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Perturbative expansion aMC@NLO, Sherpa, Herwig. .. &
Recola, Madloop, Gosam, Openl.oops

dedicated MC's: Matrix, MCFM,

do ='doro + asdoNLo + @Ew dONLO EW NNLOiet, .
NLO QCD NLO EW ,
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NLO QCD + EW
scheme variation, e.g. Gmu vs. a(mZ)? VS.
scale variation at NNLO + NLO QCD x EW

in case of EW Sudakov *sufficient?
dominance: exponentiation *reliable?



-W uncertainties: Sudakov
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-W uncertainties: Sudakov

Large EWV corrections dominated by Sudakov logs
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-\VW uncertainties: Suc

pp —Z(— {707 )+ jet @ 13 TeV
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exponentiation x 2:



do/dor o

0.6

0.4

O

O
1
N

(= 747 )+ jet @ 13 TeV

[ML et. al. 1705.04664]

/+|et

— LO 2 1

NLOEw  o(L®+ L)

Sudakovy o “ o2 ( A e L3)
= NLO EW + SudakovnNiO ——

I I I I I/I I I I I I [ 1 | I

- U wNoewr

IIIIIIII IIIIIIII IIIIIIII IIIIIIII IIIIIIII IIIIIIII IIIIIIII IIIIIIII IIIIIIII IIIIIIIIL

T ‘ IIIIII‘ IIIIIIII‘ IIIIIIII‘ IIIIIIII‘ IIIIIIII‘ IIIIIIII‘ IIIIIIII‘ IIIIIIII‘ IIIIIIII‘ IIIIIIII‘ IIIIIIII‘ [T

. o)
KNLOEW (8,1) = - I(Sr(lg)rd + 5éI1)dI
. a\? (2
KNNLO Sud (37 t) — (;) 5éu)d
I I [ 1 1 I I I I I

102

/

IIIII
103

prv [GeV]

-W uncertainties: Sudakov

Large EWV corrections dominated by Sudakov logs
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Uncertainty estimate of (N)NLO EW from naive
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Sherpa

[Bothmann, Napoletano, '20]
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Sherpa
[Bothmann, Napoletano, '20]
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Openloops
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Scheme variations

-VV uncertainties: harc

e.g. \Gusmw,mztys {a(mz), mw, mz}

pp—e'e py,\s=13TeV  [Bothmann, et. al; 21]
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Conservative estimate of
hisher-order QED radiation:
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Mixed QC

»Z(— 0T )+ jet @ 13 TeV
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For dominant Sudakov EW logarithms factorization should be exact!

hard
—alternative: Aqcp—Ew = dqcp (Opw + Opt)



Mixed OQCD-EW uncertainties
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Mixed QC

-

-VWV uncertainties

Estimate of non-factorising contributions
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~xact mixed QCD-EWV for DY

[Buccioni, Caola, Delto, Jaguier, Melnikov, Rontsch, "20]
[Behring, Buccioni, Caola, et. al. '20]

[Bonciani, Buonocore, Grazzini, Kallweit et. al. 2 x 2]
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» pole approximation vs. full computa

loN:; agree

below the percent level

» Comparison against naive factorisec

» At large PT.ut in DY: sizeable contributions from PP — V7 which receives larger EW corrections

NLO QC

D x NLO EW ansatz fail at the 5-10% level
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Mixed OQCD-EW uncertainties

*NLO QCD/LO=2-5! ("giant K-factor’™)

*at large pIVI1:VV phase-space I1s dominated by V+jet (w/ softV radiation)

OOy
/,/Rjé;;;;::szﬂ/\/

* NINLO / NLO OCD moderate and NNLO uncert. 5-10%

o~ +NLO EW/LO=-(40-50)%

dogV (V)J

LO
doyy

x ag log? (

2

My,

>:3 at () =1TeV

*Very large difference donnpo QoD tEW V. doONNLO QCD xEW

* Problems:

|. In additive combination dominant V| topology does not receive any EVW corrections
2. In multiplicative combination EVW correction forVV is applied to V| hard process

* Pragmatic solution [|: take average as nominal and spread as uncertainty

* Pragmatic solution Il: apply jet veto to constrain Vj toplogoies



Mixed QCD-EW uncertainties
* More rigorous solution: merge VV| incl. approx. EVV corrections with VV with Sherpa’s MEPS@NLO QCD + EVWvirt
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approximate integrated real contribution
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V+2 jets:

QC

Perturbative ex

D-mode
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"NLO QCD”

hansion: tower of contributions

*For processes with at least 4q there is a tower of LO(NLO) contributions.
*E.g: multijets, tt + X VHjets (VBF-V),VVHjets (VBS-VV),
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Mixed QCD-EW uncertainties
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PP = Vive T 2] 3 P — 1,7, + 2 jets at 13 TeV [IML, Pozzorini, Schénherr, '22]

[ [ [ [ ‘ [ [ [ 1T 1T T 11 T TTTTTTTTTTTITTTTTI |||||||H_-(r{)

— [ [ [ [ [ [ [ 1T 1T 1T 11 T T TTTTTTTTTTITTTITTT]TTITINIIT] Q)

EL % 104 = | | | | ==

5 ) . 1%

N I - = 15

- I i

; o : | \_%bééa:% _O

S = g i~

| = g

% % 10—5 — 1% 587 _:g

- N - v &fe

e __“H—._._I_ = S - g 7 17
- —— QCDLO _ - —— EWLO :
§_ — EW LO _g 10—6 — — EW NLO QCD — —
- interference LO - = —— EW NLO QCDXEW —
= E - — EW NLO QCD+EW _
f | | | | | L ||||||||||||||||||||||||||||||||||_ o = ]
S e e R R R RN R YR T B IER
B _ 1.4 |— AR
T - — 4: B
E E 1.2 — _
1 - a B ]
: = 9 : -
— _ ®) 1 = _
= — = = = e el
= = Z - —_— -
- —— — T 08 ——
= E S i i
E E 0.6_— —
g_ | | | | I I A O ||||||||||||||||||||||||||E 04:_ _:
1000 2000 3000 4000 5000 ' ol b b

m . [GeV] 1000 2000 3000 4000 5000
12 mjl]-z [GeV]

o[t LO interference is small: possible to consider QCD and EWV production modes as
independent and factorise QCD and EW corrections to the respective processes
* Otherwise, still factorise but consider QCD+EW combination as nominal (and QCDxEW as uncertainty)



Conclusions

» At the precision frontier reliable estimates of EVW and QCD-EW uncertainties are becoming mandatory

» EVV uncertainties:

® Higher-order Sudakov corrections: AZhS = (5&)(1)
Ahard ~ 1%

® Higher-order hard corrections:

- AR — 15w — 0 |
® Higher-order QED radiation: —“Ew — IYEW EW+PS/YFS

» QCD-EW uncertainties:

@ Conservative: difference between add. and multipl. combination: AQCD-EW = 0QCD OEW

hard
o More aggressive: 2qep-EW = dqep (Ogw + 05W ) (applicable when OEW ~ pw)

multi—jet merged

® For processes subject to significant QCD radiation: Aqcp gy = 0QCD OEW
® X+ @ NLO EW computations might allow for estimate of non-factorising effects
@ Factorisation feasible for processes with small interferences of born orders

» Necessary tools are avallable:

® NLO EW in MG5_aMC@NLO / Sherpa / POWHEG
® NLL EW in Sherpa / MG5_aMC@NLO / OpenlLoops

® NLOPS EW in POWHEG / MEPS NLO EW + YFS in Sherpa
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Backup
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The need for off-shell computations:VV

[Biedermann, M. Billoni, A. Denner, 5. Dittmaier, L. Hofer, B. Jdger, L. Salfelder ;1 6]
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Relevance of EVW higher-order corrections: photon-induced channels

Il. QED factorisation and thus photon luminosities needed to absorb IS photon singularities.

- Possible Iarge enhancement due to photon-induced channels in the tails of kinematic d|stnbut|ons,

q

_ qq Yy
doyo = dO’LO + dO‘LO

pp%eer Ve Uy pp — et U vy

no 'y
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—[Ka weit, IML, Pozzorini, Schénherr, "1 /]
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=¥ large differences between different photon descriptions. Now settled: LUXqed superior

=*» O(10%) contributions from photon-induced channels
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Combination of QCD and EVV corrections

e full calculations of O(aay) out of reach

* Approximate combination: MEPS@NLO including
(approximate) EW corrections

* key: QCD radiation receives EVW corrections!

* strategy: modity MC@NLO B-function to include NLO EW
virtual corrections and integrated approx. real corrections = VI

En,QCD—I—EWVirt(ch) — Bn,QCD(q)n) + Vn,EW(q)n) + In,EW(q)n)
7 ’\
exact virtual contribution
approximate integrated real contribution



Mixed QCD-

-VW corrections to

o[-Or precision in resonant region: expand around M?2

non-factorizable

[Dittmaier, Huss, Schwinn, " 4]

negligible

orod x decay

[Dittmaier, Huss, Schwinn, " 5]

dominant

N( :-o.oos L
" —"-‘

For production only
» QCDxweak dominant over QCDXxQED

» net effect: few per-mille
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VII

— QCD2/10 — QCDXQED —— QCDxweak

DY production: NC

genuine QCD-EW in prod

[Buccioni, Caola, Delto, Jaquier, Melnikov, Rontsch, "20]
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[Behring, Buccioni, Caola, et. al. '20]
last missing piece

NC.:
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[Behring, Buccioni, Caola, et. al. "2 | ]
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