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QCD computations have reached N3LO

Fully-differential description of color-singlet
production at the LHC has recently reached
N3LO in perturbative QCD.

= Higgs production [Chen et al. 21]
= Drell-Yan [Chen et al. '22]

Parametrically, o} ~ aya.
o (Mz) ~ 0.1, o~ 1/100

These computations are vital for precise
studies at the LHC.
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[Chen et al. '22]


https://arxiv.org/abs/2102.07607
https://arxiv.org/abs/2203.01565
https://arxiv.org/abs/2205.11426

My as a precision test

electroweak fits

o
My (1~ My /M3) = (14 A7)
w w Z \/QGF

My = 80354 +7 MeV [Gfitter'18]
Myw = 80359 + 5 MeV [HEPfit21]

TUTI

recent direct measurements

[ATLAS "17] : 80370 = Tytar & 115y & 14mog MeV
[LHCb '21] : 80354 = 23t & 10exp = 174 = gt MeV
[CDF22] : 80433.5 % 6.4q £ 6. 95y MeV
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https://arxiv.org/abs/1803.01853
https://arxiv.org/pdf/2112.07274.pdf
https://arxiv.org/abs/1701.07240
https://arxiv.org/pdf/2109.01113.pdf
https://inspirehep.net/literature/2064224

Measurement of My, (at hadron colliders)

« through leptonic decay pp — W* — (v

e partonic center-of-mass energy 5 not known, neutrino momentum p, cannot be measured

Norm. entries / 0.5 GeV

= measurements use shape of distributions in p{ and m"’
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« W-boson width, pile-up

* See [Smith,van Neerven,Vermaseren '83]
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[Calame et al. ’16]
e atLO: p! <my/2
« perturbative corrections

TUTI


https://arxiv.org/abs/1612.02841
https://inspirehep.net/literature/13262

TUTI

Measurement of My, (at hadron colliders)

template fit collinear factorization [Collins,Soper,Sterman '88]
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« experimental analyses use Z-boson data to predict pf distribution
« hence, measurement is sensitive to effects that distinguish between W and Z
« these include PDFs, massive-quark effects, NLO EW and NNLO QCD-EW corrections
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Vector-boson production at &' (o)

« pVip% distribution is dominated by the on-shell production of vector bosons

o o es [ 4] Jm o [eo(i)

production decay production

2
do

[Dittmaier et al. '14 ’16] [Behring et al. '19 "20]

« full, off-shell process pp — ¢ was completed recently [Bonciani et al. "21] [Buccioni et al. '22]
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https://arxiv.org/abs/2106.11953
https://arxiv.org/abs/2203.11237

Infrared divergences at NLO

i) P T 121 ky I 2
— 29{[ x ]% doy + + F oy, + do®? + doP
O N
o o P2 P

~1/¢€2

do

dO

- cross-section is finite for arbitrary “infrared-safe” observable .
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Infrared divergences at NLO T
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- cross-section is finite for arbitrary “infrared-safe” observable .
« individually, soft and collinear divergences arise from
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Infrared divergences at NLO T

i) P T Py ky I 2
— 29{[ x ]% doy + + F oy, + do®? + doP
O N
o o P2 P

- cross-section is finite for arbitrary “infrared-safe” observable .
« individually, soft and collinear divergences arise from
— in virtual corrections

do

dO
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=5 -

Infrared divergences at NLO pe e TUTI

py p T P ky Py 2
- 29{[ x ]350 ddy + o FV oy, + do% + do™
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- cross-section is finite for arbitrary “infrared-safe” observable .
« individually, soft and collinear divergences arise from
— in virtual corrections

— phase-space integration over on-shell momenta of final-state partons
in real-emission corrections

do

dO
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Infrared divergences at NLO pe e TUTI

py p T P ky Py 2
- 29{[ x ]350 ddy + o FV oy, + do% + do™
Olg |
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- cross-section is finite for arbitrary “infrared-safe” observable .
« individually, soft and collinear divergences arise from
— in virtual corrections
— phase-space integration over on-shell momenta of final-state partons
in real-emission corrections

 need to be regulated, extracted and cancelled

do

dO
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Infrared divergences at NLO /)|~/<4NE1E4(1—005914) m
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cross-section is finite for arbitrary “infrared-safe” observable .%

individually, soft and collinear divergences arise from

— loop integrals in virtual corrections

— phase-space integration over on-shell momenta of final-state partons
in real-emission corrections

need to be regulated, extracted and cancelled
only then can the limit € — 0 be taken prior to numerical simulation
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Infrared divergences at NLO S ]

n ki
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cross-section is finite for arbitrary “infrared-safe” observable .#

individually, soft and collinear divergences arise from

— loop integrals in virtual corrections

— phase-space integration over on-shell momenta of final-state partons
in real-emission corrections

need to be regulated, extracted and cancelled
only then can the limit € — 0 be taken prior to numerical simulation

= slicing and subtraction schemes
are used to define contributions that are individually finite

do| =doy.|+doy
Ot
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Infrared subtraction at NLO

TUTI

« general idea is to subtract and add back matrix elements that approximate singular behavior

do¥(d =4 —2¢) = (do” —do”)

regulated term

 pole cancellation

e—0

« example for soft-regulated emission of a gluon

2

2¢;Cr (P1-p2)
" </[dk4] (Pl'k4)(172'k4)>,x

~1/g2

P2

« NB similar formula for remaining collinear divergence

Maximilian Delto | ISSP at EMFCSC | 21th of June 2022

28Cr (p1-p2)

1 ky P
do% = + e S e
ﬁ % (P1-ka)(p2-ks)
2 2 ks
1

ddy

p2

+ do'(¢)
——

subtraction term

lim [dopdf +doV(e) +do"( )} — finite

dPy g



Quark emission at NNLO QCD-EW T

Ul 7] T
2
| g w+adl ) v X
O(osx) p .
% ds .
« only triple-collinear divergence p,|k,|lks due to continuous quark line
dGLZi—)WJFdd = <[dk4] [dk5] (I—(tz) FLM(1u72d7W+;4d;5d)> — fuIIy regulated
+ ([dka] [dks] @2 Frag (1us2a, W544,54) ) + subtraction term

« integrated triple-collinear subtraction terms were computed in the context of NNLO QCD
corrections [MD,Melnikov ‘19], results can be re-used here

([dka][dks) o Frag(1u, 24, W 344,54) )

~ 0 ax/IdZ fi(2) + A <CFQ621FLM(1u,Z'2a)> _BE I
o —~— —~ z ’ E;
| pole cancellation physical XS_
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https://arxiv.org/abs/1901.05213

TUTI

« goal: construct “simple” observable for My,® that makes use of both the p;-, distribution and the

precisely measured Z-boson mass

Impact on the My measurement at the LHC

— define normalized average momentum as

cut . L do 1
f@ ! Pryv X T dpg,v

1 1 1 dpyy péut
<p£,V 9|:p€,V_pCU’[:|> — fGCUt dGV =My Xf My
— define observable My;," as
exp th
1 1
Py W> M <Pe z>
ex < ’ w )
wa:WMthh, Cih = My, \b
<p€,Z> <pg’W>
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Impact on the My measurement at the LHC

 updated theoretical description shifts extracted value of My

5< 1 th 6 1 th
Py Z> <p£ W>
exp ’ ’ exp
3MW - N th N th My,
(piz)  (vtw)

inclusive | ATLAS cuts | tuned cuts
NLO EW 1 MeV 3 MeV —3 MeV
NNLO QCD-EW | —7 MeV —17 MeV —1 MeV

th th
5 <pg%w> / <pg%w> x ME® ~ 0(30 — 50) MeV
= large cancellation by one order of magnitude

= sensitive to cuts
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Impact on the My measurement at the LHC

 updated theoretical description shifts extracted value of My

th th
iR iR
SMEP — 5<p £’Z> 6<p57W> MEXP
P

N th L th W
<Pe,z> <Pe,w>

inclusive | ATLAS cuts | tuned cuts
NLO EW 1 MeV 3 MeV —3 MeV
NNLO QCD-EW | —7 MeV —17 MeV —1 MeV

ATLAS p;,-cuts:
— péut.z =25 GeV
— parw = 30 GeV
= moves average momentum in decays of the lighter W boson
towards higher values
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Impact on the My measurement at the LHC

 updated theoretical description shifts extracted value of My

th th
iR iR
SME® — 5<p va> 6<p€>W> MEP
P _

th th W
1 1
<P£,z> <P5,W>

inclusive | ATLAS cuts
NLO EW 1 MeV 3 MeV
NNLO QCD-EW | —7 MeV —17 MeV
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Conclusion

« fully-differential description of QCD-EW corrections to on-shell vector-boson production

— regularisation of infrared singularities
— analytic computation of integrated subtraction terms
— (on-shell form factor pp — W, including two-loop master integrals with two internal masses)

= QCD-EW corrections were estimated
to shift the measurement of My by up to —17 MeV

Outlook

= this result warrants further studies,
which incorporate all relevant details of experimental analyses
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Backup
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Breakdown LHCb uncertainties

Source Size [ MeV]
Parton distribution functions 9
Theory (excl. PDFs) total 17
Transverse momentum model 11
Angular coefficients 10
QED FSR model 7
Additional electroweak corrections )
Experimental total 10

Momentum scale and resolution modelling 7
Muon ID, trigger and tracking efficiency 6

I[solation efficiency 4
QCD background 2
Statistical 23
Total 32

[LHCb *21]
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https://arxiv.org/pdf/2109.01113.pdf

Breakdown CDF uncertainties

Table 2. Uncertainties on the combined

My result.

Source Uncertainty (MeV)
Lepton energy scale 3.0

Cepton amarey rasaition™ 5
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P e  —
Leptonremoval12 .................
5 é'ékéféﬁﬁdé ............................................... i
pEmodel kB
PT/PEMOGl e i
Parton distributions 3.9

GED Tadiation S
ot S —
o I
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[CDF ’22]

15


https://inspirehep.net/literature/2064224
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