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in principle,

experimental analyses should include
all available do'aggam terms

in practice,

m only very few terms known exactly

m some contributions known at all orders in some approximation (e.g.
leading log, etc.)
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LHC analyses and EW corrections

usually EW corrections are not included or they are included via
approximations

m QED PS (leading log QED corrections)

m fixed-order dn1,0 Ew used to correct predictions including h.o.
QCD corrections

Motivations

m a/ag~0.1: NLO EW ~ NNLO QCD
m NLO EW can be computationally heavy/time consuming

m tools for the calculation of NLO EW and QCD corrections matched
to PS might not be available, depending on the process
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a/ag >~ 0.17 Cross section level

alag ~0.1

at the cross section level NLO EW - sNLO QCD

provided that the event selection is inclusive!

This is NOT always the case, see e.g. VBS scattering:

| Order [ 0(a) [ Ofasa®) | Ofage®) [ Ofaa?) |
donLo [fb] —0.2169(3) [ —0.0568(5) | —0.00032(13) | —0.0063(4)
50NLQ/O'LO [%] —13.2 —-3.5 0.0 —0.4

PP — WHTW T 5§ (Denner et al. 161102051, 1708.00268, 1906.01863)
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ag ~0.1?7 QED collinear FSR

EW corrections can be enhanced by collinear final-state QED radiation
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log% leading to non-trivial shape effects
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s ~0.1?7 Weak Sudakov corrections

virtual weak corrections can reach several tens of percent
in the Sudakov regime
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LHC analyses and EW corrections: uncertainties

m missing non-log QED corrections
® missing weak corrections

m subleading log contributions not formally under control

NLO EW as correction factors

m double counting of O(«) QED PS, if present (if a gauge invariant
separation of weak and QED corrections is not possible)

m combination prescriptions for QCD and EW corrections arbitrary
(additive/multiplicative/...?)

m interplay between QCD and EW corrections potentially missing
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EW theoretical uncertainties (1)

m in cross sections and distributions measurements the
theoretical predictions are used as benchmarks

m the EW theoretical uncertainties can be considered
as an error band on the benchmark (as in the case
of QCD)

m it is important to estimate the size of this error
band to interpret the results
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EW theoretical uncertainties (2)

Some experimental procedures (e.g. template fits) rely
on theory predictions:

a quantitative assessment of the theory uncertainties is
mandatory as they enter they become part of the
experimental error of the measurement

In the following | will show numerical examples in the
context of the measurement of EW parameters from DY
production

based on PRD 96(2017) 093005 and PRD 100(2019) 071302
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Template fit procedure:
measure a relevant distribution (P, M%)
generate several Monte Carlo samples with different My
(templates)
the measured My, corresponds to the sample that best fits to the
data

Monte Carlo simulations are affected by perturbative (radiative
corrections) and non-perturbative (i.e. PDFs, p" modelling, intrinsic
kr) theoretical uncertainties

these theory uncertainties propagate to My measurement
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Theoretical uncertainties in My measurement: strategy

pseudodata

m Monte Carlo samples with a given theoretical accuracy

m play the role of experimental data

templates

m MC samples at NLO QCD+QCD-PS (or LO) generated for different
values of My,

m will be fitted to the pseudodata

AMy = My (pseudodata) — My (fit output)
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Theoretical uncertainties in My measurement: tools (1)

m HORACE (Carloni Calame et al. hep-ph/0303102, hep-ph/050626)

m MC event generator for DY

m can generate events at NLO EW+QED-PS, and
NLO EW+QED-PS+unresolved {71~ radiation

| POWHEG_BOX_VQ/W_GW_BMNNP (Barze et al. arXiv:1202.0465)
m MC event generator for charged DY

m can generate events at NLO QCD+QCD-PS and
NLO (QCD+4EW)+(QCD+QED)-PS

m relies on external shower MC programs (i.e. PYTHIA,
PYTHIA+PHOTOS)
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Theoretical uncertainties in My measurement: tools (2)

B PYTHIA (Sjostrand et al. hep-ph/0603175; arXiv:0710.3820)

m general purpose shower MC generator

m can generate multiple QCD and QED radiation

m PHOTOS (Barberio et al. CPC 66 (1991), CPC 79 (1994), Golonka et al. hep-ph/0506026)

m general purpose shower MC generator

m can generate multiple QED radiation off fermions
(from W decay)

Mauro Chiesa Towards fully NLO-EW analyses



Theoretical uncertainties in My measurement: notation

m NLO EW corrections: do = dog [1+4 d4]

QED-PS: all order ~y radiation in leading log approx.
do=dog [1+5,7 6/n]

NLO EW+QED-PS: do =dog [1+ 00+ 0 5 0hn]

matching replaces first PS radiation with NLO real radiation

= HORACE NLO EW+QED-PS: do = dog [1+ 00+ pesin]

= POWHEG NLO (QCD-+EW)+(QCD+QED)-PS:

[ee]

[o.@] o
do=doo |1 + ba,+0a+ D Ohmant D 0hm+ Y Son
m=2 n=2

m=1,n=1
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pp— WT, /s =14 Tev My shifts (MeV)

A wN

Templates accuracy: NLO-QCD+QCDpg wt o utw wt e+u(dres)

Pseudodata accuracy QED FSR My pg My p%‘
NLO-QCD+(QCD+QED)pg PyTHIA -95.2+0.6 -400+3
NLO-QCD+(QCD+QED)pg PHOTOS 88.0+40.6  -368+2
NLO-(QCD+EW)+(QCD+QED)pgtwo-rad  PyTHIA 89.040.6  -371+3
NLO-(QCD+EW)+(QCD+QED)pgtwo-rad  PHOTOS 88.640.6  -370+3

m dressed e: recombine v with e if AR(ve) < 0.1

m2

m bare p1: corrections enhanced by logs ozlog(a%)
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Uncertainties from QED PS (1)

pp = W, /5 =14 Tev Myy shifts (MeV)
Templates accuracy: NLO-QCD+QCDpg wt - uty Wt — et u(dres)
Pseudodata accuracy QED FSR Mo pé M pé
1 NLO-QCD+(QCD+QED)pg PyTHIA -95.2+0.6  -400+3  -38.0+0.6  -149=+2
2 NLO-QCD+(QCD+QED)pg PHOTOS -88.0+£0.6  -368+2  -38.4+0.6  -150+3
3 NLO-(QCD+EW)+(QCD+QED)pgtwo-rad PYTHIA -89.0+0.6  -371+3  -38.8+0.6  -157+3
4 NLO-(QCD+EW)+(QCD+QED)pgtwo-rad ~ PHOTOS  -88.6£0.6  -370+3  -30.240.6  -159+2

m difference between QED-PS in PHOTOS and PYTHIA at O(«)

1
m PHOTOS m

m PyTHIA-QED x -
Pt

m 7 MeV (Mr)/ 32 MeV (pr) effect for bare u



Uncertainties from QED PS (2)

pp = W, /s =14 Tev My shifts (MeV)
Templates accuracy: NLO-QCD+QCDpg wt = puty Wt — et u(dres)
Pseudodata accuracy QED FSR Mo pé M pé
1 NLO-QCD+(QCD+QED)pg PyTHIA 952+0.6  -400+3  -38.0£0.6  -149+2
2 NLO-QCD+(QCD+QED)pg PHOTOS -88.0+£0.6  -368+2  -38.4+0.6  -150%3
3 NLO-(QCD+EW)+(QCD+QED)pgtwo-rad PYTHIA -89.0+0.6  -371+3  -38.8+0.6  -157+3
4 NLO-(QCD-+EW)+(QCD+QED)pgtwo-rad PHOTOS -88.6+0.6  -370+3  -39.240.6  -159+2

m first QED radiation generated by POWHEG

m difference between QED-PS in PHOTOS and PyTHIA at O(a?)
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Uncertainties from mixed QCD-EW effects

pp — W, /s=14 Tev Myy shifts (MeV)
Templates accuracy: NLO-QCD+QCDpg wt o uty Wt — et u(dres)
Pseudodata accuracy QED FSR Mo pgﬂ Mo pgn
1 NLO-QCD+(QCD+QED)pg PyTHIA -95.2+0.6  -400+3  -38.0+0.6  -149+2
3 NLO-(QCD+EW)+(QCD+QED)pgtwo-rad PyTHIA -89.0+£0.6  -371+£3  -38.8+0.6  -157+£3

Experimental collaboration at LHC use as templates
PowHEG -QCD+PyTHIA -QCD+PHOTOS

uncertainties form A My, (MeV) bare muons

non-log QED, ;
QED FSR model M p
weak, T r
mixed QCD_EW corr. LHC PyTHIA +6.2 + 0.8 +29 + 4
PHOTOS -0.6 £ 0.8 2+ 4
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Combination of EW and QCD corrections

Templates accuracy: LO My shifts (MeV)
Wt — v Wt —etv
Pseudodata accuracy My i ‘ My Py
1 HorACEonly FSR-LL at O(a) -94+1  -104+1 -204+1 -230+2
2 HORACEFSR-LL -89+1  -97+1  -179+1 -195+1
3 HORACENLO-EW with QED shower -90+1 -94+1 -177+1 -190+2
4 HORACEFSR-LL + Pairs -94+1  -102+1  -182+2 -199+1
5 PuHotosFSR-LL -92+1  -100+2 [-182+1 -199+2
pp = W, /s =14 TeV My shifts (MeV)
Templates accuracy: NLO-QCD+QCDpg W+ = ptv W+ — eTv(dres)
Pseudodata accuracy QED FSR My e My e
1 NLO-QCD+(QCD+QED)ps PyTHIA -95.2+0.6  -400+3 -38.0£0.6 -149+2
2 NLO-QCD+(QCD+QED)ps PHOTOS  -88.0:0.6 -36812 | -38.4£0.6 -150+3
3 NLO-(QCD+EW)+(QCD+QED)pstwo-rad  PYTHIA  -89.040.6 -371+3 -38.840.6 -157+3
4 NLO-(QCD+EW)+(QCD+QED)pstwo-rad  PHOTOS  -88.6£0.6 -370+3 -39.240.6 -159+2

convolution with QCD can change a lot the impact of EW corrections
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Uncertainties from higher order effects: pair radiation

same order as 2 ~ radiation (NNLO)

el ety

pp = W, /s =14 TeV My shifts (MeV)
Templates accuracy: LO wt o ;L+V wt ety
Pseudo—data accuracy My p,‘} Mo pgq
1 HoORACE FSR-LL -89+1 -97+1 -179+1 -195+1

AMy (ptv) ~5+1 MeV (from u) and ~ 3+2 MeV (from e)
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NNLO uncertainties: input parameter scheme

pert. EW calculations require a consistent set of input param. in the
gauge sector, e.g.

] a(O), MW and MZ

m G, My and My to be preferred in the CC DY

m we can define

tree  _ \/5 2 52
= —G,M 9
O(H . m WSln
2
allll = £G’”M‘%VsinQﬁ(l—Ar)
T

m three possible different expression for the cross section, starting to
differ at O(a?)

ap o =adog+ai(osy +om),
G, T : o = (al7*) o0+ (ol ) ao(osy +or) — 287 (0l )00,
G, II : o= (ozu)200+(all)2010(Usv+0H)
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uncertainties: input parameter

m potentially effects on My, because of the different sharing among
different photon multiplicities

pp— W, /s =1.96 TeV Myy shifts (MeV)

Templates accuracy: LO WT > puv

Pseudodata accuracy Input scheme M p,[}
1 HoOrACE NLO-EW ap -101+1 -117+2
2 Gu—1 -112+1 -130+1
3 G, —11 -101+1 -117+1
4 HoraceE NLO-EW+QED-PS g -70+1 -81%1
5 G, —1 -72+2 -83+1
6 Gy —1II 7241 8242

m differences present at NLO, after matching with higher orders,
become much smaller

AMy ~2 MeV +1—-2 MeV
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Missing higher-order corrections (?)

it is clear how to quantify the uncertainties from available EW
corrections (e.g. weak and mixed QCD-EW corrections at the LHC)

it is less clear how to estimate the uncertainties from missing
higher-order corrections

m in QCD it is done using scale variations

m one can take the difference in the predictions from different input
parameter schemes, but this may overestimate the uncertainties:

m a lot of possible input parameter schemes

m one might define a way to decide that one scheme is better than
another one for the process under consideration
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Template fits at NLO EW and input parameters

The assessment of EW uncertainties is straightforward when the fitted
parameter is an input parameter at NLO EW, e.g.

e.g. MW — (OZ,MW,MZ), (Glu,aMW7MZ)

This is not the case if you measure sinf.g form NC DY.
A dedicated computation/renormalization scheme is useful for the
determination of theory uncertainties

e.g. (a,sinbeg,Mz), (G,sinbcs, Mz)

developed in MC, F. Piccinini, and A. Vicini PRD 100(2019) 071302
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The (G,,sinfg, Mz) scheme (1)
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m NLO EW corrections are smaller in the (G, sinfcg, Mz) scheme

m H.O. effects smaller in the (G ,,sinfcqs, Mz) scheme
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The (G,,sinfg, Mz) scheme (2)

m? dependence from Ap

0.0003
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smaller parametric uncertainties from m; dependence
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Photon induced processes (?)

Ars distribution: photon-induced contributions , ; ,
S. Bondarenko, L. Kalinovskaya, AV \:/E :D<

NNPDF31_nlo_as_0118_luxqed and Y-induced subprocesses

simulation with y-induced:

NNPDF31_nlo_as_0118 and NO Y-induced subprocesses

simulation without Y-induced:
0.15 . . . . . 0.0015 (——— . .
LO without 4 —— | LO
LO with NLO
NLO without
0.1 NLO with 0.001 9
with or without y-induced subprocesses
0.05 9 0.0005 9
N a AR
& ; |
< I<i I‘Jr
0 1 0 "‘—LJr F ’
ol
~0.05 NNPDF31.as 0118 nlo 4 —0.0005 FA = (with) - (without) y-induced subprocesses _J'_
= NNPDF31_as_0118_nlo_luxqed NNPDF31.as_0118_nlo
NNPDF31_as_0118_nlo_luxqed
—0.1 HORACE —0.001 ! HORACE
60 70 80 90 100 110 120 60 70 80 90 100 110 120
My (GeV)

Myii- (GeV)

preliminary results for v-ind. contribution: effect on the asymmetry

apparently large

slide stolen for A. Vicini's talk
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Conclusions

m At the LHC EW corrections are not included or included via
approximations (QED PS, NLO EW as corr. factor on QCD samples)

m It is crucial to asses the theory uncertainties related to EW corrections, in
particular when template fits are used

m Depending on the accuracy target a full NLO EW (+PS) analysis may be
necessary

m The assessment of EW uncertainties is straightforward when the fitted
parameter is a free parameter of the calculation NLO EW. In order to
have the fitted parameter among the input parameters at NLO EW, the
development of specific computation/renormalization schemes (e.g.
sinfeg and (G, sinbeg, Mz)) may be necessary
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Mixed QCD-EW effects

pp — pyy, fit to My(ptv,)

Templates Pseudodata Myy shifts (MeV)
1 Lo POWHEG(QCD) NLO 56.0 + 1.0
2 Lo POWHEG(QCD)+PYTHIA(QCD) 744 420
3 LO HORACE(EW) NLO 040 £ 1.0
4 LO HORACE (EW,QEDPS) -88.0 &+ 1.0
5 LO POWHEG(QCD,EW) NLO -140 £ 1.0
6 LO POWHEG(QCD,EW) two-rad+PYTHIA(QCD)+PHOTOS 5.6 + 1.0
samples Myy shift (MeV)
oo oo
m=1,n=1 a man +Z7n 2 a"’ +Zn 2 San (61-{5] 84 £1.4 MeV
> 8m [21-[1] 18.4 £2.2 MeV
g:Q CYs
. & n [4]-[3] 6.0 +1.4 MeV
n=

> m=1,n=104zman=([6]-[5])-([2]-[1])-([4]-[3])=-16.0+3.0 MeV

in agreement with the results of Dittmaier et al. 1511.08016 for the full
O(aag) corrections in pole approx. (-14 MeV)
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Pair radiation: formulas

Unresolved pair radiation can be included in the Sudakov through the running

Lof a
a/|1-351In=5 ) electrons only
me
o = a(s) =
o/ 1_%1n%_9(5_mi)%1n%) electrons + muons
m?2 ma,

Lalternative implementation: N. Davidson, T. Przedzinski and Z. Was, CPC 199
(2016) 86, arXiv:1011.0937
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Theoretical uncertainties in My measurement: tools (1)

m HORACE (Carloni Calame et al. hep-ph/0303102, hep-ph/050626)

m MC event generator for DY

m can generate events at NLO EW+QED-PS, and
NLO EW+QED-PS+unresolved {71~ radiation

| POWHEG_BOX_VQ/W_GW_BMNNP (Barze et al. arXiv:1202.0465)
m MC event generator for charged DY

m can generate events at NLO QCD+QCD-PS and
NLO (QCD+4EW)+(QCD+QED)-PS

m relies on external shower MC programs (i.e. PYTHIA,
PYTHIA+PHOTOS)
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Theoretical uncertainties in My measurement: tools (2)

B PYTHIA (Sjostrand et al. hep-ph/0603175; arXiv:0710.3820)

m general purpose shower MC generator

m can generate multiple QCD and QED radiation

m PHOTOS (Barberio et al. CPC 66 (1991), CPC 79 (1994), Golonka et al. hep-ph/0506026)

m general purpose shower MC generator

m can generate multiple QED radiation off fermions
(from W decay)
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