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VV production in a nutshell
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VV production in a nutshell

Ar-ﬂy?ff‘
example: WZ production (on-shell)
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VV production in a nutshell

Ap-Byztt
example: WZ production (off-shell)

EW decays of heavy bosons (W, Z, Y?) / (only isolated photons in the final state)
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VV production in a nutshell

Ap-Byztt
example: WZ production (off-shell)
d Z |~ I
Vl/ l_
W+ Vl/
u [t

EW decays of heavy bosons (W, Z, Y?) / (only isolated photons in the final state)

all topologies to same leptonic final state (with spin correlations & off-shell effects) /
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VV production in a nutshell

Ap-Byztt
example: WZ production (off-shell)
d Z |~ [t
Vl/ l_
W+ Vl/
u [t

all topologies to same lepfonic final state (with spin correlations & off-shell effects) /

— access to triple gauge couplings (TGCs) — high relevance for BSM physics
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VV production in a nutshell

Ap-Byztt
example: WZ production (off-shell)
Z/ a
Vl/ l_
W+ Vl/
1T

EWV decays of heavy bos photons in the final state)
tions & off-shell effects) J
for BSM physics

loop-induced gg channel enters NNLO for charge-neutral processes J (eg, for ZZ)

all topologies to same le

— access to triple gauge
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VV production in a nutshell

Ap-Byztt
example: WZ production (off-shell)
d Z |~ I
Vl/ l_
W+ Vl/
u [t

EW decays of heavy bosons (W, Z, Y) / (only isolated photons in the final state)

all topologies to same leptonic final state (with spin correlations & off-shell effects) J
— access to triple gauge couplings (TGCs) — high relevance for BSM physics

loop-induced gg channel enters NNLO for charge-neutral processes / (eg, for ZZ)

important background for Higgs measurements (H—VV) and BSM searches
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Importance of QCD corrections
(example WZ)
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NNLO crucial for accurate description of data
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Higher-order QCD corrections

All VV processes known through NNLO QCD:
— inclusive/on-shell Z,W & differential/off-shell Z,W (leptonic)

YY = inclusive and differential [Catani, Cieri, de Florian, Ferrera, Grazzini 'l2],
[Campbell, Ellis, Li, Williams '1 6], [Grazzini, Kallweit, MW "1 7]

ZY =~ inclusive/on-shell and differential/off-shell
[Grazzini, Kallweit, Rathley, Torre '1 3], [Grazzini, Kallweit, Rathlev "1 5]; see also: [Campbell et al. "1 7]

A;:-Ay?ff‘

WY = inclusive/on-shell and differential/off-shell
[Grazzini, Kallweit, Rathlev, Torre '1 3], [Grazzini, Kallweit, Rathlev "I 5]

ZZ = inclusive/on=shell [Cascioli, Gehrmann, Grazzini, Kallweit, Maierhofer,
von Manteuffel, Pozzorini, Rathley, Tancredi,Weihs '14]; see also: [Heinrich et al."'l7]

- differential/off-shell [Grazzini, Kallweit, Rathlev 'l 5], [Kallweit, MW '18]

WW - inclusive/on=shell [Gehrmann, Grazzini, Kallweit, Maierhofer, von Manteuffel, et al. '14]
- differential/off-shell [Grazzini, Kallweit, Pozzorini, Rathlev, MW '[5]

WZ - inclusive/on=shell [Grazzini, Kallweit, Rathlev, MW '] 6]
- differential/off-shell [Grazzini, Kallweit, Rathlev, MW '17]
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WW - differential/off-shell

[Grazzini, Kallweit, Pozzorini, Rathlev, MW 'l 5]
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WZ - differential/off-shell

[Grazzini, Kallweit, Rathlev, MW ' 7]
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ZZ - differential/off-shell

[Grazzini, Kallweit, Rathlev 'l 5], [Kallweit, MWV '18]
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ZZ - differential/off-shell
27— 40 [Grazzini, Kallweit, Rathlev '15], [Kallweit, MW '18]

NEW: ZZ/WW— 0+Erps

Ap-Byztt
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ZZ - differential/off-shell
27— 40 [Grazzini, Kallweit, Rathlev '15], [Kallweit, MW '18]

NEW: ZZ/WW— 0 0+ETmiss
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ZZ—40

M@LHC 8 TeV (ATLAS data)
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Higher-order QCD corrections

All VV processes known through NNLO QCD:
— inclusive/on-shell Z,W & differential/off-shell Z,W (leptonic)

YY = inclusive and differential [Catani, Cieri, de Florian, Ferrera, Grazzini 'l2],
[Campbell, Ellis, Li, Williams '1 6], [Grazzini, Kallweit, MW "1 7]

ZY =~ inclusive/on-shell and differential/off-shell
[Grazzini, Kallweit, Rathley, Torre '1 3], [Grazzini, Kallweit, Rathlev "1 5]; see also: [Campbell et al. "1 7]

A;:-Ay?ff‘

WY = inclusive/on-shell and differential/off-shell
[Grazzini, Kallweit, Rathlev, Torre '1 3], [Grazzini, Kallweit, Rathlev "I 5]

ZZ = inclusive/on=shell [Cascioli, Gehrmann, Grazzini, Kallweit, Maierhofer,
von Manteuffel, Pozzorini, Rathley, Tancredi,Weihs '14]; see also: [Heinrich et al."' 7]

- differential/off-shell [Grazzini, Kallweit, Rathlev 'l 5], [Kallweit, MW '18]

WW - inclusive/on=shell [Gehrmann, Grazzini, Kallweit, Maierhofer, von Manteuffel, et al. '14]
- differential/off-shell [Grazzini, Kallweit, Pozzorini, Rathlev, MW '[5]

WZ - inclusive/on=shell [Grazzini, Kallweit, Rathlev, MW '] 6]
- differential/off-shell [Grazzini, Kallweit, Rathlev, MW '17]
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Higher-order QCD corrections

All VV processes known through NNLO QCD:
— mclus:ve/on-shell Z W & dlfferentlal/off-shell Z W (leptomc)

AVRAY> S 3o

W - II‘IC'USIVE and dlfferentlal [Catani, Cieri, de Florian, Ferrera, Grazzml 12],
' [Campbell, Ellis, Li, Williams '1 6], [Grazzini, Kallweit, MW "1 7]

tZy =~ inclusive/on-shell and differential/off-shell |
[Grazzini, Kallweit, Rathlev, Torre '| 3], [Grazzini, Kallweit, Rathlev 'l 5]; see also: [Campbell et al."| 7] }

IWY = inclusive/on-shell and differential/off-shell
| [Grazzini, Kallweit, Rathlev, Torre '1 3], [Grazzini, Kallweit, Rathlev "I 5]

‘/ ZZ - inclusive/on=-=shell [Cascioli, Gehrmann, Grazzini, Kallweit, Maierhofer,
' von Manteuffel, Pozzorini, Rathley, Tancredi,Weihs '14]; see also: [Heinrich et al."' 7]

- differential/off-shell [Grazzini, Kallweit, Rathlev '15], [Kallweit, MW '[8]

' WW = inclusive/on-=shell [Gehrmann, Grazzini, Kallweit, Maierhofer, von Manteuffel, et al. '14] |
- differential/off-shell [Grazzini, Kallweit, Pozzorini, Rathlev, MW '[5] |

tWZ - inclusive/on-=shell [Grazzini, Kallweit, Rathlev, MW '16]
f - dlffer'entlaI/off-shell [Grazzml Kallweit, Rathlev, MW ' |7]

“all publicly available within MATRIX
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process status comment
PpP— Z/Y*(—20/VV) V4 validated analytically + FEWZ
pp-W(—oy)  Singleboson g validated with FEWZ, NNLOjet
processes
pp—/H J validated analytically (by SusHi)
PP—YY v 4 validated with 2yNNLO
pp—Zy— 00y v 4 'Grazzini, Kallweit, Rathlev 'I 5
pPp— ZY—VVy J (Grazzini, Kallweit, Rathlev '| 5]
pp—2WY—-£2vy J [Grazzini, Kallweit, Rathlev 'l 5]
pp—ZZ / [Cascioli et al.'14]
PP ZZ— 0000 J 'Grazzini, Kallweit, Rathlev 'l 5], [Kallweit, MWV '| &
Pp—ZZ— 000" 0" J 'Grazzini, Kallweit, Rathlev 'l 5], [Kallweit, MWV 'l 8
pPp—ZZ— 20V'V' v 4 Kallweit, MW "I 8]
pp—ZZ/WW- pgyy Massive g Kallweit, MW '18]
diboson _ |
PP WW processes / [Gehrmann et al. '14]
PP WW-2v 2'V' / 'Grazzini, Kallweit, Pozzorini, Rathlev, MW '
PP~ WZ v 4 'Grazzini, Kallweit, Rathlev, MW '[ 6
pPp—>WZ— 0veP v 4 'Grazzini, Kallweit, Rathlev, MW '17
PP WZ—2'v'00 v 4 [Grazzini, Kallweit, Rathlev, MW '17]
pp—/HH / not in public release

6]



[Grazzini, Kallweit, MW '17] https://matrix.hepforge.org/

Amplitudes

OpreENLOOPS Dedicated 2-loop codes
(CoLuieRr, CutTOols, ...) | (VVampr, GINAC, TDHPL, . .. )

MUNICH
MU N 1 CH

gt subtraction <= ¢t resummation

MATRIX
MUNICH Automates qT Subtraction
and Resummation to Integrate X-sections.




Recent developments
for VV production



gg—}ZZ—}4_Q At NLO [Grazzini, Kallweit, MWV, Yook ' 8]

AVRAY> S 3o

see also:
[Caola, Melnikov, Rontsch, Tancredi 'I 5]

virtuals: / N EYV" :
qg contributions
g Z/ 0 11—

reals: g

g o+

Marius Wiesemann (MPI Munich) Precise predictions for diboson production at the LHC April 9th, 2019 22



gg—}ZZ—}4_Q At NLO [Grazzini, Kallweit, MWV, Yook ' 8]

NE 8 TeV 13TeV | 8TeV 13 TeV
o [fb] o/onro — 1
LO 8.1881(8) 25%  13.933(7)12%% | —27.5%  —29.8%
NLO 11.2958(4)T25%  19.8454(7) 1257 0% 0%
ggNNLO | 12.08(3)11 1% 21.54(2) 1% | +6.9%  +8.6%
o [fb] 0/0ger0 — 1
ggLO 0.79354(8)28:2%  2.0054(2) 2257 0% 0%
ggNLO,, | 1.4810(9)F180%  3.627(3)7152% | +86.6%  +80.9%
ggNLO | 1.3901(9)F54%  3.423(3)T139% | +75.2%  +70.7%
o [fb] o/onLo — 1
NNLO 12.87(3)T25% 23.55(2)73% | +13.9%  +18.7%
nNNLO 13.47(3)F25% 24.97(2)129% | +19.2%  +25.8%

+5-6% effect due to NLO correction to gg

compared to NNLO

NLO gg correction large+not flat;

moves nNNLO outside uncertainty

band of NNLO

huge

do/dp, ,, [ob/GeV]

APRAY> S

77 - 2e2u@LHC 13 TeV

....... | S SN DU UL SO AU
LO

1 []
produced with MATRIX

1 | | 1
400 600 800 1000

Pr, [GeV]

K-factor (~2 & more);

impact of newly computed fermionic
channels clearly visible



Combination: NNLO QCD and NLO EWY

[Grazzini, Kallweit, Lindert, Pozzorini, MW]

why adding NLO EW?

—> needed for percent-level precision (inclusive)

—> distortion of line shapes (EW resonances)
due to photon FSR from leptons: QED effect

—> sizable negative correction in tails

due to large Sudakov logarithms: genuine EW effect

Ap-Dyz 4t
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Combination: NNLO QCD and NLO EWY

[Grazzini, Kallweit, Lindert, Pozzorini, MW]

all vector-boson pair production processes

combination?

da/dmzz [fb/GeV]

K —factor — 1 [%]

dO’/dO’NNLO QCD — 1[%]

multiplicative: do

LHC /5 = 13 TeV

10-° LO 3
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f = NNLO QCD+EW
107® I == NNLO QCDxEW
+80 F E
+60 F E
+40 _:—’_'_'—}
+20 E . ]
0k E
—20 F E
—40 ¢ NLO EW /LO ;
—60 ' == NLO QCD/LO 3
—80 | === NNLO QCD /NLO QCD 3
—100 & . I )
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additive: do

produced by MATRIX + OPENLOOPS2

5000

(N)NLO
QCD+EW —
(N)NLO
QCDXEW —

do /dmww [fb/GeV]

K —factor — 1 [%]

do/donnro qep — 1{%)]

do"© (1 + dqep + dew)

pp — e~ v, LHC /s = 13 TeV

dO‘LO(l —+ 5QCD)(1 + 5EW)

pp — e"etuy
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Combination: NNLO QCD and NLO EWY

Ini it, Li T Up-Bys 4
[Grazzini, Kallweit, Lindert, Pozzorini, MW] v

let's look in detail on one interesting aspect: photon-induced + giant K-factor

da/deywlead [fb/GeV]

K —factor

da/daNNLo QCD — 1[%]
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F N
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Combination: NNLO QCD and NLO EWY

[Grazzini, Kallweit, Lindert, Pozzorini, MW]

AVRAY> S 3o

let's look in detail on one interesting aspect: photon-induced + giant K-factor

da/deywlead [fb/GeV]

K —factor

do/donnLo qep — 1[%]

pp — e ptu e

LHC /s = 13 TeV

L¥
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prO(lillullzjeld by MATRIX + OPENLOOPS2

jet-veto (Hr,jet< 0.2 Hyr,iep)

Sudakov suppression restored

high pr dominated by V+jet

' — don't include Y in

multiplicative combination!
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.‘ngB NNI ‘ ) fC WW juction fl.o :

— first fully differential NNLO computation for pp — £ 9 £/ Tvp + X
[Grazzini, Kallweit, Rathlev, MW "1 6]

— publicly available within MATRIX [Grazzini, Kallweit, MW ' 7]

® matched to parton showering within MiNLO
[Hamilton, Monni, Re, Zanderighi 'l 2]

u %% vir g
\‘\‘\/‘\/\0< -

First NNLOPS accurate computation for 2—4 process

Marius Wiesemann (MPI Munich) Precise predictions for diboson production at the LHC April 9th, 2019 | 27



NNLOPS for WW

[Re, MW, Zanderighi 'l 8]

Phenomenological results:
Jet veto (IR sensitive)

A;:-Ay?ff‘

so0 SBUSETAE] VWi oM OLHC 19TeY - st ML
300 | | efficiency =0 .-
g 80% i A
250 F [
200 £ 60% |
150 - 7 400/
100 _ ﬂ;;‘.fj/ e [ 1
- NNLO | | | E 200/0 -_ e NNLO ““““““““ ““““““ __
50 —— NNLOPS E :,; — NNLOPS )
1.05 S

q
f
: “ -
0-95 :””‘“w‘/‘/é///‘,‘/
! :
o
0.85F

0'70“ 10 20 30 40 50 60 70 80 90 160 O'80"’ 10 20 30 40 50 60 70 80 90 100

pr; [GeV] Py’ [GeV]

— NNLO provides adequate description of jet veto down to ~15 GeV, below NNLO is unphysical

Marius Wiesemann (MPI Munich) Precise predictions for diboson production at the LHC April 9th, 2019 28



NNLOPS for WW

[Re, MW, Zanderighi '18]

Phenomenological results:
pr of dilepton system

WW(fiducial-JV)@LHC 13 TeV

Ap-Byz 4t

do/bin [fb
102 — ,[ |

shown in
Re, MW, Zanderighi;
arXiv:1805.09857

R R SR Sy S
60 80 100 120 140
pry [GeV]

— NINLOPS cures perturbative instabilities (sudakov shoulder; due to fiducial missing pr cut)
— NINLOPS can induce additional shape effects due to recoil/migration

Marius Wiesemann (MPI Munich) Precise predictions for diboson production at the LHC April 9th, 2019 | 29



Summary

NNLO QCD for VV done! = publicly available within MATRIX
00+ET,miss signature studied at NNLO, mixes ZZ and WW resonances
loop-induced gg channel at NLO QCD included into MATRIX
combination of NNLO QCD and NLO EW corrections within MATRIX
first NNLOPS computation for a 2—4 process

NNLO agrees with NNLOPS for jet-veto down to |5 GeV at the 2% level

importance of NNLOPS: large corrections, physical results everywhere

APRAY> S 34

Outlook

various state-of-the-art resummation approaches will be available in MATRIX
extend NNLOPS procedure to get rid of numerically heavy reweighting

other diboson processes at NNLOPS
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Thank You !






gg—= /7740 at NLO QCD

q Z /v o't q o't
Z[y
el— e_ «6/_
q
Z /[y 0 Z /v 0~
q ot q ot

gg— Z/Z contribution part of NNLO corrections to ZZ production
BUT: significant impact ~50% of the (large) NNLO correction, due to gluon PDFs

NLO corrections to gg—ZZ are formally part of N3LO cross section
BUT: still important due to large K-factor
computed without fermionic channels [Caola, Melnikov, Rontsch, Tancredi "I 5]

so far NNLO qq and NLO gg (uncertainty) combined as independent processes
HOWEVER: their diagrams mix/interfere already at NNLO

= consistent impementation of both in single code desirable
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gg—}ZZ—}4_Q At NLO [Grazzini, Kallweit, MWV, Yook ' 8]

included in the MATRIX framework

NE 8 TeV 13TeV | 8TeV 13TeV
o [fb] o/onLo — 1
LO 8.1881(8)123L  13.933(7)125% | —27.5%  —29.8%
NLO 11.2058(4)T25%  19.8454(7)+25% 0% 0%
ggNNLO | 12.08(3)111% 21.54(2)12% | +6.9%  +8.6%
o [fb] 0/0ge1.0 — 1
ggLO 0.79354(8)123-2%  2.0054(2)1225% 0% 0%
ggNLO,, | 1.4810(9)715%%  3.627(3)1152% | +86.6%  +80.9%
ggNLO | 1.3901(9)7134%  3.423(3)T139% | 175.2%  +70.7%
o [fb] o/oxro — 1
NNLO 12.87(3)T25% 23.55(2)T30% | +13.9%  +18.7%
nNNLO 13.47(3) 25 24.97(2)T29% | +19.2%  +25.8%

Qp-Dyz 4t

+5-6% effect due to NLO correction to gg compared to NNLO

Marius Wiesemann (MPI Munich)
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gg—}ZZ—}4_Q At NLO [Grazzini, Kallweit, MWV, Yook ' 8]

Ap-By> 4
do/dm,, [pb/GeV] ZZ - 2e2u@LHC 13 TeV do/dp; , [pb/GeV] ZZ - 2e2u@LHC 13 TeV
A I A IV P 100 B — B [T 1 ,,,,,,,,,,,,,, - | '
3
2k
0'5(; T |5(|)0| II I1O|OOI II |15|00| II I2(;00 0(; | 2(|)O | 4(|)O | 6(|)O | 8(|)O | 1(300
. m,, [GeV] . Pr., [GeV]
l. inset: 2. inset:
NLO gg correction large+not flat; huge K-factor (~2 & more);
moves outside impact of nhewly computed

uncertainty band of fermionic channels clearly visible



gg—}ZZ—}4_Q At NLO [Grazzini, Kallweit, MWV, Yook ' 8]

AVRAY> S 2 o

Setup (8 TeV ATLAS ZZ measurement):

definition of the fiducial volume for pp — ete putu™ + X

Pre/n > 7GeV,  one electron with |n.| < 4.9, the others || < 2.5, |n,| <2.7
ARGG/MM > 0.2, AR, >0.2, 66GeV < Met+e— jutpu— < 116 GeV,

Top quark, and Higgs (interference) contribution:

full top-quark dependence everywhere, but in the 2-loop amplitudes
(true for both NNLO gq and NLO gg)

2-loop NNLO qq: closed (massless) fermion loops small = top neglected

2-loop NLO gg: top dependence approximated by rescaling massless
2-loop amplitude with the full Born-level amplitude

Higgs (interference) contribution fully included following this approximation

— applicable to Higgs studies; validity of approximation around and beyond
top threshold is to be tested; in ZZ signal region, Higgs contribution about -5%



Combination: NNLO QCD and NLO EWY

. . . . . . LQp-Dez 1t
[Grazzini, Kallweit, Lindert, Pozzorini, MW] /

EW input and renormalization in G, scheme.
Uncertainties from 7-point scale variation around ur = pur = 3(Er,v, + Er,v,).
PDF set NNPDF31 nnlo_as 0118_luxqed(_nf_4) at each order.

© © o ©

Only very basic set of phase-space selections:

o 60GeV < myy, < 120GeV  for each SFOS lepton pair,
o pr¢ > 25GeV for each lepton,  pr miss > 25 GeV,
o lepton—photon recombination for dR(~, ) < 0.1.

@ Two setups: inclusive and with jet-veto (Hr et < 0.2 Hr 1ep).
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NNLOPS for VV production /)é

@ Use knowledge of fully differential NNLO cross section

®Use MINLO to consistently merge VV+0,| jet at NLO
[Hamilton, Nason, Zanderighi '12]

— no merging scale

— NLO accurate in the entire VV+0,| phase space
@ Use reweighting to promote MiNLO samples to NNLOPS

yields fully exclusive (hadron-level) events
’ with NNLO accuracy

(the same way as POWHEG/MC@NLO are NLO+PS accurate)
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NNLOPS procedure

®MiNLO is general for colour singlets (X=H,V, VH,VV, ...

[Ham”ton’ Nason, Zanderighi " 2] (only B2 NNLL coefficient becomes
non-trivial starting from 2—2)

i) (12
— NLO O —

XJ-MINLO NLO NLO O PS
N@INNR@, NNLO NLO O —

Ap-Byz 4t

# XJ-MiNLO already almost right accuracy, only O(cXs) terms
missing to obtain NNLO accuracy at Born level
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NNLOPS procedure

®MiNLO is general for colour singlets (X=H,V, VH,VV, ...

[Ham”ton’ Nason, Zanderighi " 2] (only B2 NNLL coefficient becomes
non-trivial starting from 2—2)

i) (1>
. O -

Ap-Byz 4t

X| (NLO) NLO

XJ-MINLO NLO NLO O PS

X@NNLO NNLO NLO O —
X@NNLOPS [NINE® NLO O PS

@ solution: reweighting MiNLO events in Born phase space
to correct for O(Xs) terms by the following ratio:

do
(dch )NNLO __ Cpo Tt cias + czag ~ 14 co — d2 o2 4 O(a3)
— — ' S S

W((bg) =
(®5) co + cras + doog Co

(a%5)
d®B ) X J—MiNLO’
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NNLOPS procedure %

already used for processes with simpler Born kinematics:

Higgs (only rapitidy) = |D reweighting
[Hamilton, Nason, Re, Zanderighi '13],
[Hamilton, Nason, Zanderighi 'l 5],

Drell-Yan (dilepton system) — 3D reweighting
[Karlberg, Hamilton, Zanderighi ' 4]

Higgsstrahlung (H22/HOv system) — 6D reweighting
[Astill, Bizon, Re, Zanderigh 16 "I 8]
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NNLOPS for WW

[Re, MW, Zanderighi 'l 8]

in principle, requires 9D reweighting (numerically impossible)
do d%c
d@B__dpnw;diWdAyW+W=daE9%hd i+ deos 072 ders_ dmyy+ dmyy -

Ap-Byztt

drop invariant masses which are flat (in particular around the peak)

7
do dgb

ddp — dpry- dyww dAyy - deos 665, deSS  deos 0S5 _dgCS iy + duriyy -

i

Collins-Soper angles [Collins, Soper '77] are used to describe both W decays
in terms of spherical harmonics and parametrize angular dependence by

8 8
do 9
dq)B — 256772 Z Z ABij fi(elc/jé— ) Qb%?—) fj(9%§+a ¢%§+)
i=0 j=0
do
AB;; (PT,W—,?JWW’ Ayw+w-) = /@9i<9€57¢€5>9j(9$+, Cb%%) dcos Hgé_dqb%i_dcos 9%§+dgb%§+

f0(97¢): (1_300829) /27 fl(97¢):Sin29COS¢a f2(07¢)
f3(97¢) :SiIlHCOSQb, f4(67¢) :C0897 f5(07¢)
f6(07 Qb) = sin 20 Sin¢7 f7(97 ¢) - Sin2 0 sin 2¢7 f8(07 Qb)

= compute 8| 3D distributions (numerically feasible)
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NNLOPS for WW

[Re, MW, Zanderighi '1 8] Uby>tt
Setup:

The remaining three variables and their binning chosen to be

prw- : [0.,17.5,25.,30.,35.,40.,47.5, 57.5,72.5,100., 200., 350., 600., 1000., 1500., oc] ;
yww @ [ — 00,—3.5,—2.5,—2.0,—1.5,—1.0,—0.5,0.0,0.5, 1.0, 1.5, 2.0, 2.5, 3.5, 0] ;
Ayww— :  [—00,—5.2,—4.8,—4.4,—4.0,—3.6,—3.2,—2.8, —2.4, —2.0, —1.6, —1.2,

—0.8,-0.4,0.0,0.4,0.8,1.2,1.6,2.0,2.4,2.8,3.2,3.6,4.0,4.4,4.8,5.2, ] .

Cuts inspired by ATLAS |3 TeV study (1702.04519): NNLO uses the central scale

— 1 2 2 2 2
pr=pr=po = (\/m2, +p2 , +/mi, +DP2 .,
lepton cuts Pty > 25 GGV, |77£| < 24, My—p+ > 10GeV R F 0 2 ( e T, \/ [Tan7m T,ut u)
lepton dressing | add photon FSR to lepton momenta with AR, < 0.1 All uncertainty bands are the enve|.0P
(our results do not include photon FSR, see text) of 7-scales. In the NNLOPS scales in

MiINLO and NNLO are varied in a

neutrino cuts pRIsS > 20 GeV, p?iss’rel > 15 GeV

correlated way
anti-kr jets with R = 0.4;

jet cuts Njet = 0 for pr; > 25GeV, |n;| < 2.4 and AR.; < 0.3

gg-channel not included in our study, as
Njet = 0 for pr,; > 30GeV, [n;| < 4.5 and AR.; < 0.3 it can it is know at one-loop and can be
added incoherently

Marius Wiesemann (MPI Munich) Precise predictions for diboson production at the LHC April 9th, 2019 44



NNLOPS for WW

[Re, MW, Zanderighi 'l 8]
Validation:

Ap-Byztt

|. Total inclusive NNLO cross section reproduced by NNLOPS sample J
2. NNLO distributions for observables used for reweighting reproduced J
3. NNLO distributions for CS angles reproduced J

4. NNLO distributions for invariant masses of W's reproduced J

5. NNLO distributions for other Born-level observables reproduced J
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NNLOPS for WW

[Re, MW, Zanderighi 'l 8]
Validation at LHE level:
2. NNLO distributions for observables used for reweighting reproduced J

APRAY> S

WW@LHC 13 TeV do/bin [fb] WW®@LHC 13 TeV do/bin [fb] WW®@LHC 13 TeV
cor e v 3 L B CET e v | v v v

do/bin [fb/GeV
103§ '[ ":!""I ' ' T -140 | L L D | | ] 140 T T 1 ' I I
120 - 1120 | .
1100 | Jroo | ~ :
1 80} 1 80} o _
60F | | 1 60| i
--------- MiINLO (Ihe) 1 40| - MINLO (Ihe) 1 a0 - i
---- NNLO : . ---- NNLO . - — == NNLO =
— NNLOPS (lhe) 120} — NNLOPS (lhe) 1 20} — " —— NNLOPS (Ihe) -
R T— | |
o/do
12 | ' NII\”_OP'S I ' I ' I ' I
1 = | —

1 o8]
l o6f
3 02l

Marius Wiesemann (MPI Munich) Precise predictions for diboson production at the LHC April 9th, 2019 46



NNLOPS for WW

[Re, MW, Zanderighi 'l 8]
Validation at LHE level:
3. NNLO distributions for CS angles reproduced J

Aﬁ-ﬂy);{'f‘

do/bin [fb] WW®@LHC 13 TeV

160 T T 50
140 F e 45 oo

[ 5 § = ':'TE'::"':'T’::‘ : g - 40 ::., :
1 2 | } : ) ) :- ) ) ) . . - - b,
or = e T e o 35 £

do/bin [fb] WW®@LHC 13 TeV

80 L | : | e
- ': Domeeeneen M|NLO (lhe) . 15 ;_ R M|NLO (lhe) A
A 1 - NNLO 1 40E === NNLO

oF [  — NNLOPS(he) = ] sE  — NNLOPS(he)

do/do
1'1:'"l\'“\l'l_(')F')S"l""l""l"'-l--"l'; 1.1

______

0.95

09F e B o I

0-85 ;_ R I e ey e e ceas _;

0.85 R L s e

) ) S N S E N N
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NNLOPS for WW

[Re, MW, Zanderighi 'l 8]
Validation at LHE level:
4. NNLO distributions for invariant masses of W's reproduced J

APRAY> S

103 do/bin [fb/GeV] WW@LHC 13 TeV 104 do/bin [fb/GeV] WW@LHC 13 TeV
3 ! ! ! ! I ! ' ' ' | ' ' ' ' | ' ' ' ' I ' ' ' ' g ! | ! | ! | ! | ! ?
F | ] | e MiNLO (lhe) :
: ] - NN ]

oL P T 7
: . MIiNLO (lhe) 1 101 L

10° £ ____ NNLO g E
: — NNLOPS (lhe) 1 102}

0.8 B N B B B 0.6 S . I . I . I . I . E
'850 60 70 80 90 100 0 200 400 600 800 1000
my,+ [GeV] my,+ [GeV]
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NNLOPS for WW

[Re, MW, Zanderighi 'l 8]
Validation at LHE level:
5. NNLO distributions for other Born-level observables reproduced J

103 do/bin [fb/GeV] WW@LHC 13 TeV 103 do/bin [fb/GeV] WW®@LHC 13 TeV 50 doy/bin [fb] WW@LHC 13 TeV
e MiNLO (lhe) i [ S — MINLO (he) 1 45 F E

102 L ---- NNLO 102 E --=- NNLO 140k E
— NNLOPS (lhe) 1 — NNLOPS (lhe) 1} E
110" L ] 35F E
101 ] 30 F 3
100 [ 25 F _z
100 20 F —
- 1BE M e MINLO (lhe) i
10" i 10 b “- NNLO =F
g E 1 5 E — NNLOPS (Ihe)
10-2.1 P R U R P R R | .-10-3 A ] A ] A ] A ] A ] 0F....|....|....|....|....|....|....|....E
do/donnLops do/donnLops do/donnLops

12 E T T T T T T T T T T E 14 T T T T T T T T E 11 LANLELEEL N L L L L LA AL LR LA AL LA LA AL AL LR B IE
11F 4 13 31.05F g S
E. 1.2 E Eormaa = = === =L ]

1.1

1

06F

0.7 fr

S I R NP SR | 1 1 1 E| R B
05 200 400 600 800 1000 400 600 800 1000 -4 -3 -2 -1 0 1 2 3 4
My [GeV] Prw [GeV] Yw+
10° do/bin [fb] WW@LHC 13 TeV 103 doy/bin [fb/GeV] WW@LHC 13 TeV 80 doy/bin [fb] WW®@LHC 13 TeV
E T T T T T T T T T L B B B L L L 1 T | L B T T
I T MNLO(he) {1 _F'™ MINLO (lhe) 70 £ MiNLO (lhe) E
102 | ---- NNLO 110° ¢ ---- NNLO 3 E ---- NNLO
— NNLOPS (lhe) 3 F — NNLOPS (lhe) 3 60 F — NNLOPS (lhe) &
i 110" | E
101 | ] 50 ¢ E
g 1100 [ 40 £ ]
100 L l b
1071 L 1ozt 20 F E
: 3 : 10 £ 3
10'2 [ 1 1 -10'3 -. oo Lo b by by by b Ly O :u PR S AT T S S N TN TN T T [N SR SR ST S A SO SR TR SN A T S S S Y
do/do do/do
14 T T E 14 E r\IlNLOPSI T T T T T 11 F N’\{LOPS T T T T
1.3} i 13§ F
1.2¢ 1 1.2¢
1.1¢ i 11§
1 ___ { 1
0.9 o 0. | _
0.8E 0. : 3 3
0.7F i 07k J0.85F ‘ S NS A
06 0.6 L : 08 : ' : : : :

M 1 M 1 M 1 M 1 " 3 E PRI PR S B P PR SR PR Lo o 4 PR PR PR PR PR "
0 200 400 600 800 100070 100 200 300 _ 400 500 600 700 8000 0.5 1 1.5 2 25 3
Mrww pr™ [GeV] Ao,



NNLOPS for WW

o AVRAY> S 3o
[Re, MWV, Zanderighi "1 8]
Phenomenological results:
Integrated cross sections
qq (no loop? gg) Tinai(pp = WTW™) [pb] ofia(pp — eTve ptvy) [f] A = ogd/0ina [7]
LO 70.66(1)T0-1% 0.623
o
NLO 99.96(3)F3:5% )+10% 0.412
NNLO 110.0(1)+16%
MINLO 96.05(1) %3¢
NNLOPS 110.2(2) 1 0%
ATLAS—gg [9] 124.7 + 5 (stat) 4+ 13 (syst) £+ 3 (lumi) 473 + 20 (stat) £ 50 (syst) £ 11 (lumi) - |
CMS—gg [10] | 108.5 4 5.8 (stat) Ty g ronyy & 3.6 (lumi) — —

— inclusive: large QCD corrections; fiducial: strongly reduced by the jet veto
— MINLO, NLO quite different in fiducial < poor jet-veto modelling at NLO (acceptance too high)
— NNLO, NNLOPS in excellent agreement (by construction for inclusive, but also in fiducial)

— MINLO, NNLO, NNLOPS yield very similar acceptances, in agreement with data
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NNLOPS for WW

[Re, MW, Zanderighi 'l 8]

Phenomenological results:
pr,ww (IR sensitive) compared to NNLO+NNLL

WW(inclusive)@LHC 13 TeV

Ap-Dyzit

3 do/bin [fb/GeV]
10 i ' ! '

e MINLO

! ---- NNLO
........ = -~ — NNLOPS -
s -~~~ NNLO+NNLL -

not completely fair comparison yet:

- on-shell WW for analytic resummation
- slightly different setups

— full comparison will be done

..........................

: 1
i S ",mm;mrr—rrrl_':_"_'_"_“_;""""“__-__-_,'r.-r\.n——-—u-u.-u\ri-ﬁ - T ST T e T

0.8 Erim S E

0.6 §

0.4 .
0 20 40 60 80 100

Prww [GeV]

— Resummation (analytic or shower) crucial at low pr; NNLOPS in decent agreement with NNLL
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NNLOPS for WW

[Re, MWV, Zanderighi "1 8]
[ J
Phenomenological results:
A®Dp,.w (IR sensitive)
do/bm [fb] WW(fiducial-noJV)@LHC 13 TeV do/bin [fb] WW (fiducial-JV)@LHC 13 TeV
R MINLO | c- 102 L MiNLO
--=- NNLO f ----NNLO = F
10% | — NNLOPS L — NNLOPS
I | ' - 10" L N S— S
. no ]et veto applled NI with jet veto
101 - e i__ i
5 dG/dGNNLOPs . | | | | 5 dO/dONNLOPs . | | | .
————— NNLOPS (lhe) : -~ NNLOPS (he) ? ? i
15F 13
1 E ;-fJJ-—rJ%
0.5 ' ey e R %’-_-_;"5,5;):*:-:5::/'7_;5’—";'}7Ei'::i; . ? L‘
S e
%05 1 15 3
Aq)ll,vv
— NINLOPS corrects regions sensitive to soft-gluon effects
— jet veto can turn observables sensitive soft-gluon emissions everywhere
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NNLOPS for WW

[Re, MW, Zanderighi 'l 8]

Phenomenological results:
Charge asymmetry

AVRAY> S 3o

oo SOBIEL____ WWekSGLHO ISTSV | dofinft) ___ WWindushe)@LHO 13 oY
[ 90 F T E
e R i 1 eof i * W momentum cannot be
80 |- - gg 1 reconstructed — use leptons
60 1 1 1 ig * lepton asymmetry smaller;
40 Liwiod o F i almost vanishes in fiducial
lg‘ — Y- NNLOPS ’“L 1 20 3 — VYr NNLOPS 3 o o
200 fF - Yw- NNLOPS L1 bR T y- NNLOPS i * can be recovered by widening
0 oy b 0 oty . raplc!lty range of Iepton§ or by
13 8 AARAR AAAR pppostanesineas kigel Septe SoRssiy ol T A A A A A AR AR ] considering boosted regime
TE 1.8F 7
o.ég- 1.6F { ° sensitive to W polarizations
07t 1.4F i — powerful probe of nhew physics
05t 12 -;
0-2F e e
0.3 5 4 3 2 -1 0 1 2 3 4 5
Yi
A%V _ 0 (lyw—+| > lyw-1) — o(yw+| < lyw- |)’ NNLOPS | inclusive phase space fiducial phase space
o(lyw+| > lyw-1) + o(lyw+| < lyw-|)
AW 0.1263(1)* %17 0.0726(3) 207
AL = o(|yer| > 1ye-1) — o([ger | <lye-1) “ —L8% —2.6%
o (lyes| > lye-1) + o (lyer| < lye-1) Al —[0.0270(1) g1 —[0.0009(4) " 7]




qr subtraction

Ap-Dyz 1t

dONNLO = [d ﬁfgl)‘]et 2 NNLO & dO—LO} + HNNLO @ doLo

[Catani, Grazzini '07]

subtraction terms known from resummation:

doE et pT<<Q> {dg(res)}f — E(pT/Q) 2 dor.o

NNLO accuracy consequence of unitarity:

do.(res)
dp? — d In(Q?%b%/b2) — In(Q?*b? /b2 + 1
/ po dydeQ H® O0LO (H(Q / O)_> H(Q / O—I_ ))
) dores) b
Resummation formula: o dy ada / db = Jo(b p1) S(b, A, B) Hny,n iy fNQJ

[Collins, Soper, Sterman '85], [Bozzi, Catani, de Florian, Grazzini '06]
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qr subtraction

Qp-Dyz 4t

dONNLO = {dU §f(1)jet — 2NNLO ® do1,0| + HNNLO & doLo

[Catani, Grazzini '07]

practical implementation:

subtraction not local

both terms in squared brackets separately divergent

introduce lower cut-off rc,c on dimensionless quantity r = prww/mww

use very small re, value and integrate both terms separately down to r > reu
assumption: for r < rc. terms cancel (true up to power-suppressed terms)
numerics forbids arbitrarily small rc. values: use fit towards rc,e — 0 limit

MATRIX uses extrapolation rc.: — 0 to obtain the final prediction
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qr subtraction

Qp-Dyz 4t
F+1jet
dONNLO = [dUNLO — 2NNLO @ dopo| + HNNLo @ doro
(I‘ > rcut) (r > I"Cut)

[Catani, Grazzini '07]

practical implementation:

subtraction not local

both terms in squared brackets separately divergent

introduce lower cut-off rc,c on dimensionless quantity r = prww/mww

use very small re, value and integrate both terms separately down to r > reu
assumption: for r < rc. terms cancel (true up to power-suppressed terms)
numerics forbids arbitrarily small rc. values: use fit towards rc,e — 0 limit

MATRIX uses extrapolation rc.: — 0 to obtain the final prediction
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rcut dependence at NLO %

(example from WW)

co10 2Nt~ AL ?.,f‘...7‘.‘7?..(,H.l.%g.s.f‘.l.,t.s..).,.@.,?,,,Tfy
+0.08 £
+0.06 | T

| I
0% A -_

| T
+0.02 |

0}

—0.02 |
—0.04 |
—0.06 | — %,
el ofio(r)

0 01 02 03 04 05 06 0.7 08 09 1.0
r = cuby, /o[ %]

doNNLO (Tcut) = {d gf%et(?“ > Tout) — LNNLO @ dopo(r > Tcut)] + HnNLo ® doLo
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rcit— 0 extrapolation in MATRIX

[Grazzini, Kallweit, MW '17]

Ap-Dyz 1t

automatically computed in every single MATRIX NNLO run

cos0 YOm0 1M pp > 2 @13 TeV
+0.20 |
+0.10 | 5

0l H{{{{HHHHH}{H{H}{IH{HIIIHIIHHIHHIHHHHHHHHHHH*HHH*IHHH?*
~0.10 | : |
~0.20 |

onNLo(T)
030 e

0 01 02 03 04 05 06 07 08 09 1.0

Tcut [%]

doNNLO (Teut) = [d §féft(r > Teut) — LNNLO & doLo(r > Tcut)} + HnNLo ® doLo
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rcit— 0 extrapolation in MATRIX

[Grazzini, Kallweit, MW '17]

Arﬂy?:{'f‘

simple quadratic fit (A * reae + B % reue + C) to extrapolate to rcu:=0

10.30 |
10.20 |

10.10 |

~0.10 |
—0.20 |

—0.30 |
0 01 02 03 04 05 06 07 08 09 1.

doNNLO(Tcut) =

o/oxNLo — 1[70] pp — Z @ 13 TeV

0]

o

extrapolated
ONNLO ( Teut 2 0-15)

Tcut [%]

F+jet

[d ONLO (T > Teut) — ZNNLO @ dopo(r > Tcut)} + HNNLO ® do1,o
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rcit— 0 extrapolation in MATRIX

[Grazzini, Kallweit, MW '17]

Ap-Dyz 1t
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~0.10 filf

extrapolated ( Fent > 0.1 5)

. ONNLO
020
onNLo(T)
oo
0 01 02 03 04 05 06 07 08 09 1.0

Tcut [%]

doNNLO (Teut) = [d §féft(r > Teut) — LNNLO & doLo(r > Tcut)} + HnNLo ® doLo
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rcit— 0 extrapolation in MATRIX

. . . ' Ap-Dyz 1t
[Grazzini, Kallweit, MW | 7]
vo30 Yowo WM pp > 2 Q13 1ey
+0.20
+0.10 | 1
L |
0 F
_o.10 JIFT
1 : 1e\:I:)cllsIli‘jagolafr;ed ( Font > 0.1 5) |
—020 I — ;X;}Et(gZWPROD) [Hamberg, van Neerven, Matsuura '91]
O-l%qlllLO(T) :
0,30 i SOOI
o 01 02 03 04 05 06 07 08 09 1.0

Tcut [%]

doNNLO (Teut) = [d §f¢”f’°(r > Teut) — LNNLO & doLo(r > Tcut)} + HnNLo ® doLo
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rcit— 0 extrapolation in MATRIX

[Grazzini, Kallweit, MW '17]

Ap-Dyz 1t

dileptons with certain cuts (and photon final states) are special

o/oxnLo — 17 pp — e et @ 13 TeV

+0.50 LALLM !
0

—0.50 |

. i

1

HHHHHIHHEI
—1.00 | Higrgs, -

[ HIHHHH*HH;

- glr *;!H zz !!i!!i;;;iiiiiiiiiij
150 b TN N.N.L.Q..(...) ......................... I

0 01 02 03 04 05 06 07 08 09 1.0
Tcut[%]
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rcit— 0 extrapolation in MATRIX

[Grazzini, Kallweit, MW '17]

A,,.A7>H-

o/oxnLo — 17 pp — e et @ 13 TeV
_|_O.5O j_'.l .... | I | IR E.'..' .... AT Y N AP . AT AT AP N O A O N L N '.L.'.'.-

10 S :
| . 1(i;cl\tllﬁ)do];)olated <Tcut 2 0.1 5)

—1.00 |

iIi;;I
TETz3s
¥
:: Iiiiiii*iiiiiii
Errzss
EExzzs

- O.QT r !ﬁﬁiﬂiﬂi!;;ﬂ;':
150 b TN N.N.L.Q..(...) ......................... I

0 01 02 03 04 05 06 07 08 09 1.0
Tcut[%]
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rcit— 0 extrapolation in MATRIX

[Grazzini, Kallweit, MW '17]

A,,.A7>H-

o/oxnLo — 17 pp — e et @ 13 TeV
_|_O.5O j_'.l .... !.'..' .... | IR E.'..' .... AT Y N AP . AT AT AP N O A O N L N '.L.'.'.-

050 e B
L - 1e\IX1;CIIEOpOIated <Tcut 2 0.1 5)

—1.00 |

iIi;;I
L E2T S
ET S
I Iiiiiii*iiiiiii
=2
EExzzs

0_1%111\1 Lo (’I") iﬁ;i;ﬁ;ﬁ;iﬁ!;%

0.3 04 05 06 0.7 08 09 1.0
Tcut [%]

—1.50 ¢

switch qT accuracy=l

switch T accuracy=0
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rcit— 0 extrapolation in MATRIX

[Grazzini, Kallweit, MW '17]

Arﬂy?:{'f‘

o/oxnLo — 17 pp — e et @ 13 TeV

_|_O.5O j_'.l .... E.'..' .... | E.'..' .... S A P N N O NP N O . L '.L.'.'.-

(

I |

—050 ;—:::::;.-Ii{:f:::::;’::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::I;::::::::::::::::::::::::::::::::::::::;:

. HH?IHH — %Xl\tfopdated(rcut > 0.15)]

e R 2 005)

—1.00 : Hzrs, frse ]
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:' o) qT ( ’; Y E*Eiiii!iiiiiiii!!!!!;

150 byt N.N.L.Q..(...) ......................... I
0 0.3 04 05 06 07 08 09 1.0

Tcut [%]
switch qT accuracy=l

switch T accuracy=0
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rcit— 0 extrapolation in MATRIX

. . . ' Ap-Dyz 1t
[Grazzini, Kallweit, MW | 7]
o/oxnLo — 17 pp — e et @ 13 TeV
_|_O.5O :_'.L .... E.'..' .... | ;.'..' .... S A P N N O NP N O . L '.L.'.'.-
f——
:_hTs s
| Iﬁ 5
_050 ?—:::::é.-ﬁ;fﬁ:}:}:i::::::::::::::::::::::::::::::::::::::::::::::::::::::::e:}:(;c:lgé:];:éi:afé:e:(:i::::::::::;:::8::{::5:::;:
o %IHH ONNLO (reut = 0. )
f HHHH;HHI — %&fopdated(rcut > 0.05)
—1.00 | : Hisg ii3ry -
: HEEHEHEH;EEI
—1.50 b e J 1%.111.\1.9(.). (T ) ...... !Eﬂﬁiﬂimmm?
o 01 02 03 04 05 06 07 08 09 1.0
Tcut [%]
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rcit— 0 extrapolation in MATRIX

.« . . ! AVRAY> S 3o
[Grazzini, Kallweit, MW | 7]
o/oxnLo — 17] pp — e et @ 13 TeV
_|_O.5O :_'.l .... E.'..' .... | IR E.'..' .... | AP T N AP N . AT AT | AP Y N O AP O N L N '.L.'.'.-
|
— 1] :
—0.50 P g
: HHIIHI l‘i]X;IlESOlated(Tcut Z 0.1 5)
o IHHHH*HHH l(iIXI\tIIE(I;OIated(Tcut > 0.05)
—1.00t IHHHHEHH O_exact(FEWZ) ]
- s HgEzzr. O NNLO ;
—1.50 . ......... ............................................. J 1(.%.\].1#9 (T ) ...... !ﬂﬁiﬂimmﬂ*-’f
0 01 02 03 04 05 06 07 08 09 1.0
Tcut [%]
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rcit— 0 extrapolation in MATRIX

° ° ° I AﬁA??}Lf
[Grazzini, Kallweit, MW | 7]
— 1% 1[%
voso oo T e o HOIBTV ooy olowno 210 pp 2 @13 TV
+0.20 | | 4020}
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rcit— 0 extrapolation in MATRIX

o o . | Af"A7 =1L
[Grazzini, Kallweit, MW | 7]
ofosso 1A oy QBTN gg W pp = veley @ 13 TeV
+5OO _ .--..---"' ...---'---------“
_|_ 400 _ .....IIIIIII.....I..... _ + 300 _ ..-...--"---------------
+3.00 - !!!!.!i‘..n'i L extrapolated( - 15) ' +2.00 - ....__..-" Ul(ilxl&?golated (Tcut > 0.1 5)
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MATRIX features on one slide

Colourless 2— | and 2—2 reactions (decays, off-shell effects, spin correlations; previous slide)

Qp-Dyz 4t

physics features:
NNLO accuracy based on qr subtraction
loop-induced gg component part of NNLO cross section (effectively LO accurate)
CKM for W-boson production
essential fiducial cuts, dynamical scales and distributions already pre-defined for each process
final-state particles directly accessible (for distributions, cuts, scales)
scale uncertainty estimated automatically estimated (7- or 9-point) with every run

NEW: automatic extrapolation of gr-subtraction cut-off to zero (with extrapolation uncertainty)

technical features:

Core: C++ code; steered by Python interface (compilation/running/job submission/result collection)
LHAPDF 5 or 6 pre-installed & Python 2.7 with numpy
Otherwise fully automatic! (download/compilation of external packages;inputs via interface etc.)

local and cluster support: LSF (Ixplus), HT-Condor (Ixplus), condor, SLURM, Torque/PBS, SGE

— missing your favourite cluster? Let us know!
option to reduce workload (output) on slow file systems

all relevant references in CITATION.bib (provided with every run)

comprehensive manual shipped with the code
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0 0+ETmiss at NNLO [Kaliweit, MW '18]

APRAY> S 34

DF (22 v'V"): double-resonant ZZ ¢ Z vy q . 2

(PP ZZ/Y*Z— L2 V'V") . Vi L gz

and single-resonant DY-like Z/ I Z/y I

(PP Z/Y* L0 Z-LLV'V") a A a
DF (v £'V"): double-resonant WW and single-resonant DY-like

(PP WW L2V L'V (PP Z/Y*> VW =LV £2'V")
- oy q » . o

'~

Vi

l—i—

SF (28 vv): mixes all ZZ, WW and DY-like contributions
(pp—»ZZ/y*Z/WW—»QQ VV) (pp—»Z/Y*—vee Z/0VW - L0 vv)

April 9th, 2019
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0 0+ETmiss at NNLO [Kaliweit, MW '18]

Comparison against ATLAS 8 TeV data [JHEP 1701 (2017) 099]

Aﬁ-ﬂ;?fﬁ‘

definition of the fiducial volume for pp = (*¢~vv + X, (€ {e,u} and v € {v,.,v,,v;}

Pre > 25 GeV, ‘775‘ <25, ARy >0.3, 76GeV < myrp- <106GeV,
Axial-p > 90 GeV, pp-balance < 0.4,
R=04, pr; >25GeV, |n;| < 4.5 and AR,; > 0.3

) anti-kyp jets

jet veto

prefers Z bosons in back-
to-back like configurations
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0 0+ETmiss at NNLO [Kaliweit, MW '18]

Comparison against ATLAS 8 TeV data [JHEP 1701 (2017) 099]

Ap-Byztt

mzz

2
NNPDF 3.0 (set consistent at each perturbative order) with agz(myz) = 0.118

UR = hfp = (uncertainties: 7-point scale variation)

H-flavour scheme
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0 0+ETmiss at NNLO [Kaliweit, MW '18]

Comparison against ATLAS 8 TeV data [JHEP 1701 (2017) 099]

Ap-Byztt

mzz
2
NNPDF 3.0 (set consistent at each perturbative order) with agz(myz) = 0.118

UR = hfp = (uncertainties: 7-point scale variation)

5-flavour scheme
— top-quark contamination included in SF (¢fvyvp) channel
BUT: suppressed by jet veto
AND: WTW ™ (bvel'vp ) and top contributions subtracted as background
— compute SF /¢y, channel and subtact DF fv,¢'v, (also in 5FS)

— removes subtracted backgrounds, but keeps all interference contributions!

0'(65 VG/M/TVQ/M/T) — O'(gf Vng) — O'(gyg é’Vg/) + 2 - O'(fg Vg/Vg/)
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0 0+ETmiss at NNLO [Kaliweit, MW '18]

Ap-Byztt
Comparison against ATLAS 8 TeV data
JHEP 1701 (2017) 099]
Measurement Prediction
O iy, = 5.0 T8 (stat) *02 (syst) = 0.1 (lumi) fb 3.7 £0.3 fb
O ey = 4T 207 (stat) 157 (syst) £ 0.1 (lumi) fb 3.5 0.3 fb
AP = 7.3 £0.4 (stat) £ 0.3 (syst) *7 (lumi) pb 6.6 *0 pb
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0 0+ETmiss at NNLO [Kaliweit, MW '18]

Ap-Byztt
Comparison against ATLAS 8 TeV data
[JHEP 1701 (2017) 099]
Measurement Prediction
O iy, = 5.0 T8 (stat) *02 (syst) = 0.1 (lumi) fb 3.7 £0.3 fb
O ey = 4T 207 (stat) 157 (syst) £ 0.1 (lumi) fb 3.5 +0.3 fb
O'g);i . = 7.3 £ 04 (stat) £ 0.3 (syst) *+ (lumi) pb 6.6 107 pb
[Kallweit, MWV 'l 8]
channel oo |fb] onpo |fb] onnLo |fb] oatLas |fb]
ete vy 5.558(0)T0LE 4.806(1)T30% 5.083(8)T 9% 5.0 T3 (stat) Foi(syst) & 0.1(lumi)
prpvy 5.558(0)T0 1% 4.770(4)38%  5.035(9)1 5% 4.7 0 T(stat) 05 (syst) £ 0.1(lumi)
total rate  4982(0)F19%  6754(2)F20%  7690(5) 2T 7300 Fi00(stat) Ti00 (syst) F10o (lumi)
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produced with MATRIX
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do/d|Ay,, | [pb]
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2LYO@LHC 8 TeV (ATLAS data)

produced with MATRIX
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produced with MATRIX
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0 0+ETmiss at NNLO [Kaliweit, MW '18]

Impact of NNLO on fiducial distributions (same cuts as before)

AVRAY> S 3o

do/dAd,, [folrad]
: I I I I I I I I I

2[2v@LHC 8 Te

| IIIIIII.I L L1t L L | 111l
produced with MATRIX
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despite jet veto, NNLO corrections quite large
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0 0+ETmiss at NNLO [Kaliweit, MW '18]

Relative size of ZZ and WW contributions (same cuts as before)
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incoherent sum of ZZ+WW good approximation
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0 0+ETmiss at NNLO [Kaliweit, MW '18]

Impact of NNLO on fiducial distributions (same cuts as before)
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0 0+ETmiss at NNLO [Kaliweit, MW '18]

Relative size of ZZ and WW contributions (same cuts as before)

Ap-Byztt

O'(Zf VG/M/TVG/M/T) — O'(ff Vgug) + 2 - 0(55 Vg/Vg/)
VS
U(Zf Ve/u/TVe/,u/T) ~ J - 0'(€€ Vg/Vg/) -+ O'(ZV@ g’Vg/)

Marius Wiesemann (MPI Munich) Precise predictions for diboson production at the LHC April 9th, 2019 79



0 0+ETmiss at NNLO [Kaliweit, MW '18]

Relative size of ZZ and WW contributions (same cuts as before)
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