrections,
%g o) Z)W X MIE%* ~ —15% (larger in distributions)
ws W W < experimentally relevant!

Physikalisches Instiut
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Comments on NLO calculations:
» genuine QCD corrections available since more than 10 years (several groups)
» NLO predictions for full NLO tower extremely challenging, but available

WEWE: Biedermann et al. '16,'17; S.D. et al. '23; WZ: Denner et al. '19;
Z7: Denner et al. '20,'21; WEWT: Denner et al. '22

» Main challenges:
> algebraic complexity (many partonic channels, ~ some 10° diagrams)
< recursive one-loop amplitude generators RECOLA / OPENLOOPS
> multi-leg tensor one-loop integrals (8-point functions)
— numerically stable evaluation with COLLIER library
or improved OPENLOOPS reduction

u

. M " ” "
u u u

» NLO/MC techniques pushed to the extreme, but work well:

QCD/QED dipole subtraction formalism, complex-mass scheme,
multi-channel Monte Carlo integration, etc.

» new subtlety: integration over low-virtuality v* — qg splitting
— relation to Aanaq via “conversion function” pepner et al. 19

u
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Tower of NLO corrections to QCD W*W™ 4 2j channel gicgcrmann et al. ‘16,17

. .. 1 1 i — — —- LOEW
Example: M, ;, distribution (/s = 13 TeV) - B
LOINT
= LO
== NLO
1072 T
o2 e Tl
10°° -
10
3 o’ aa® —— NLO
< 5
ST
-4
15 25
N 30
H
0 3
§ s I
=10 5
© s e
2% @ -1 ) )
25 21— @a’ ot ——— photon o
30 3
600 800 1000 1200 1400 1600 1800 2000 600 800 1000 1200 1400 1600 1800 2000
My, [GeV] My, [GeV]

EW O(a’) contribution is largest NLO correction
< §,7 = —13% for integrated cross section within VBS cuts
Good description of dominant correction by leading EW high-energy logarithms:
- 20 2 19 2
Sq1 A ——— In? (%) +——n (%) Q ~ (Myg) ~ 400 GeV
ST My 12s5,m My

(due to soft/collinear W /Z exchange)

Physialisches Inst
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Recent recalculation of NLO corrections to QCD WTW™ 4+ 2j channel

Results with VBS cuts:

S.D., Maierhofer, Schwan, Winterhalter '23

Order|Result [fb] 0 [%] Scale uncertainty
LO O(aal)| 1.24597(5) —7.7%  9.9%
O(a®ad)| 0.051133(3) —14.0% 17.7%
O(a*a?)| 0.18649(2) —22.2% 31.6%
sum| 1.48359(5) —9.8% 12.1%
NLO O(a’al)|—0.1747(5)  —11.8%
O(a®al)|—0.0902(8) —6.1%
O(a®a2)|—0.00017(19)"  0.0%
O(a*a?)|—0.0033(7) —0.2%
sum|—0.268(1) —-18.1%
LO+NLO sum| 1.215(1) —4.0% 1.5%

» interesting interplay of QCD and EW corrections

» large EW corrections from high-energy domain
— inclusion of leading effects beyond NLO?
» approximations for complex 2 — 6 process non-trivial, but possible

* Error in earlier calculation (Biedermann et al. '16,"17) corrected
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Challenges in electroweak corrections beyond NLO

EW corrections at NLO

» problem conceptually solved, corrections widely automated

» dedicated calculations for high-multiplicity processes (2 — 6,7,8,...)
certainly still welcome
< non-trivial cross-checks, ansatz for approximations,
improvements beyond NLO, ...

EW renormalization at NNLO

» concept widely straightforward for on-shell and MS schemes
» few applications for decays exist
> subtleties expected (unstable-particles effects, imaginary parts, etc.)

» major challenge: complex-mass scheme for unstable particles at NNLO

Massive 2-loop integrals (and beyond)

» majority of graphs involve triple-massive cuts — elliptic integrals

» numerical methods unavoidable
< try out and compare different approaches

» often analytical expansions provide an alternative

S.Dittmaier Needs and challenges in electroweak physics QCD meets EW, CERN, Feb, 2024
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Challenges in electroweak corrections beyond NLO  (continued)
IR singularities / QED radiation

» borrow subtraction methods from QCD

» small masses of fermions often desirable
< massification of massless limits

» control QED radiation way beyond NNLO (large effects on tails)
< factorization into (perturbative!) QED lepton/photon PDFs

Approximations

> Important, but validate/check carefully!

» Don't oversimplify! E.g. include W/Z decays in processes

» Resonance expansions for W/Z/H production often good approximations!
» Effective vector-boson approximations not appropriate for precision physics
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Challenges in electroweak corrections beyond NLO  (continued)

Important calculations — required for successful phenomenology
> LHC:

> NNLO QCDXEW corrections and/or QCD/QED PS matching
for 2 — 2 key processes
> Drell-Yan: NNLO EW in pole approximation for Myy, sin? 6}

» leading EW corrections beyond NLO at high energies
> ...

» Future e"e” colliders:

> N3LO EW for p — eDev, for My
> Multi-loop corrections to EWPOs (e.g. p-parameter)

> NNLO EW for ete™ — Z/y* — ff
< check validity of pseudo-observable approach

> NNLO EW for WW production at threshold
> NNLO EW for ZH production, multi-loop calculations for H decays
> .
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Challenges in electroweak corrections beyond NLO  (continued)

Extremely huge effort,
highly specialized concepts/techniques,
long-lasting projects, . ..

< Don’'t build a new Babel tower!

Validation, sustainability, legacy

» Proper documentation of methods/results
— benchmark results, ancillary files for analytical results, public programs

» Libraries for integrals of even amplitudes?
» Tuned comparisons of independent results — working groups / reports

» Excite, engage and support young talents!
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colliders

Outlook: electroweak precision physics at future e*e

Status of (not only) EW precision physics in the (pre HL-)LHC era

Erler, Schott '19
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Lepton Collider Measurements

[Hadron Collider Measurements

in some cases

even ~ 0.01-0.1%

1%,
promise improvements by 1-2 orders of magnitude

S

typically

Current precision:

Future projections:

< ultimate challenge of the SM at future eTe™ colliders

Can theory provide adequate predictions?

But:
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Experimental errors and theory uncertainties

Experimental errors:
systematic errors

o } — LHC status + projections to HL/HE-LHC, ILC, FCC-ee
statistical errors

= input in the following

Theory uncertainties in predictions:
» Intrinsic uncertainties due to missing higher-order corrections, estimated from

» generic scaling of higher order via coupling factors

> renormalization and factorization scale variations

> tower of known corrections, e.g. ANNLO ~ 0410 if OnLO known
> different variants to include/resum leading higher-order effects

» Parametric uncertainties due to errors in input parameters, induced by
P experimental errors in measurements

» theory uncertainties in analyses

Note:
Estimates of theory uncertainties often (too) optimistic in projections of exp. results...

Physialsct
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Physics at the Z pole — central EW precision (pseudo-)observables

FCC-ee: Freitas et al., 1906.05379;

experimental accuracy
current ILC FCC-ee

ILC: Moortgat-Pick et al., 1504.01726

intrinsic theory uncertainty
current current source prospect

AMz[MeV]
AT z[MeV]
Asin® 04[107°]
AR,[1077]
AR,[1077]

21 - 0.1
2.3 1 0.1
23 1.3 0.6
66 14

25 3 1

0.4 o c’as,a0? 0.15

4.5 ad, oo, 15
11 a3, a2as 5
6 a3,a2as 1.5

Theory requirements for Z-pole pseudo-observables:

» needed:

o EW and QCD-EW 3-loop calculations
o 1 — 2 decays, fully inclusive

» problems:

¢ technical: massive multi-loop integrals, ~s
© conceptual: pseudo-obs. on the complex Z-pole
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Physics at the Z pole — central EW precision (pseudo-)observables
FCC-ee: Freitas et al., 1906.05379; ILC: Moortgat-Pick et al., 1504.01726

experimental accuracy intrinsic th. unc. parametric unc.

current ILC FCC-ee |current prospect|prospect source
AMz[MeV] 21 - 01
Alz[MeV] 2.3 1 0.1 0.4 0.15 0.1 Qs
Asin®054[107°]| 23 1.3 06 4.5 1.5 2(1)  Adhag
ARL[1077] 66 14 6 11 5 1 as
AR [1077] 25 3 1 6 1.5 1.3 s

Parametric uncertainties of EW pseudo-observables:
> QCD:
& most important: da. ~ 0.00015 @ FCC-ee?

— as from EW POs competitive = cross-check with other results!
© quark masses mg, my, mc

» Adnad: §(A(Lhad) ~ 5(3) x 107° for/from FCC-ee?
o new exp. results from BES |1l / Belle Il on eTe™ — hadrons
o Aampag from fit to radiative return efe™ — v 4 hadrons

» other EW parameters: Mz, My, My less critical (improved at ILC/FCC-ee)
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Physics at the Z pole — central EW precision (pseudo-)observables
FCC-ee: Freitas et al., 1906.05379; ILC: Moortgat-Pick et al., 1504.01726

experimental accuracy intrinsic th. unc. parametric unc.
current ILC FCC-ee ‘current prospect‘prospect source

AMz[MeV] 21 - 01

AFZ[MeV] 23 1 0.1 s
Asin?055[107°]| 23 Qhad
AR,[1077] vs
AR[1073] Y

Parametri - hape 3t ¢ un b\ Part\c\e)
> QCD: » 7L e 2-\0oP: concep ] peyond NN
& mos ( ass! R correctio
= | 4 h'\gher_orde u (.)_Obse\’\la\’)\eS sl
o quark ’ co“cepth P;eer i
> Aanad: at mue B ror/from FCC ee7
o new e _usTrom BES III / Belle Il on eTe™ — hadrons

+

o AQhad from fit to radiative return ete™ — 7 + hadrons

» other EW parameters: Mz, My, My less critical (improved at ILC/FCC-ee)
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W-boson mass measurements vs. prediction from p decay
ILC: Baak et al., 1310.6708 FCC-ee: Freitas et al., 1906.05379

experimental accuracy theory uncertainty
oww @ threshold intrinsic parametric
current|LEP2 ILC FCC-ee|current source prospect|prospect source
AMw[MeV]| 13 [200 3-6 05-1| 3 o’c’ac 1 |1(0.6) Adnad

¥

complicated basically counting My calculated

reconstructions  experiments from p decay
Amoroso et al., 2308.09417

Sensitivity of oww to Mw:  geneke et al. '07

K

oww (s, Mw + dMw)
O'Vv\)v(s7 Mw)

245 MeV™, K =
102} N

Ak = 0.1% (0.02%) ¢ My = 1.5(0.3) MeV
for /s = 161 GeV

= Vs[GeV]

i = FCC-ee requires
0.99 o 1
oMV Aty ~ 0.01-0.04% in oww
098 “~\¢45 MeV Shaded areas / ISR curve:

some uncertainties of NLO(EFT) calculation,
improveable via full NLO(ee—4f) and NNLO(EFT)
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W-boson mass measurements vs. prediction from p decay
ILC: Baak et al., 1310.6708 FCC-ee: Freitas et al., 1906.05379

experimental accuracy theory uncertainty
oww @ threshold intrinsic parametric

current|LEP2 ILC FCC-ee|current source prospect|prospect source
AMw[MeV]| 13 | 200 3-6 0.5-1 0.6) Adnaa

/ —_—

complicateg

b v Af prediction

alyss gecay 23 looPS  (0.3)MeV

w 2 fro
pre ediC ction
=" FCC ee requires
ATH ~ 0.01*0.04% in OWW

TN 430 MeV

05 \\\\%45 MeV Shaded areas / ISR curve:
some uncertainties of NLO(EFT) calculation,
improveable via full NLO(ee—4f) and NNLO(EFT)

Physialisches I

S.Dittmaier Needs and challenges in electroweak physics QCD meets EW, CERN, Feb, 2024 80



State-of-the-art prediction of oww in LEP2 energy range

o [pb]
20

efe™ > WW — 4f

IBA

RACOONWW /4F

5 %)

Denner, S.D., 1912.06823

5

IBA
DPA

0L

full ——

150 160 170 180 190 200 210

V3 [Ge]

V3 [Gev]

> IBA = based on leading-log ISR and universal EW corrections (A ~ 2%)
— shows large ISR impact near threshold (also by GENTLE)

» DPA = "Double-Pole Approximation” (leading term of resonance expansion)
<> A ~ 0.5% above threshold, not applicable at threshold R2coonWW, YESWW

» “full” = full NLO prediction for e"e™ — 4f via charged current . . ¢ a1 '05
+ leading-log improvements for ISR beyond NLO

— A ~ 0.5% everywhere

Physikalisches Institut__;

QCD meets EW, CERN, Feb, 2024 81

S.Dittmaier Needs and challenges in electroweak physics



Improvements for oww @ threshold via EFT g e et al. '07: Actis et al. 08

EFT provides expansion of oww for 8 = /1 —4M2, /s ~ /Tw/Mw ~ a:

oww = CCXZ/B[ 1+c0g LO
(1)
q
+a(7+c2 InfLe + e + o + ) NLO
JRC )] @
+a2(1—2+2—+c In28L2 + ¢ In L2 + )+] NNLO
B B .
leading NNLO parts known required
for FCC-ee

-16 T T T T T
e uTv, ud
NLOgpr +ANNLO

_i8f === NLOprr + ANNLO ey (ISR)
------ NLOgrr

ISR enhancement factor L. = In(me./ M)

Resummation of leading (aL.)" and
subleading a(ale)"" ISR necessary!

158 160 162 164 166 168 170

V5 [Gev]

Physialsches Inst
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Theory issues in scan of oww(s) over WW threshold
» Definition of oww via 4f final states

> T final states: separation or inclusion of single-W channels?
< TH precision versus EXP accuracy

» Hadronic final states: separation of multi-jet events (2j,3],4j,...)
< TH precision versus EXP accuracy
» Required for the best achievable theory prediction for oww:

» Full NLO e"e™ — 4f prediction for each 4f type
(interferences with ZZ and forward-e* channels)

full NNLO EFT calculation (only leading terms available)
leading 3-loop Coulomb-enhanced EFT corrections

matching of all fixed-order e"e™ — 4f and threshold-EFT ingredients

vVvyVvVyy

convolution of matched and corrected XS with higher-order ISR
— Estimate of theory uncertainty:
A~ 001—004% for OWW @ threshold Freitas et al., 1906.05379

Improved Myy prediction from p decay

» Massive 3-loop computations (vacuum graphs, self-energies)

Physialisches I
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WW production beyond LEP2 energy range

Fixed-order NLO + leading-log ISR prediction:

az(gph] tem o WW o 4f 625[%] Denner, S.D., 1912.06823

RACOONWW /4F

=

IBA

DPA mm 1
full ——
0 L L L L L L1 =5 n L L L L TR 1
200 300 500 1000 2000 200 300 500 1000 2000
V5 [CeV] V5 [Gev]
Note:  large non-universal weak corrections + sizeable off-shell effects

Achievable precision:

» by full NLO for e"e™ — 4f + leading NNLO corrections + ISR resummation
> estimate: A ~ 0.5% in distributions (~ 1% in tails) up to \/s ~ 1 TeV

Physialisches Instiut
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Triple-gauge couplings (TGC) analyses in efe™ — WW
» c'e” is ideal framework: no formfactors for damping required!

> SMEFT framework:
sensitivity to dim-6 operators complementary to Higgs analyses  Ellis, You '15

Bambade et al. '19 8
Individual Marginalised
71{== 1caso =3 1LC250
—LEP2 —ATLAS —CMS —HLLHC —ILC250 r————— r——————
ag, = 6
................................................ 35
a E
T — @ 4
~ 3
<
2
-0.05 0 0.05 0.1
imi o 0—= - - C
TGC Limits @ 68% CL Cw Cow Cin Cowr

» Impact of Ak, on doww:
P ” YW /5/GeV | 200 250 500

Ak, |0.05 0.004 0.001
doww(ky)/dotely —1| 3% ~05% ~0.5%

< SM precision limits reach in TGCs for moderate /s !
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Theory homework for high-precision W-boson physics
» Exclusive analyses & predictions for e"e™ — 4f:
» e final states: proper treatment / separation of single-W channels
» Hadronic final states: separation of multi-jet events (2j,3],4j,...)

> Full NLO ete™ — 4f prediction for each 4f type
(interferences with ZZ and forward-e* channels)

» more leading corrections beyond NLO
» oww in threshold region:
> full NNLO EFT calculation (only leading terms available)
» leading 3-loop Coulomb-enhanced EFT corrections
» matching of all fixed-order e"e™ — 4f and threshold-EFT ingredients
< Estimate of theory uncertainty:
A ~ 0.01-0.04% for oww @ threshold Feitas et al., 1906.05379
» For My analysis:  Improved My prediction from p decay

> massive 3-loop computations (vacuum graphs, self-energies)

S.Dittmaier Needs and challenges in electroweak physics QCD meets EW, CERN, Feb, 2024
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Higgs couplings analyses at present and future colliders

Ky (%) Kz (%) Ke (%) Ke (%) Ky (%)
v ’ § " de Blas et al., 1905.03764
n n - -, -
] - _— - ]
- - —— —— -
— E— — —
—] — —] —
0004081216 0003 060912 0 1 2 3 4 0008 16 24 32 0006 12 1§ 24
Ky (%) Ky (%) K (%) Ky (%) Kzy (%)
- 1 - 1 ]
— | — —
- ] — — —
—— —
—] ] - ] |
00 08 1.6 24 32 0 2 4 6 00 1.5 30 45 6.0 0 4 8 12 0 4 8 12
. [ __iEE B CLIC3000+CLIC 500+CLIC350. ILCas9
Higgs@FC WG g icc CLIC30+CLIC 500 = LHC (n| < 1)
Kappa-0 CLIC30

My 2019 e ML LkC a1 \
» Many different assumptions in different analyses!  Read fine-print!
Important details:  Tug,ssm =07  |kw], |kz] <17 Ky, kg independent?
» Theory limitations!
H couplings # free parameters, rescaled model # consistent field theory
< QCD corrections often ok, but EW corrections (~ 5%) inconsistent!

— Coupling rescalings (e.g. k framework) uncertain to ~ 5%!
= Use EFT like SMEFT (with corrections)!
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Higgs decay widths and Higgs couplings at ILC and FCC-ee
LHC HXS WG; de Blas et al., 1905.03764; HL-LHC: Cepeda et al., 1902.00134;
ILC: Bambade et al., 1903.01629 FCC-ee: Freitas et al., 1906.05379

experimental accuracy theory uncertainty param. unc.
HL-LHC ILC250 FCC-ee|current source prospect | prospect source

H — bb 4.4% 2%  0.8% | 0.4% al 02% | 0.6% my
H— 77 2.9% 24% 1.1% | 0.3% a? 0.1% negligible
H— pp 8.2% 8% 12% | 0.3% o? 0.1% negligible
H—gg [1.6%@o) 3.2% 1.6% | 3.2% al 1% 05%  as
H— vy 2.6% 22% 3.0% | 1% a? 1% negligible
H—+Z 19% 5% «@ 1% 0.1% Mu
H—-WW| 28% 11% 04% | 05% o2 awe,0® 03% | 0.1% My
H— 77 2.9% 1.1% 0.3% | 0.5% o2 asa,0® 0.3% 0.1% My

Note: ete™ colliders from o+, _,,i with inclusive Higgs decays!

= Absolute normalization of Higgs BRs
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Higgs decay widths and Higgs couplings at ILC and FCC-ee
LHC HXS WG; de Blas et al., 1905.03764; HL-LHC: Cepeda et al., 1902.00134;
ILC: Bambade et al., 1903.01629 FCC-ee: Freitas et al., 1906.05379

experimental accuracy param. unc.

) HL-LHC Theoty challen prospect source
H — bb Cas\cu\at'\ons 0.6% my
H— 77 g 2-\ooP negligible
massive o, .-
H— up ¢ ote v . negligible
f v Ca\cu\at‘o 0
H—gg |16 5-100P QCP 1.5% Qs
H— vy 2, > & n /\,b‘:),%g' A negligible
H—~Z 1¢ ef N truct'\b\e 1% Mu
H-o>WW| 2¢& » °ﬁ'5he\\s oson not fu! tive © rrect\O“S 1%  Mu
. 1 ‘ e /
H— 77 2.9 i \cu\at'\° s with fad‘a % | 01%  Mu
EFT @
Note: e“e” collic . were—_zn “with /nc/u51ve Higgs decays!

= Absolute n(;rmalizatlon of Higgs BRs
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Enormous challenges for theory!
Can theory provide adequate predictions?
My expectation:  Yes.

. anticipating progress + support for young theorists

Physikalische:
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Electroweak input parameter schemes
SM input parameters:  (natural choice)
as, a, My, Mz, Mu, mr, Voku

Issues:

» Setting of a:  process-specific choice to
> avoid sensitivity to non-perturbative light-quark masses
» minimize universal EW corrections
Schemes:  fix My, Mz, and «
> «(0)-scheme: a=a(0)=1/137.0...
a(M2) ~1/129
a6, = V2G, My (1 — Mg /MZ)/m ~ 1/132

< Some arbitrariness of ~ 3—6% per factor of « in LO prediction

» «a(Mz)-scheme: «

» G,-scheme: o

» Warnings / pitfalls:
» o must not be set diagram by diagram, but
global factors like u(O)’"(x"G“ in gauge-invariant contributions mandatory !
> weak mixing angle: sy # free parameter if M\ and My are fixed !

» Yukawa couplings are uniquely fixed by fermion masses !

Physialisches I
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Running electromagnetic coupling a(s):
g becomes sensitive to unphysical quark masses mq

g | for |s| in GeV range and below (non-perturbative regime)

py — 0Z. and §Zaa involve In ms with f = g, ¢
Solution: fit hadronic part of Aa(s) = —Re{Z4(s)/s} and thus of 6 Z.
o(ete™ — hadrons)

via dispersion relation to R(s) = (e = )
o(ete wtp

«(0)
1-— AOéfelrm¢top (S)

Universal contribution of Aa(M2) to renormalization constants:

Jegerlehner et al.

= Running elmg. coupling:  a(s) =

526:%AQ(M%)+.,., 5ZAA:*AQ(M%)+~”
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Leading correction to the p-parameter:
mass differences in fermion doublets break custodial SU(2) symmetry
— large effects from bottom—top loops in W/Z self-energies Veltman '77

> large corrections oc m? in L4V (s), V=W, Z

t/b b
W W
t/b t
SE(s)  TIs) 3Gt _
M2 M2, lsl<mi g a2 PP

» mZ-enhanced terms show up in dsw, dcw,
but cancel in ZY'&(s)

» leading terms to Ap known beyond NLO

Universal contribution of Ap to renormalization constants:

5c2, 5s3, &
> :7Aptop+~~--, > :TAptop+~~~
Cw Sw Sw

major effect due to 1/5\21\1 enhancement

S.Dittmaier Needs and challenges in electroweak physics QCD meets EW, CERN, Feb, 2024
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Adaption of input parameter schemes for cross-section predictions

Aim:  absorb universal corrections from A« and Ap
into leading-order (LO) predictions as much as possible

> Aqa" terms can be absorbed to all orders
> Ap" terms can be absorbed at least to two-loop order

» factor « in dgw can still be adjusted appropriately
(e.g. a—a(0) if v radiation dominates, a—ag, if weak corrections dominate)

Consider NLO cross section:
onto = a"Avo (1 4 dew), dgw = O(a)
» for process at some generic energy scale Q 2 My
» with N, external photons (separable from v* — fFf)

» with Ny couplings of W/Z in dominating LO diagrams
(Ap effects from cw from difference between W /Z ignored)
< Ny factors of g2 1/5\2,V in LO cross section

a(0)-scheme:  o10 = a(0)"Aro

2
520 — 2N62e+N7(SZAA—NW5:TW+“.
W

Physialsches Inst
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a(0)-scheme:  o1.0 = a(0)" Aro
(.‘2
520 — (N — N,) Ac(M3) — N FDpiop + -
= cancellation of Aa, Ap for N, = N, Ny =0,

i.e. for processes such as vy — (107, WTW ™ ey — e, etc.

a(Mgz)-scheme:  oLo = a(M3)" Avo
2
sotMz) — 520 _ NAQ(Mz) +... = —N, Aa(MZ) — Ny FDpeop + -
= cancellation of Aa, Ap for N, =0, Ny =0,

which is not possible, since there is at least one Z exchange for N, = 0.
But:  «y exchange dominates over Z exchange for Q < Mw (Nw — 0)

= “a(Q) scheme” for neutral-current processes appropriate, ¢ e~ /qg — (7(~, etc.
G,-scheme: oLo = (x,'gﬂ ALo

Sty = 0w — NAr + ... = —N, Aa(M3) + (N — Ny) & Apmp+

= cancellation of Aa, Ap for N, =0, Nw = N,
i.e. for W/Z decays, all EW processes without external v at @ 2 Mw
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Mixed scheme: oo = a(G.)"a(0)"ALo

. 62
o = 620 _par4 ... = (m—NW)Aa(M%)—l—(n—NW)%Aptop—&—...

= cancellation of Aa, Ap for N, = m, Ny = n,
i.e. for all EW processes with m external v at Q 2 M

Note: m does not include ~ as parton from p/p, because processes

induced by v — gg, £¢ cannot be separated form pure ~ processes
Harland-Lang et al. '16
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Example: weak corrections to Z production g

=
(partonic cross sections, no photonic corrections)
q ’Y/Z Vs
S.D., Huber '09
14 14

o
10 o

(s
weakl wh
X . gt G
8 ek sl
6 6
4T o 4fTN
2 \ : ‘

50 100 150 200
Vi[GeV]

0
50 100 150 200

V3[GeV]
» expected off-sets between NLO EW corrections in different schemes

» most suited EW input parameter schemes:
NE 2 Mgz:

\/§ S, 70 GeV: (a(Q) scheme for Q = V3 < Mz)
» dashed lines include leading 2-loop effects from Aa and Ap
< highest stability against h.o. corrections in recommended schemes

G,, scheme

a(Mz) scheme scheme

Physialisches Instiut
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Unstable particles in Quantum Field Theory

description of resonances requires resummation of propagator corrections

— mixing of perturbative orders potentially violates gauge invariance

Dyson series and propagator poles (scalar example)
O = BN SR X e
r (P) p2—m2+p2—m2 iZr(p%) P2 — m? + P2 — m? + Yr(p?)

Y r(p?) = renormalized self-energy, m = ren. mass

stable particle: Im{¥r(p?)} = 0 at p* ~ m?
< propagator pole for real value of p?,
renormalization condition for physical mass m:  Xr(m?) =0
unstable particle: Im{Xr(p?)} # 0 at p*> ~ m?

< location yi® of propagator pole is complex,
possible definition of mass M and width ;' p? = M? —iMT
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Commonly used mass/width definitions:

> ‘“on-shell mass/width” Mos/Tos: Mg — M3 + Re{Z(M3s)} = 0

1
Go® —
7T s M) T Re(E (M) + ()]
comparison with form of Breit—Wigner resonance LS,
p2—m?+iml
2
yields:  Moslos = Im{Z(Mds)} / (1+Re{E'(M3g)}), T'(p?) = 555
» ‘“pole mass/width” M/T: u? = Mg+ (1) =0
complex pole position: 1> = M? —iMl
1 R
G%? —
= GNP RS0 AR T(a)] P MELMT
Note:

1 = gauge independent for any particle (pole location is property of S-matrix)

Mos = gauge dependent at 2-loop order  Sirlin '91; Stuart '91; Gambino, Grassi '99;
Grassi, Kniehl, Sirlin '01
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Relation between “on-shell” and “pole” definitions:

Subtraction of defining equations yields:
M2 g + Re{EZ(M3g)} = M? —iMT + £(M? —iMTI)

Equation can be uniquely solved via recursion in powers of coupling a:

ansatz: Mis = MP+aadt+ad®+...

MosTos = Ml +da® 4+ dsa® + ..., ci, d; = real
counting in a: Mos, M = O(a®), Tos,T,Z(p%) = O(at)
Result:

Mds = M? +Im{Z(M?)} Im{Z' (M)} + O(a®)
MosTos = MT +Im{Z(M?)} Im{X'(M?)}?
+ 2 Im{X(M?)} Im{X"(M?)} + O(a*)
ie. {Mos,Tos} = {M,I'} 4+ gauge-dependent 2-loop corrections
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Important examples: W and Z bosons

In good approximation: W — ff', Z — ff  with masses fermions f, '
so that:  Im{XY(p?)} = p?x /\FTV 0(p°), V=W,Z
v

r3
< Mis = M’ 4T + O(a®)  MosFos = MI+ 1 + O(a)

In terms of measured numbers:
W boson: Mw =~ 80 GeV, lw ~2.1GeV
— Mw,08 — Mw pole = 28 MeV
Z boson: Mz ~ 91 GeV, Iz ~25GeV
— Mz,0s — Mz 01e = 34MeV
Exp. accuracy: AM@T;@S = 16 MeV, AMzcp = 2.1MeV

— Difference in definitions phenomenologically important !
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Example of W and Z bosons continued:

Approximation of massless decay fermions:
2

T 0(p°), V=W,Z
M\2/,OS

Mv.os(p?) = Mv,os X

Fit of W/Z resonance shapes to experimental data:
2

R’ .
> ansatz | R yields:  m' = My os, ' =Tv.os
p? —m'* +iy'p?/m'
R 2
> ansatz | yields:  m = My pore, 7 =TV pole
ps— m* +1ym

Note:  The two forms are equivalent:

R/ ) m/2 m/’yl
R = s~ o m= 2 127 my = 12 2
1+iy'/m 1++"%/m 1++%/m

< consistent with relation between “on-shell” and “pole” definitions !
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The issue of gauge invariance
Preliminary remarks:
The issue of gauge invariance goes
» beyond the definition of M and ' and also
» beyond the question of parametrizing the resonance!
It is about the consistency of amplitudes everywhere in phase space, i.e.
» on resonance,
» in off-shell regions, and
> in the transition region between on-/off-shell domains.

Gauge-invariance requirements in amplitude calculations:

» proper cancellation of gauge-parameter dependences
(relations between self-energies, vertex corrections, boxes, etc.)

> validity of (internal) Ward identities
(e.g. ruling cancellations for forward scattering of e* or at high energies)
= Required: schemes to introduce width I'

» without breaking gauge invariance
» maintaining (at least) NLO accuracy everywhere in phase space

Physialsct
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Width schemes for LO calculations:

Naive propagator substitutions in full tree-level amplitudes:

1 1
K—m? | K_nPt iml(k?)

for resonant or all propagators

> constant width [(k?) = const. — U(1) respected (if all propagators dressed),
SU(2) “mildly” violated

> step width I(k?) oc O(k?) — U(1) and SU(2) violated
> running width (k) o< 8(k?) x k» — U(1) and SU(2) violated

< results can be totally wrong !

Complex-mass scheme Denner et al. '99
Complex masses for V = W, Z from

1y = My —iMy Ty = location of complex poles in V propagators
Complex (on-shell) weak mixing angle via cw = pw/pz

= All algebraic relations expressing gauge invariance hold exactly
(gauge-parameter cancellation, Ward identities).

Major benefit:  Generalization to NLO  Denner et al. '05: Denner, SD '19
provides NLO accuracy everywhere in phase space!
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LO example from eTe™ physics: o[ fb] for e"e™ — velep " 7pud  (with cuts)

+  etc.

\ Vs | 500GeV | 800GeV | 2TeV | 10TeV
constant width || 1.633(1) | 4.105(4) | 11.74(2) | 26.38(6)
running width || 1.640(1) | 4.132(4) | 12.88(1) | 12965(12) | « totally wrong!
complex mass || 1.633(1) | 4.104(3) | 11.73(1) | 26.39(6)

‘ S.D., Roth '02

High-energy behaviour of longitudinal V = W/Z bosons:

1 1
- ypTVv - - S
O>my K2 e KT, = k2= M2, cvMy T

(S = Goldstone partner of V)

SU(2) Ward identity k" T,Y = cy My T° essential to cancel factor k°,

otherwise gauge-invariance/unitarity-breaking terms enhanced by k°/My
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Width schemes for higher-order calculations:

> Pole Scheme (PS) Stuart '91; Aeppli et al. '93, '94; etc.
Isolate resonance in a gauge-invariant way and introduce I only there:

R(p*) 2 R(M?) | R(p*) — R(M?) >
M=—=F 4 Np?) = N
o (%) Py I v R (r9)
R(M? —imr R(p?) — R(M? °
R(M2 —iMT) () =R 2y
p? — M? +iMIlr pc—M ~——
non-resonant
resonant non—res./non—fact. corrs.

< consistent, gauge invariant, NLO everywhere possible,
but subtle and cumbersome in practice (complex kinematics, pole
location is branch point rather than pole, IR structure of radiation)

» Leading pole approximation (PA)
Take term with highest resonance enhancement of pole expansion
= leading term of Pole Scheme

< consistent, gauge invariant, straightforward,
but valid only in resonance neighbourhood,
rel. uncertainty for EW corrections = £ x O(I'/ M)
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> Complex—mass scheme at NLO Denner et al. '05; Denner, S.D. '19

mass’ = location of propagator pole in complex p? plane

. . > . 9 5
— complex mass renormalization: MW70 = Wy + 6P«W7 etc.
N~
bare mass ren. constant

Gauge invariance by complex weak mixing angle:

_ pw Scy _ Oy Ouy,
G =" @2 T2 T2
Mz Cw My Kz

Features of the complex-mass scheme:

perturbative calculations as usual (with complex masses and couplings)
no double counting of contributions (bare Lagrangian unchanged!)
gauge invariance (ST identities, gauge-parameter independence)

NLO accuracy everywhere in phase space

spurios terms are beyond NLO, but spoil unitarity

complex gauge-boson masses also in loop integrals (all known)
unstable particles only allowed as resonances (not as external states)

OO VvVVYDD DD

generalization to NNLO not yet known (but expected to work)

Physikalisches Institut__;
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Technical details, exemplified for W bosons:
OS renormalization conditions for renormalized (transverse) self-energy
z”‘fV,R(N%V) =0, ZLFWR(H'%V) =0
< 3y is location of propagator pole, and residue = 1
Solution of renormalization conditions:
Sty = X7 (), 02w = —En¥(uiv)
Note:  Evaluation of Zr\f-/(pz) at complex p? can be avoided
TE (i) = Tr (M) + (v — M) (M) + ZiMwlw + O(a”)
T =~

from non-analyticity beyond one loop

atp? = M\ZN and finite
= Renormalized W self-energy:

THR(PY) = TH(P°) — SMYy + (p° — Miy)dZw

with My = IV (My) + 2iMwlw, 6Zw = —Z¢¥(Mgy)

Differences to the usual on-shell scheme:
» no real parts taken from ¥

> ¥ evaluated with complex masses and couplings
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