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The Drell-Yan process

Lepton-pair production (£ / £v) provides a
well-known tool for measuring SM

parameters.
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W mass - SM precision test

m precision fits of relations between SM parameters [Chetyrkin,Kiihn Steinhauser'95,96]
[Awramik,Czakon,Freitas, Weiglein’03'14],[. . .]

M, (1= My, /M) =

yiye?
14+ Ar) = Mw = 80354 & 7 MeV |[Giitter'18
VG, ( ) w [ ]
a recent LHC measurement (uncertainty comparable to Tevatron) [ATLAS '17]
My = 80370 & Tsrar & 1156 £ 14,040 MeV = 80370 & 19 MeV (goal: & 10 MeV)

a My, obtained from template fits to p¢ and m'” spectra in ev and wv channels
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a 7 samples used for modelling, calibration and measuring M, (closure test).
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IV mass - uncertainties impact IT

Breakdown of ATLAS modelling uncertainties: £14 MeV [ATLAS '17]
a QCD (scale variation, parton shower, angular coefficients): +£8 MeV
m electroweak corrections: +6 MeV
a PDFs: £9 MeV

Theory impact on Mw [Calame,Chiesa,Martinez,Montagna,Nicrosini,Piccinini, Vicini’16]

a estimate of O(a2,,) uncertainties L e . .
by input scheme variation: +1 MeV o5~ * 9=PFSR W tHe

* QED FSR + mixed QCD-QED corr.

a shift due to light lepton-pair FSR in
e(p) channel: +3 + 1 MeVv S .
(+5 £ 1 MeV) o

m shift due to QCD-electroweak
corrections, estimated by NLO
QCD (NLO EW) + QED (QCD)

parton shower: —16 + 3 MeV 2 % e 40 s 50
Pl (GeV)
T
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(Differential) Fixed order predictions ST

dx doij(z1, .
10 - izj/dfm dzs fi(z1) f; (12)% + O(Agep/Q™)  [Collins,Soper,Sterman '88]

a complexity of (mixed QCD-electroweak) N2LO computations

dol?° = doi,, + intricate IR singularities in phase space
+doyY « ‘“usually” known (1-loop)
+doyY « 2-loop, many mass-scales

a narrow width approximation [Fadin Khoze Martin'93], €g. T'z/Mz =~ 0.03

oo Dol [ e

production decay production only

2

+O(T/M)

[Dittmaier,Huss,Schwinn '14 "16]

= important simplification: instead of 2 — 2 (full Drell-Yan), mixed QCD-EW
corrections become a product of on-shell 2 — 1 processes.
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Recent developments A\K"‘

Building blocks
a QCDxQED Altarelli-Parisi splitting functions [de Florian,Sborlini,Rodrigo'15]
m photon PDFs [Manohar,Nason,Salam,Zanderighi'17] [NNPDF*17]
m two-loop multi-scale master integrals (virtual & real corrections)
[Bonciani,Vita,Mastrolia,Schubert’16] [Heller,von Manteuffel,Schabinger’19],[Hasan,Schubert'20]
Inclusive predictions
® QCD®QED, pp — Z [de Florian,Der,Fabre’18] Via abelianisation of N2LO QCD
results [Hamberg,vNeerven,Matsuura’91][Harlander,Kilgore’02]
m QCD-electroweak corrections to q7 — Z [Bonciani,Buccioni,Rana, Triscari,Vicini'19]
@ N3LO QCD, pp — ~* [Duhr,Dulat,Mistlberger20]. (a® ~ asar)
Differential predictions
a QCD-electroweak (productionxdecay) pp — Z — ¢¢
and pp — W — fv [Dittmaier,Huss,Schwinn '14 '16]
m QCD®QED, pp — Z — £ [MDJaguier,Melnikov,Réntsch'19] via abelianisation of
[Caola,Melnikov,Rontsch’17°19]
m QCD®QED, pp — Z* — vv using qr-slicing [Cieri,de Florian,Der,Mazzitelli"20]
m QCD-electroweak, pp — Z — £ [Buccioni,Caola,MD,Jaquier,Melnikov,Réntsch’20]
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Recent developments A\K"‘

Building blocks
a QCDxQED Altarelli-Parisi splitting functions [de Florian,Sborlini,Rodrigo'15]
m photon PDFs [Manohar,Nason,Salam,Zanderighi'17] [NNPDF*17]
m two-loop multi-scale master integrals (virtual & real corrections)
[Bonciani,Vita,Mastrolia,Schubert’16] [Heller,von Manteuffel,Schabinger’19],[Hasan,Schubert'20]
Inclusive predictions
® QCD®QED, pp — Z [de Florian,Der,Fabre’18] Via abelianisation of N2LO QCD
results [Hamberg,vNeerven,Matsuura’91][Harlander,Kilgore’02]
m QCD-electroweak corrections to q7 — Z [Bonciani,Buccioni,Rana, Triscari,Vicini'19]
@ N3LO QCD, pp — ~* [Duhr,Dulat,Mistlberger20]. (a® ~ asar)
Differential predictions identical IR structure
a QCD-electroweak (productlon xdecay) pp —
and pp = W — fv [Di -HusS;Schwinn '14 '16]
a QCD®QED, pp — Z — £ [MD Jaquier ov,Rontsch’19] via abelianisation of
[Caola,Melnikov,Rontsch’17'19

a QCD®QE = Z* — vv using qr-slicing [Cieride Florian,Der,Mazzitelli20]

m QCD-—electroweak, pp — Z — £ [Buccioni,Caola,MD,Jaquier,Melnikov,Réntsch’20]
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Production corrections for VV = W, Z AT

a double-virtual contributions (2-loop 3-point functions with internal masses)

AL S W AV D %M

m (re)-computed both form-factors (neglecting insignificant contributions from
top-quark loops) [Aglietti,Bonciani’03,04] [Kotikov,Kiihn, Veretin'07]

m in case of W production, master integrals with two different internal masses
appear.

a real-virtual contributions numerically from OpenLoops

[Cascioli,Maierhofer,Pozzorini'11]
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Production corrections for VV = W, Z AT

m double-real contributions

ArZr - %Z Aﬁ/ ) %n'

a handle IR divergences within the nested soft-collinear subtraction scheme

dg?;yru = <[1 - 34][1 - S’5] Z [1 i Oi4} [1 — éjs] wi4’j5[dk4}[dk5]FLM>
(ij)€Edep

+<[1 A ALY [1 - Ci] [1 - 9kék] wi4’i5[dk4}[dk5]FLM>

i€tep k=a..d

+ counter terms [Caola,Melnikov,Réntsch’17°19]

m operators S, €, € denote soft, single- and triple collinear limits respectively.

m Convenient re-use of analytic integrated counter terms obtained for QCD
corrections (where possible). Analytic pole cancellation and improved
numerical efficiency.
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Z production - integrated cross section IT

corrections relative to NLO QCD: dA@E2™) = dg(m™) /(do©® 0 4 do(1:0))
cuts: pi > 24GeV, pi > 16GeV, |y, | < 2.4,my; > 50GeV, Re, < 0.1
Type Inclusive Cuts Cuts (production only)
ASSPSP | #1.3%x 1072 | +5.8%x 1073 +5.8 x 1073
APPSR | 455 %1074 | —=5.9x 1073 +1.4 x 10—
AJIPSYe | —1.6x 1073 | —2.1 x 1073 —2.1x 103
ASPSEY | =11 x 1073 | —8.0 x 1073 —2.0x 103
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Z production - integrated cross section AT

corrections relative to NLO QCD: dACEe™) = do™™) /(do©0 + do10)
cuts: P, > 24GeV, pi- > 16GeV, |y, | < 2.4,myz > 50GeV, R., <0.1
Type Inclusive Cuts Cuts (production only)
ASIPSSCP | +1.3x 1072 | +5.8 x 108 +5.8 x 10~3
AQIPSREP | 455 x 1074 | —5.9x 1073 +1.4 x 104
AQLPSweE | 216 x 1073 | —2.1x 1073 —2.1 x 1073
AQIPSEW | —1.1x 1073 | —=8.0 x 103 —2.0 x 1073

cuts: accidental cancellation in QCD-QCD (¢g,qg channels)
= QCD-QCD ~ QCD-EW

Motivation Technical aspects Results Conclusion
[e]e]e} 0000 @00 o

O(agaew ) correctionsto pp — Z + X 912 17.06.2020



Z production - integrated cross section AT

corrections relative to NLO QCD: dA©E 2™ = dgm) /(do©0) + do(1:0))
cuts: P, > 24GeV, pi: > 16GeV, |ye, | < 2.4,m,7 > 50GeV, Rey < 0.1
Type Inclusive Cuts Cuts (production only)
ARG | 413 %1072 | +58 x 1072 5.8 x 103
AQLPS9EP | 455 %1074 | —5.9x 1073 +1.4 x 104
AQLPIwerk |16 x 1073 | —2.1 x 1073 —2.1x10"3
AZLPSEY | —11x1073 | —8.0x 1073 —2.0 x 10—3

cuts: QED correction is very sensitive to the cuts (sign-flip),
bad convergence for final state radiation
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Z production - integrated cross section AT

corrections relative to NLO QCD: dA@Ee™) = dg(mm™) /(do©® 0 4 do1:0))
cuts: pi > 24GeV, pi > 16GeV, |y, | < 2.4,m; > 50GeV, Re., < 0.1
Type Inclusive Cuts Cuts (production only)
ARG Y | 413 %1072 | +58 x 10~° 5.8 x 103
AQTPSEP | 455 %x 1074 | —=5.9x 1073 +1.4x 104
AQLPS™e™ | —1.6x 1073 | —2.1 x10~2 —2.1 x 1073
AQDSEW |11 %1078 | —8.0 x 10°° —2.0 x 10~?

fiducial QCD-EW corrections receive a sizable contribution
from corrections to the production
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Z production - distributions IT

dA(a?,am) _ do_(n,m)/(do.(o,o) + do.(l,O))

corrections relative to NLO QCD:
Pz > 24GeV, pi. > 16GeV, |ye, | < 2.4,m4z > 50GeV, Re, < 0.1
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a pure QCD and QCD-EW corrections are comparable for central rapidities
a in production corrections, QCD-weak dominate over QCD-QED, both are flat

Motivation Technical aspects Results Conclusion
[e]e]e} 0000 oeo o
10/12 17.06.2020

O(asaew) correctionsto pp — Z + X



Z production - distributions

corrections relative to NLO QCD: dA@Se™) = dg(mm™) /(do(©0) + do1:0)
cuts: Pz > 24GeV, pi. > 16GeV, |ye, | < 2.4,m4z > 50GeV, Re, < 0.1
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a QCD-QED and QCD-weak corrections have comparable magnitude
a in production corrections, QCD-weak dominate over QCD-QED, both are flat
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Conclusions and outlook AT

a Very precise (HL-)LHC measurement of My, (~ £10 MeV) requires mixed
QCD-electroweak corrections.

a Results for mixed QCD-electroweak corrections to Z boson production
m are generally small, at the per mill level;
m show interplay between QED and weak effects;
= strongly depend on observables and cuts.

[Buccioni,Caola,MD,Jaquier,Melnikov,Réntsch’20]

a Next goal are QCD-electroweak corrections to W boson production.
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Setup A\K"

parameters [Buccioni,Caola,MD,Jaquier,Melnikov,Rdntsch’20]
m LHC @ s = 13TeV
® G, scheme: Gr = 1.16639 x 10> GeV~2 my = 91.1876 GeV my = 80.398 GeV
a PDFs: NNLO NNPDF3.1_LUXqed
| a;(mz)=0.118 1/agw = 132.338
@ g =pp=Mz/2
kinematic cuts
& p; > 24GeV, p; > 16GeV
B |y, | <24
| my,; > 50GeV,

a Recombination for R.., < 0.1 ensures collinear robustness despite massless
leptons.
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Additional formulae A\K"

d Ai( m)P; 0,
o= dpL,dydm Z (y,p1,m)Pi(cos b, ¢)

mY = 4/2p% p" (1 — cos ¢e)

(Pl Py — P F)

cos0° = sgn(p, i)\l L1
\V ma(my; + 17 )

Pii =FE; £ pi.
doppz @Al z_, 4z dlz_, ez
—ppm2 @ 77 226 By sd L E
T, 2—02d0ppz @ Tyt
1
T5(Q* — M?)

—
(Q* = M7)? + M3TS,  Myly

00@000
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Nested subtractions - general idea AT

Energy ordering (E, > Es)

dor,, = <SFLM> + <[1 - S]SE,FLM> + <[1 — 81— S5]FLM>

Partitioning Sector decomposition
1= Zwm,js + Zwm,is
i#] i
; 2 pi=p
/@,
wihIs % + .. 0 /9

i g b)
iS¢ .+ §% 4
2

a)
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Nested subtractions - general idea AT

o', , = <[1 SEA AR [1 - c@] [1 - éﬁ,] wi4'j5[dk4][dk5]FLM>

(ij)€E€dep
<[1 - 54 [1 - Z Z [1 - ] [1 - 91‘04 wi4’i5[dk4][dk5]FLN1>
i€tep k=a..d
+ counterterms [Caola,Melnikov,Rontsch’17°19]
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Abelianisation [de Florian,Der,Fabre’18] A\‘(IT
double-real matrix element for Z production

dogrz =Y §»+ >@v+ §\~+ §m+

color structures

~CE o [( )+ ( | ~2Cwez,

~CaCr = 0, ~CprTrnr = 0

remaining partonic channels: qg,qv,9v: C% = Cre2, Ca =0
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