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Multibosons: theory state-of-the art

pxed-order
V+jets VV VVV
NLO OCD+NLO EW NNLO QCD+NLO EW NLO QCD+NLO EW
VBF-V VBS-VV
NLO QCD*+LO EW NLO QCD+NLO EW / NLO QCD*+LO EW

*. VBF approximation



Multibosons: theory state-of-the art

V+jets VV VVV
NLO QCD+NLO EW NNLO QCD+NLO EW NLO QCD+NLO EW
NLOPS QCD NNLOPS QCD NLOPS QCD
NLOPS QCD + EW
VBF-V VBS-VV
| NLO QCD*+LO EW NLO QCD+NLO EW / NLO QCD*+LO EW
Talk by Wiesemann
NLOPS* QCD NLOPS* QCD
NLOPS EW

Talk by Pelliccioli: polarised multiboson *: VBF approximation



Perturbative expansion:VV,VVV

(single perturbative order at LO)
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Perturbative expansion:VV,VVV

(single perturbative order at LO)

d =d! o+ "sd nio + " ew A NLOEW

NLO QCD NLO EW
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NLO QCD + EW
VS.
NLO QCD x EW

scheme variation, e.g. Gmu vs. a(mZ)
scale variation at NNLO +

In case of EW Sudakov
dominance: exponentiation



NNLO QCD + NLO EW for dibosons: pTV?2

[M. Grazzini, S. Kallweit, JML, S. Pozzorini, M. Wiesemann; 1912.00068]
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NNLO QCD + NLO EW for dibosons: pTV?2
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d#/ dpr v, [fb/ GeV]
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[M. Grazzini, S. Kallweit, JML, S. Pozzorini, M. Wiesemann; 1912.00068]

¥NLO QCD/LO=2-5! (Ogiant K-factorO)

¥at large pTV1:VV phase-space is dominated by V+jet (w/ softV radiation)

Ty~ d VIV . , Q%
/QVW — di e | S |Og M—2 3 at Q =1 TeV
"VV W

¥NNLO / NLO QCD moderate and NNLO uncert. 5-10%

$~——¥NLO EW/LO=-(40-50)%

¥Very large differena®” \\ o0 ocp+ew  VvS.d! NNLO QCD ! EW

¥Problems:
1.In additive combination dominant V] topology does not receiveVamprrections
2. In multiplicative combinati&VV correction for VV is applied to V| hard process

¥Pragmatic solutionfake average as nominal and spread as uncertainty
¥Pragmatic solutiondpply jet veto to constrain V| toplogoies
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MEPS @ NLOQCD + EW:WW(+jet)

[BrSuer, Denner, Pellen, Sch3nherr, Schumann; 020
¥More rigorous solution: merge VVj incl. apptr@gxcorrections with VV with S

¥However, not NNLOQCD accurate
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MEPS @ NLOQCD + EW:WW(+jet)

[BrSuer, Denner, Pellen, Sch3nherr, Schumann; 020

¥More rigorous solution: merge VVj incl. apdxcorrections with VV with SherpaOs MEPS@NID+ EWVvirt
¥However, not NNLOQCD accurate
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d! /d Myep, [fb/GeV]
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[Bothmann, Napoletano, Schdnherr, Schumann, Villani; O21]
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d! /d Myep, [fb/GeV]
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[Bothmann, Napoletano, Schdnherr, Schumann, Villani; O21]
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MEPS @ NLOQCD + EW: ZZ(+)et)

[Bothmann, Napoletano, Schdnherr, Schumann, Villani; O21]
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d' /dm, [fb/10 GeV]
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gg-induced WW and ZZ production
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¥ Formally same order as NNLO QCD

y
H ¥ Enhanced due to gg 3ux
[ T ¥ Interference with H->VV

¥ Sizeable QCD corrections (formally N3LO QCD)
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NLO+PS forgg— VV/H—4I

[Alioli, Ferrario Ravasio, JML, R3ntsch, O21]
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¥ggWW/ggZZ @ NLO QCD + PS available!
¥crucial for off-shell Higgs measurements
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¥Missing: photon-induced channels
¥Question: NLO QCD + EW)PS QCD + QED) / (NLO QCD PSQCD) x NLO EW

1(

21



Theory status for Tribosons
[Slide thanks to M. Schsnherr]

NLO QCD corrections trivial, known for on-shell and o -shell processe:

NLO EW on-shell corrections calculated hyefei group 614-61,7
WWW also bybpittmaier, Huss, Knippen 017.

NLO EW o! -shell corrections more involved, up to!2 6 complexity
(llke VBS, just with more and competing resonances)

- pp! L /g /o Greiner, Schdnherr 017

-pp! 3'3# ("= e*,u*, 0/1/2 SFOS channels, Schinherr 018
incl. WWW andWZZ topologies)

pp | e He pi #M $* H (WWW only) Dittmaier, Knippen, Schwan O19

- PP | 1 2"2# (" = et ,ui 0,1 SFOS Chanﬂe|S,]u, Lindert, SchSnherr tbp
incl. ! WW and! ZZ topologies)

Generically, large contribution from photon-induced processes.
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d!/dpr_  [fb/GeV]

Triboson production @ NLO QCD
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¥QCD correction driven by additional jet activity:VV+jet topologies with softV
— Ogiant K-factorsO
— strong observable dependence
— NLO mandatory
¥jet veto (pkut= 50 GeV) reduces size and phase space dependence
— better: multi-jet merging



Triboson production: on-shell vs. off-shell
[M. Schsnherr, 1806.00307 ]
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d! /d my, [fbiGeV]
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Off-shell VVV production @ NLO EW
[M. Schsnherr, 1806.00307 ]

= T T T = _ 101 = T | 3
= 05 > = 135
- e ptut :§ s - e utpt :§
L ...:... LO _9-: é 1__ ...:... LO _:e-:
- —— NLOEW —| g = = —— NLO EW 1
: s & 18
m @ - e
B 1 ? 101 =10
CH -
E E 10' 2 ;_ _;
= E 10 3 L —
- - 101 4 L ] } —
E = 02 £ € U ut vevyyy =
= - 0.1 —
é g = ° %___._.__—-—l—'_'_ﬁ_—%:
: - S 01E _' e —
- " = 0.2 — — "ew —t- "g%’v _'-—l_l_l_ =
= n G B - O Rl =
- R | ol = — | o | | -
20 50 100 200 500 1000 200C 20 50 100 200 500
mi [GeV] pr [GeV]

¥ Very large cancellations of EW corr. in ggq andh@nnels / highly observable dependent



Interplay of WWW and Wh[— WW-]
[Slide thanks to M. Schsnherr]

S 10 —+— off-shell 5
< el
e AU
e = "“:M:" | Wh[— WW ]é
¥ due to interferenceYWh can- ot - ST -
not be treated as independent L
background, but is part of the e
signal R N
C NPT B B N
s 0 ML N B I B
I should not be subtracted foss i““%ﬂﬂ_ '
T | | | | f ~?
20 50 100 200 500 1000 VT [Gev]

| measure signature (e.g. 3! + MET) in Pducial volume

I for limits on, e.g., AGCs: debPne Pducial region that has AW
component, still measure signature, interferences can be as impol
as sought-after signal



Perturbative expansion:VBF-V,VBS-VV

Example: WW+2jets

9 wovTy <
W;7 E w vz W " W
" f : . VS.
W W o W W
g eoe

dl =d! ("2 ) +d! (") +dI (") + .. LO

QCD-background Interference VBS-signal
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Perturbative expansion:VBF-V,VBS-VV

Example: WW+2jets

9 wvooy <
W;7 E w vz W " W
1 g w VS
Wi w o W W
g oo

di =d! ("§" ) +d! ("s" ) +d! ("°)+ ... LO
QCD background &terfere@4 VBS-signal
0(' )
+d ("4 A (g ) A (") (") NLO
\ ONLOQCDO ONLOEWO ONLOQCDC') ONLOEWO
_—7 -

= separation formally meaningless at NLO
= strictly well debPned measurements: Pducial cross sections
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QCD & EW ZZ+2jets @ NLOQCD + EW

long-term program ¥ QCD and EW ss-WWijj at NLO QCD+EW: [Biedermann, Denner, Pellen ©16+317]

for VBS@NLO ¥ EWWZjj at NLO QCD+EW: [Denner, Dittmaier, Maierhsfer, Pellen, Schwan, O19]
¥ QCD and EW ZZjj at NLO QCD+EW: [Denner, Franken, Pellen, Schmidt, 020+021]

EW ZZ+2jets @ NLOQCD + EW

1073 ‘
—— NLoEW ¥2 — 6 particles at NLO EW |
NLO EW+QCD
- [Denner, Franken, Pellen, Schmidt, 0201 5. .. oW o o7 o165 + o 16 016 +017+0146
=13
el : Mj,j, > 100GeV
T e | " aLo [fb] 0.08211(4) 012078(11) 010521(11)
| .. 1:;:1_1_ | #H %] 1 15.9 236 7.7
T My, > 500GeV
102 | " nLo [fo] 0.06069(4) 007375(25) 006077(25)
40 | | | | | | | | o #[%0] 1 17.6 0.1 | 175
20 - i
S
. T ¥n the VBS phase-space EW mode receives:
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M ;, [GeV]
»O(20%)EW corrections



QCD & EW ZZ+2jets @ NLOQCD + EW
[Denner, Franken, Pellen, Schmidt; O21]

102 —

" b

d!

ZzZ+2jets  — ISh. ZZ+2jets
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QCD and EW V+2jets @ NLQCD + EW
[JML, S. Pozzorini, M. Schsnherr; to appear]
QCD- -mode EW-mode

pp" 7!, + 2jets at13TeV pp" !T!, + 2jets at13 TeV
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5 = . @ N . ]
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10 ° = — QCDNLO QCD+EW = —— EW NLO QCD+EW _
E L IIIIIIIIIIIIIIIIIIIIIIIIII.IE_ | SN R ""'||||||||||""'llllllllﬁ
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¥QCD: negative K-factor (increasing for large mijj), ! ¥QCD: very small K-factor at large myj,
uncertainty ~20-25% uncertainty ~10% (noVBF approximation)

¥ EW: up to -10% in multi TeV ¥ EW: up to -20% in multi TeV!



Conclusions
Incredible progress In theory predictions for multibosons

VvV

¥ NNLO QCD + NLO EW avalilable in MATRIX+OpenLoops for all (massive) diboson proc
¥ MEPS @ NLOQCD + EWapproy available in Sherpa

¥ NLO (QCD + EW) + PS QCD + QED) available in POWHEG

¥ NLO QCDgg PS soon avallable in POWHEG

¥ NNLO QCD PS via MINNLO available

VBS-VV /VBF-V

¥ QCD and EW processes formally overlap at NLO
¥ NLO EW to EW mode often dominant correction
¥ full NLO precision Is becoming widely available

VVV
¥on-shell production poor approximation of full off-shell production
¥large accidental and observable dependent cancellation
between EW Sudakov corrections and photon-induced at RMVO
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The need for off-shell calculations
[Biedermann, M. Billoni, A. Denner, S. Dittmaier, L. Hofer, B. JSgan16]Salfelder
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= sizeablelifferences in fully off-shell vs. double-pole approximation in tails _,



GlantQCD K-factors ané&\W corrections: pTV1

pp" !#F1*1¥, LHC s=13TeV pp — ! 71H1" LHC /s = 13 TeV
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