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

dedicated MC's: Matrix, MCFM,

do =doLo + asdonLo + aEw AdONLO EW NNLOiet, .
NLO QCD NLO EW ,
- !
‘|‘CV% donNLO + Oé%;w donNLO EW + asagw AONNLO QCDxEW
NNLO QCD NNLO EW NNLO QCD-EW
?
‘|‘Oé?év dO‘NgL()_|_ o
N3LO QCD
NLO QCD + EW
scheme variation, e.g. Gmu vs. a(mJZ) VS.
scale variation at NNLO + NLO QUD 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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Universality and factorisation: [Denner, Pozzorini; 01 |
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-W uncertainties: Sudakov
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-W uncertainties: Sudakov

Large EWV corrections dominated by Sudakov logs

v

Uncertainty estimate of (N)NLO EW from naive
exponentiation x 2:

AR = (kNLOEW)2

v

check against two-loop Sudakov logs
[KUhn, Kulesza, Pozzorini, Schulze; 05-07]

e.g. from scheme variation, e.g. Gmu vs. a(mZ)



also: alpgen [Chiesa, et. dl, ’| 3]

Tools for EVW Sudakov corrections

Sherpa MadGraph5_aMC@NLO Openloops
[Bothmann, Napoletano, '20] [Pagani, Zaro, 2| ] ML Mai, "2 3]
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akov corrections
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* Sizeable cancellations between different logarithmic contributions.
* Only partial control of angular-dependent S-55C contribution
In Sudakov approximation
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Scheme variations

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

pp—ete wu,s=13TeV  [Bothmann, et al,; 2]
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However: scheme variations mix perturbative

and parametric uncertainties!
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=VV uncertainties: QED radiation | NLOPS EW needs to be

resonance-aware: [Jezo, Nason, '| 5]

oo~ production | GUSChOW, Schonherr, "20]
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Bold estimate:

Mixed OQCD-EW uncertainties

Consider real O(auag) correction to
X production = NLO EW to X+ ljets

and we often observe
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X + jet
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Mixed OQCD-EW uncertainties

[M. Grazzini, S. Kallweit, IML, S. Pozzorini, M. Wiesemann; ' 9]
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00y — dO‘V(V)j QZ
/va_; Lo ¢ as log? (M2 > ~ 3 at Q= 1TeV
4% 7%

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

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

*Very large difference donynT.0 QCD+EW vs, dONNLO 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
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°S @ NLO QC
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WW(+et): [Brauer, Denner, Pellen, Schonherr, Schumann; 207

//(+)et): [Bothmann, Napoletano, Schonherr, Schumann, Villani; 21 ]

Used in many ATLAS modern

multi-purpose samples:
V+jets, VV+jets, tt+)ets

[Kallweit, IML, et. al.; "1 5]

*More rigorous solution: merge VVJ incl. approx. EVW corrections with VV with Sherpa’s MEPS@NLO QCD + EWvirt

Pp — ;ﬁvye_ﬁe + X @ 13TeV
=1 I 1 | T R R R T R T 1T 13 « —
- BARAN RARRN RARRN RARRS 33 >
; — LO 193 o 1
i 19 Y
B === NLO QCD e S
N e NLO QCD+EW ks R
- —— NLO QCDxEW :% 510
E_ ----- NLO QCD X EWappl‘OX _E op) 3
— - S _
- WW - 3 107
E "jet:() ..... N 103
RN R RN AR AR -
— | | | | | | =
= — QO 11
- - Z
— - % 1.0
— - A~

——————————————————————— e =)
. e _ 0.
- SR L = g o9
- T 08
:I | | ‘ [ [ ‘ [ [ I ‘ [ ‘ [ ‘ | | I?

50 100 150 200 250 300 350 400
Pt [GeV]

MEPS@NLO QCD + EWvirt
pp — pt+1/ﬂe_17e +jets @ 13 TeV

approx

NLO QCD x EW

approx

ﬁ

250 300 350

||||‘||||
100 150 200

O

R ‘ I ‘ I ‘ I ‘ I ‘ I ‘ I ‘ T <«
=
= MEPS@NLO =9
- pp — ;ﬁvye_ﬁe K
i +0,1j@NLO + 2,3j@LO | &
= El=
— 1 5
= RI%
 —LO _
= === NLO QCD S
R NLO QCD + EW -

400



V+2 jets:

QC

Perturbative expansion: tower of contributions

D-mode
cv

l/v

k (as) nterference O(as

"NLO QCD” "NLO EW”

|
2 0”) da(a%ag) do(aa?)

"NLO QCD”

*For processes with at least 4-quarks there is a tower of LO(NLO) contributions.
E.o.: multijets, tt + X V+jets (VBF-V),VVtjets (VBS-VV),

"NLO EW”

LO

NLO
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pp — v,y + 2 jets at 13 TeV
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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)
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Conclusions

» Plan for recommendation document from

» Multiboson talls are becoming precision probes with often <~ 0% uncertainties WGS3 agreed amongst different theorists

» EVW uncertainties: b See also:

. . ASud _ [ (1)
® Higher-order Sudakov corrections: Ay = (5Sud> * Electroweak Radiative Corrections for Collider

. , Ahard 1W | | |
® Higher-order hard corrections: ~ 170 Physics (Denner & Dittmaier): 1912.06823
QED . |
® Higher-order QED radiation: Apw = |9Ew — dEW+PS/YFS| Les Houches 2023: 2406.00/08

» QCD-EW uncertainties:

® Conservative: difference between add. and multipl. combination: AQCD—EW = 0QCD OEW
5hard)

__ SL
@ More aggressive: Aqcp—Ew = 0qep (Ogw (applicable when OEW ™~ 5EW)

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

» Necessary tools are avallable:

® NLO EW in MG5_aMC@NLQO / Sherpa / POWHEG
® NLL EW in Sherpa / MG5_aMC@NLO / Openloops

® NLOPS EW in POWHEG / MEPS NLO EW + YFS In Sherpa
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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]

pp = pput + X /5 = 14TeV
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S 0 B A1 i —1o} —1 eXact
'U :u P T T NN RN T TR S N T S S : ' |--|1-|--|-.]-|--|--:-|--| :u PR T T T T T N TN TN TN SO NN TR TR SO S N SR S SR ]
30 35 40 45 50 55 60 100 200 300 400 500
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» pole approximation vs. full computation: agree below the percent level
» Comparison against naive factorised NLO QCD x NLO EW ansatz: fall at the 5-10% level

» At large PT.ut in DY: sizeable contributions from PP — V7 which receives larger EW corrections
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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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= sizeable differences in fully off-shell vs. double-pole approximation in tails
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Perturbative ex

do =dor0 + asdonto + agw doONLO EW

NLO QCD

NLO EW

2

?

2
+asdonnLo + afw donNNLO -

NNLO QCD

?

sw + asapw AONNLO QCDxEW

NNLO EW

3 .
+agdoNsLo+

N3LO QCD

scale variation at NNLO

jansion aMC@NLO, Sherpa, Herwig... &

Recola, Madloop, Gosam, Openl.oops

dedicated MC's: Matrix, MCFM,
NNLOJet, ...

NNLO QCD-EW

NLO QCD + EW

scheme variation, e.g. Gmu vs. a(mJZ) VS.

_I_

in case of EW Suc

dominance:

NLO QCD x EW

akov

expone

ntiation o4



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 QC

-

-VWV uncertainties

Estimate of non-factorising contributions

pp — V+jets @ 13 TeV

E_| | | [ [ | [ [ [ [ | [ _E
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E ]
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N-jettiness cut ensures approx. constant ratio
V+2jets/V+et
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pp — V+jets @ 13 TeV

|_ Tcut > O.|OO].
- Tcut > 0.0].

- Tcut > 0.04:
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do

delJ'z

1/LOtot

[Gev

102

104

1075 L

107°
20

10 +

0 [%]
o

-30

_\/\/ ZZ+2 ets @ NLO QC

VBS @ NLO QCD + EW

QCD and EW SS-WWjj at NLO QCD+EW: [Biedermann, Denner, Pellen "1 6+1 /]
EW WZ]] at NLO QCD+EW: [Denner, Dittmaier, Maierndfer, Pellen, Schwan, ' 9]
QCD and EW Zij at NLO QCD+EW: [Denner, Franken, Pellen, Schmidt, 20+21]
EW WWjj at NLO QCD+EW: [Denner, Franken, Schmidt, Schwan, '22]

D+ EW

NLO

_|—|: [Denner, Franken, Pellen, Schmidt; "2 ||

LOEW |
LOINT -
LO QCD |

_I_I_I_'_l—.

7

(04 O o
| |

OCOC

200 400 600 800 1000 1200 1400 1600 1800 2000

M;;, [GeV]

*) — 6 particles at NLO EW |
Order O(a®) + O(a’) O(a®) + O(asa®)  O(a®) + O(a’) + O(asab)
M; 5, > 500 GeV

onro|fb] 0.06069(4) 0.07375(25) 0.06077(25)
5[%) —17.6 0.1 ~17.5

*|In the VBS phase-space EVW mode receives:

»very small QCD corrections (percent level)
» O(20%) EVV corrections

* Always measure also combined QCD-mode + EVW-mode
fiducial xsections!
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MINNLOPS QCD + NLOPS EW

[IML, Lombardi, Wiesemann, Zanderighi, Zanoli, "2 2]
for NLOPS QCD + EW also [Chiesa, Re, Oleari "20]

-
pp — ZW* — 000'vy @LHC 13 TeV pp = ZW= — £ll'vy @LHC 13 TeV
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[IML, Lombardi, Wiesemann, Zanderighi, Zanoli, '22]

*Percent level precision iIn MINNLOPS QCD + NLOPS EW predictions
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