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The Quest for Precision

Direct comparison with SM measurements

— total rates, fiducial rates, distributions (eg, for VV)

Extraction of SM parameters

— Higgs couplings, masses (eg, mw in Drell-Yan), O, ...

— high precision not essential

Search for new physics as small deviations from SM
— extraction of anomalous couplings (eg, aTGC in VV)

— limits on effective Operators
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The Quest for Precision

accURACY =
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Importance of QCD corrections \j
(example WZ)
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NNLO crucial for accurate description of data
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VV production in a nutshell

example: WZ production

Marius Wiesemann (CERN) High precision for VV

December 14th, 2018



VV production in a nutshell

N/
example: WZ production (on-shell)
g \‘\c\f\/\
d A
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y /'/0‘\/\/\
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VV production in a nutshell y

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 y

example: WZ production (off-shell)

d Z |~ [t
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 y

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 y

example: WZ production (off-shell)

Z/~ Al

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

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

all topologies to same le

— access to triple gauge
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VV production in a nutshell y

example: WZ production (off-shell)

d Z |~ [T
Vl/ l_

W+ Vl/

U '+

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

all topologies to same leptonic final state (with spin correlations & off-shell effects) /
— 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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Higher-order QCD corrections Y

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]

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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YY - inclusive and differential
[Catani, Cieri, de Florian, Ferrera, Grazzini 'l2], [Campbell, Ellis, Li, Williams 'l 6], [Grazzini, Kallweit, MW 'l 7]
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WW - differential/off-shell

[Grazzini, Kallweit, Pozzorini, Rathlev, MW 'l 5]

WZ - differential/off-shell
[Grazzini, Kallweit, Rathlev, MW ' 7]
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ZZ - differential/off-shell y
27— 40 [Grazzini, Kallweit, Rathlev '15], [Kallweit, MW '18]

NEW: ZZ/WW—£0+Eriss

_' [Kallweit, MW '18]

mixes ZZ and WWV topologies:
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ZZ - differential/off-shell
27— 40 [Grazzini, Kallweit, Rathlev '15], [Kallweit, MW '18]

NEW: ZZ/WW— 0+Erps
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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 - differential/off-shell
27— 40 [Grazzini, Kallweit, Rathlev '15], [Kallweit, MW '18]

NEW: ZZ/WW— 0 0+ETmiss
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Higher-order QCD corrections Y

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]

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 Y

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

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]

i WW - inclusive/on=shell [Gehrmann, Grazzini, Kallweit, Maierhéfer, von Manteuffel, et al. I4]
- 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]

aII publlcly avallable W|th|n MATRIX
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pp—>WW-20v 2'V'
pPpoWZ
pp—7WZ-0vol
pp—oWZ-2'v'00

'Grazzini, Kallweit, Pozzorini, Rathlev, MWV '| 6]
[Grazzini, Kallweit, Rathlev, MW '| 6]
[Grazzini, Kallweit, Rathlev, MW 'l 7]
(Grazzini, Kallweit, Rathlev, MW 'l 7]

process status comment
PP—Z/Y*(—28/VV) V4 validated analytically + FEWZ
pPp— W(— 2V) V4 validated with FEWZ, NNLOjet
pp—/H / validated analytically (by SusHi)
PPYY J validated with 2yNNLO
pp—ZYy— 20y V4 'Grazzini, Kallweit, Rathlev 'I 5]
PP ZY—VVY J (Grazzini, Kallweit, Rathlev '| 5]
pp—>WY— vy V4 Grazzini, Kallweit, Rathlev 'l 5]
pp—ZZ V4 Cascioli et al.'14]
pp—ZZ- 0000 J Grazzini, Kallweit, Rathlev 'l 5], [Kallweit, MWV '18]
pp—ZZ—-L200'0" / (Grazzini, Kallweit, Rathlev ' 5], [Kallweit, MW "I 8]
PP—=ZZ - LOV'V' V4 Kallweit, MW '18]
PP—=ZZ/WW— 20V V4 Kallweit, MW '18]
PP WW J Gehrmann et al. '14]
v
v
v
v
v

pp—HH

not in public release



process status comment
PpP— Z/Y*(—20/VV) V4 validated analytically + FEWZ
Pp—W(—£v) :i:oi':s':::m V4 validated with FEWZ, NNLOjet
pp—/H / validated analytically (by SusHi)
PPYY J validated with 2yNNLO
pp—ZYy— 20y V4 Grazzini, Kallweit, Rathlev '| 5]
PP ZY—VVY J (Grazzini, Kallweit, Rathlev '| 5]
pPp—>WY—£2vy V4 Grazzini, Kallweit, Rathlev 'l 5]
pp—ZZ V4 Cascioli et al.'14]
pp—ZZ- 0000 J Grazzini, Kallweit, Rathlev 'l 5], [Kallweit, MWV '18]
pp—ZZ 000" 0" / 'Grazzini, Kallweit, Rathlev 'l 5], [Kallweit, MWV '] 8]
PP—=ZZ - LOV'V' V4 Kallweit, MW '18]
PP—=ZZ/WW— 20V V4 Kallweit, MW '18]
PP WW J Gehrmann et al. '14]
PP WW-2v 2"V / 'Grazzini, Kallweit, Pozzorini, Rathlev, MWV '| 6]
PP/ WZ J [Grazzini, Kallweit, Rathlev, MW '| 6]
PP~ WZ—£2vey V4 'Grazzini, Kallweit, Rathlev, MW ' 7]
PP WZ— 0"V 00 V4 'Grazzini, Kallweit, Rathlev, MW ' 7
pp—HH / not in public release



process status comment
PpP— Z/Y*(—20/VV) V4 validated analytically + FEWZ
Pp—W(—£v) :i:og::sl:::on V4 validated with FEWZ, NNLOjet
pp—/H / validated analytically (by SusHi)
PPYY / validated with 2yNNLO
pp—ZYy— 20y V4 Grazzini, Kallweit, Rathlev '| 5]
PP ZY—VVY / (Grazzini, Kallweit, Rathlev '| 5]
pPp—WY—£2vy v Grazzini, Kallweit, Rathlev 'l 5]
pp—ZZ V4 Cascioli et al.'14]
pp—ZZ- 0000 ‘/ Grazzini, Kallweit, Rathlev 'l 5], [Kallweit, MWV '18]
pp—ZZ 000" 0" / 'Grazzini, Kallweit, Rathlev 'l 5], [Kallweit, MWV '] 8]
PP—ZZ— 20V’ V4 Kallweit, MW '18]
PP—ZZ/WW—£0Vv V4 Kallweit, MW '18]
PP WW J Gehrmann et al. '14]
PP WW-2v 2"V / 'Grazzini, Kallweit, Pozzorini, Rathlev, MW '| 6]
PP/ WZ / [Grazzini, Kallweit, Rathlev, MW '| 6]
PP~ WZ—£2vey V4 'Grazzini, Kallweit, Rathlev, MW ' 7]
PP WZ— 0"V 00 V4 'Grazzini, Kallweit, Rathlev, MW ' 7
pp—HH / not in public release



process status comment
Pp— Z/Y*(— 28/VV) V4 validated analytically + FEWZ
pp-W(—ov)  Singleboson _/ validated with FEWZ, NNLOjet
processes
pp—/H / validated analytically (by SusHi)
PP YY v 4 validated with 2YNNLO
pp—ZYy— 20y V4 Grazzini, Kallweit, Rathlev '| 5]
PP ZY—VVY / (Grazzini, Kallweit, Rathlev '| 5]
pp—WY— 2vy v Grazzini, Kallweit, Rathlev ' 5]
pp—2ZZ S Cascioli et al.'14]
pp—ZZ- 0000 J 'Grazzini, Kallweit, Rathlev 'l 5], [Kallweit, MWV '] &
pp—ZZ 000" 0" / 'Grazzini, Kallweit, Rathlev 'l 5], [Kallweit, MWV '| 8
PP—=ZZ - LOV'V' V4 Kallweit, MW '18]
pp—ZZ/WW - ggyy Massive g Kallweit, MW '18]
diboson _ |
PP~ WW processes ¥ Gehrmann et al.'14]
PP~ WW - Qv 2'V' V4 'Grazzini, Kallweit, Pozzorini, Rathlev, MW '
PP/ WZ J [Grazzini, Kallweit, Rathlev, MW '| 6]
PP WZ-0vLee / (Grazzini, Kallweit, Rathlev, MWV '1 7]
PP WZ—£'v'00 J [Grazzini, Kallweit, Rathley, 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.




enter the MATRIX

After unpacking start MATRIX with:

./matrix

$$

Inside the MATRIX compilation shell

|===>> list

lists all process IDs. Select ID, eg:

| ===>> ppeeexex(04

for pp—ZZ—4£. Confirming with
|===>> )\

the MATRIX usage agreements, the
code will automatically start to:

dowload/compile of OpenLoops
compile of Cln and Ginac

compile MATRIX

download OpenlLoops amplitudes

create MATRIX run folder for the process

[[wiesemann:~/different-branch-munich/MATRIX]

Versi

J/matrix

on: 1.0.0.release_candidate4

T\
Il \\ 7/
TN
Il /7 \\

Aug 2017

Munich -- the MUlti-chaNnel Integrator at swiss (CH) precision --
Automates qT-subtraction and Resummation to Integrate X-sections

. Grazzini
. Kallweit
. Wiesemann

\ \
I\

+ ===+ o)
|/
/

(grazzini@physik.uzh.ch)
(stefan.kallweit@cern.ch)
(marius.wiesemann@cern.ch)

MATRIX 1is based on a number of different computations and tools

from various p

eople and groups.

Please acknowledge their efforts

by citing the list of references which is created with every run.

<<MATRIX-READ>> Type process_id to be compiled and created. Type "list" to show

ppnenex02
ppenex02
ppexne@2
ppaal2
ppeexad3
ppnenexa®3
ppenexa®3
ppexnea®3
ppzz02
ppwxw02
ppemexmx04
ppeeexex04
ppeexnmnmx04
ppemxnmnex04
ppeexnenex04
ppemexnmx04
ppeeexnex04
ppeexmxnm@4
ppeexexne®4

available p
"exit" or "

T T T T T T T T T T T T T T T T T T T TTTTDO
T T T T T T T T T T T T T T T T TTTTTTDO

>> p -->
>> ppeeexex04j]

rocesses.
quit" to stop.

WA+

en- e

v_et- v_eM+

en- v_eM+

e v_eh-

gamma gamma

eM- e+ gamma

v_e”- v_e™ gamma

e~ v_e+ gamma
v_e”- gamma

WA-

mu”- e+ mut+

et- e+ et

e v_mut- v_mut+
mu™+ v_mu”- v_e+
e v_eM- v_eM
mut- e v_mut+
en- e v_eMM

e mu+ v_mu”t-
e e v_et-

Try pressing TAB for auto-completion.

Type

on-shell Higgs production
on-shell Z production

on-shell W- production with CKM
on-shell W+ production with CKM
Z production with decay

Z production with decay

W- production with decay and CKM
W+ production with decay and CKM
gamma gamma production

Z gamma production with decay

Z gamma production with decay
W- gamma production with decay
W+ gamma production with decay
on-shell ZZ production

on-shell WW production

ZZ production with decay

ZZ production with decay

ZZ production with decay

WW production with decay

ZZ/WW production with decay

W-Z production with decay

W-Z production with decay

W+Z production with decay

W+Z production with decay




[[wiesemann:~/different-branch-munich/MATRIX/run/ppeeexex04_MATRIX] ./bin/run_process

enter the MATRIX

After changing into the run
directory we start the run script

T\
I \\ 7/
I /7 \\
I // \\
Version: 1.0.0.release_candidate4 Aug 2017

Munich -- the MUlti-chaNnel Integrator at swiss (CH) precision --
Automates qT-subtraction and Resummation to Integrate X-sections

$ ./bin/run_process

First, choose a name for the run: Grarein (grazzintephysik.uzh.ch)

. Kallweit (stefan.kallweit@cern.ch)
f - t ZZ . Wiesemann (marius.wiesemann@cern.ch)
I ___>> run In 1rs MATRIX is based on a number of different computations and tools

from various people and groups. Please acknowledge their efforts
by citing the list of references which is created with every run.

The MATRIX run She” haS man)’ Type name of folder for this run (has to start with "run_").

"ENTER" to create and use "run_@1". Press TAB or type "list" to

M M M M show existing runs. Type "exit" or "quit" to stop. Any other
options, eg, modify input files typing: fotder will be crested
[ run_my_first_ZZ
Type one of the following commands: ("TAB" for auto-completion)

| ===>> parameter

help menu.
I ===>> model help <command> help message for specific <command>.
list i available commands again.
exit the code.
the code.

| ===>> distribution

parameter Modify "parameter.dat" input file in editor.
model Modify "model.dat" input file in editor.

NOW We Can Start the r.un’ type distribution Modify "distribution.dat" input file in editor.

I ===>> run cross section computation in standard mode.

only grid setup phase.

only extrapolation (grid must be already done).
run_pre_and_main after grid setup (grid must be already done).
run_main only main run (other runs must be already done).

run_results only result combination.
The COde gOeS thrOugh a.” run run_gnuplot only gnuplotting the results.
setup_run the run folder, but not start running.
delete_run Remove run folder (including input/log/result).
Phases and CO”eCtS the reSUItS a-t the tar_run Create <run_folder>.tar (including input/log/result).
[ parameter

very end.With default inputs it runs | mode ution
LO with 1% accuracy.

runfi




[[wiesemann:~/different-branch-munich/MATRIX/run/ppeeexex04 MATRIX

enter the MATRIX I,

\\ /7
| \\ //
|

Il

I
| Il
| | /7 \\
| I
Version: 1.0.0.release_candidate4 Aug 2017

/7 \\

After changing into the run
directory we start the run script

Munich -- the MUlti-chaNnel Integrator at swiss (CH) precision --
Automates qT-subtraction and Resummation to Integrate X-sections

$ ./bin/run r . . \
Publicly available on: g

First’ Choose a, n: (grazzini@physik.uzh.ch)

(stefan.kallweit@cern.ch)
(marius.wiesemann@cern.ch)

=777 ¥Un hitps://matrix.hepforge.org/ (EEEEEEs

The MATRIX rL run (has to start with "run_").

n_01". Press TAB or type "list" to
M | - t" or "quit" to stop. Any other
options, eg, mod| ¢

mands: ("TAB" for auto-completion)

===>> parame
P
===>> mOdel o : ;dzp:;;:;? <command>.

===>> distri

pt" input file in editor.
nput file in editor.

NOW We Can Stal _ .dat" input file in editor.

I ===>> run ¢ computation in standard mode.

p phase.
R ¥@ tion (grid must be already done).
up (grid must be already done).
1 (other runs must be already done).

run_results Start only result combination.
The COde goeS throug a. run run:gnuplot >> Start onl; gnuplc;tting the results.
setup_run >> Setup the run folder, but not start running.
delete_run >> Remove run folder (including input/log/result).
Phases and CO”eCtS the reSUItS a-t the tar_run >> Create <run_folder>.tar (including input/log/result).

very end.With default inputs it runs i S model ition
LO with |% accuracy.

============>)> runl


https://matrix.hepforge.org/

Recent developments
for VV production



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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go— 77 4L at NLO [Grazzini, Kallweit, MW, Yook ' 18] y

q Z /vy
q
Z[y
q
virtuals:
g Z/’y 0~ ) o > q
ot
reals: .
Z/~ VA
’ A gro00

g—i—

Marius Wiesemann (CERN) High precision for VV December 14th, 2018 29



go— 77 4L at NLO [Grazzini, Kallweit, MW, Yook ' 18] y

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%



go— 77 4L at NLO [Grazzini, Kallweit, MW, Yook ' 18] y

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%

+5-6% effect due to NLO correction to gg compared to NNLO
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gg—’ZZ—>4Q at NLO [Grazzini, Kallweit, MWV, Yook ' 8] y

NVl
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



Combination: NNLO QCD and NLO EW y

[Grazzini, Kallweit, Lindert, Pozzorini, MW]

Marius Wiesemann (CERN) NNLO calculations with MATRIX November 27, 2018 33



NLO EW corrections for vector-boson pair production

Status of VV calculations at NLO EW accuracy

o pp =Y+ X

o Private implementation (also other on-shell VV processes)
[Bierweiler, Kasprzik, Kiihn [arXiv:1305.5402 [hep-ph]]]

o pp —> Z(— 2¢/2v)y+ X
o Two independent imp|ementations [Denner, Dittmaier, Hecht, Pasold [arXiv:1510.08742 [hep-ph]]]

o pp > W(—=v)y+ X
o Two independent imp|ementati0ns [Denner, Dittmaier, Hecht, Pasold [arXiv:1412.7421 [hep-ph]]]

O pp > ZZ(— 40) + X

o RecoLa + 2"¢ independent implementation — SF and DF channels
[Biedermann, Denner, Dittmaier, Hofer, Jager [arXiv:1601.07787 [hep-ph], arXiv:1611.05338 [hep-ph]]]

o pp > WW(— 202v) + X

o RecoLA + 2" independent implementation — only DF channel
[Biedermann, Billoni, Denner, Dittmaier, Hofer, Jager, Salfelder [arXiv:1605.03419 [hep-ph]]]

o pp > WZ(— 3v)+ X

o REcOLA — SF and DF channels
[Biedermann, Denner, Hofer [arXiv:1708.06938 [hep-ph]]]

@ pp > WW /ZZ(— 202v) + X
o SHERPA/MUuUNICH+OPENLOOPS — SF and (WW and ZZ) DF channels

[SK, Lindert, Pozzorini, Schénherr [arXiv:1705.00598 [hep-ph]]]

Stefan Kallweit (CERN) LHCP2018, June 5, 2018 12 / 18
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Combination: NNLO QCD and NLO EW g

[Grazzini, Kallweit, Lindert, Pozzorini, MW]

work in progress...

example from previous NLO QCD
and NLO EW combinations:

find optimal approach to combine NNLO [Kallweit, Lindert, Pozzorini, Schonherr 'l 7]
QCD and NLO EW (multiplicative, additive, K- r—
factor, bin-wise, split by order, ...) T T T

all vector-boson pair production processes

LHC 13 TeV |
e

HR = pF =3 Hy'

CT14 QEDy o,

additive: doben s aw = o™ (1 + dqep + dew)

e | e LO

=== NLO QCD
B = NLO EW
= — NLO QCD+EW

=» questions to be answered: o9 | === NLO QCDxEW

do/dpr [pb/GeV]

multiplicative: dagl(%ga%w = do"°(1 + dqep)(1 + dew)

how to handle photon contributions

how to treat mixing in qy channels

how to handle loop-induced gg contributions

do/doio

Gu scheme throughout (although, all schemes
implemented), except for identified photons

|
20 50 100 200

500 1000 2000

First results already produced ...stay tuned! pry, [GeV]
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Combination: NNLO QCD with resummation y

N/

Matching of NNLO QCD with various resummation approaches:
NNLL in b-space (for pt of Born system) [Grazzini, Kallweit, MVWV]
(N)NNLL in direct-space (pT, ¢, jet-veto) [Monni, Kallweit, Re, Rottoli, MW]
included for all MATRIX processes
2500 T . . . .

publication of b-space resummation © NNLL+NNLO —
currently prepared for charge-neutral | NNLO
processes; focus in particular on: ’ |
pp—2ZZ 0000
pp—WW-L2v 2'V'
PP Zy— 008y
PPYY
but in principle all processes possible

I
5
®
p
pa
—
- O

WW @8TeV

e i [Grazzm| """ KallweutRathIevMW """" I5] """

W*W") [fb/GeV]

dO/d pT(
o
o
o

o)
o
o

o
i

final direct-space implementation under
validation; most interesting:

N

jet-veto resummation

—h

ratio to NNLO
N

O
(00)
o

but also alternative pt resummation

) 10 20 30 40 50 60 70 80
work in progress... pr(WW) [fb]
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NNLOPS for WW Y

[Re, MW, Zanderighi 'l 8]

@ NNLO for WWV production from:

— 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
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NNLOPS for WW 2

[Re, MW, Zanderighi 'l 8]

Phenomenological results:
Jet veto (IR sensitive)

350 CEuSPII] _ WiWiiduoamoOLHC 13 TeY . e(pi) bbb
300 | | efficiency =0 .-
- 800/0 -_ AT PP ==
250 F [
200 E 60%
150 - 7 40/
100 _ ,,57'.::”'1/ e ]
E NNLO , , , E 200/0 -_ e NNLO ““““““““ ““““““ __
50t — NNLOPS -  /; — NNLOPS ]
C ] 0% B T B B T T ST SR T

1.05 5

g
TE
. < :
095 :/’///
/ N
(5
o
. gl

./l I I | | I I | 5 I’ ]
0'70 10 20 30 40 50 60 70 80 90 100 0'80 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
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NNLOPS for WW \j

[Re, MW, Zanderighi '18]

Phenomenological results:
pr of dilepton system

WW(fiducial-JV)@LHC 13 TeV

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)
— NNLOPS can induce additional shape effects due to recoil/migration
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Summary Y

N/

MATRIX: public with all VV processes at NNLO QCD
0 0+ET,miss signature studied at NNLO, mixes ZZ and WW resonances
loop-induced gg channel at NLO QCD included into MATRIX

first NNLOPS computation for a 2—4 process

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

importance of NNLOPS shown (large corrections, physical everywhere)

Outlook

combination of NNLO QCD and NLO EWV corrections within MATRIX
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



e A A L Bl Bl TN &5 IRy LV " ;4 = TA S Al - - n w Y r +
b, 1y 3 r 1500 Y 3% 2t ,

mp W42 nE S200 50 SAhgs g2 m. .»cn::r. ac. fwEk (o (26€ | L Fa.58 d5 Yy TEGEENS Ta; . lady

Ep 14N N*wm.zxomw mvc.pz Wi QFA2 o o¥ mg < 5 Omw yi - .m aonowmxn Bxxag.?-: IRGH §5 1060 2 5 BRASTR 30Fw e

¥ imm —ngo .oos.,&wﬁ Vi AGTERTRESD IR ARl KR L f onmmm.auw,fw_._.mu%_f.z wwmﬂ: PEGLRY &
ma Eaa” Eatiy a7 colF, 0/ 07, N7, Fesh, e, o LI RICE e S s e

%Q.p G H e YEES iKISS. . ShA (&N &0 \bcwma;.mmwmvmarbs% % xmwim HP. ?;ﬁu. aomwwﬁﬁ r.ﬁ;::i,,.,” RXY

% £A" 5, T4 inPYoez?Ee sw=gAI=AT Qe Yo 2R yS PXOrhsity: 153 2> o1k’ A

..“ua/r..t

a m. GEO O 4 -YUESI S # | JOTIAWI=8650° B TES0 @ YATAOS T m/eEvau._ff m_,,M.m&mk._\o_mm.n”.wﬁh%mé.,.._,.m_u Eg (cronigdal
3" B+l g+ UL G i LT ol S R R AT

) 41 21 / .H RS O X s a . . )
XACF [, :545@«@3 Fajé- ?bﬁmzw mm.mwm&wrr-a.ﬁol 2,23 N @Mﬁaaﬂwhb&& %mvm Z0EX1 sicxBe¥n U"H(0 1 (BB
af Aaam v qu,m??wcc&_\;cabang BGLTAPAK GO £~ S0 HAIE e 4] EFesds ¥ aniitant - % Z&[[w
ROM *mﬁ,:»?gzwwﬁe @.cnmﬁm.mmaaaqm.fzazmcgz ~LPBABFHOGYO0AN=0+ 1 5% g&F GATNE ML ;& (11 20E6L7 86 Qo banimd
Y° A2 BEIYOR) AHTWE %ﬁ @nmmiamﬁ,mmﬂ.#nu USOETE Yo &FF foXX £ EIVHERN LEEY RS aC0asel >t 1gti00ent - o
@ f=@", .Hmm,w,m mmmz:mw [y Trat

AR 2 § o BibRkiss LIl

L - Al 7evoa0 Senb, A7

11T"Cab f¥]: "&077 e “abt @ & Sy gesny fa ;015 e )
L& sENIE+EAOLES uok.,h. PRVGIRIT Y Tooﬁavumﬁggopw -AOOLNA p<O8 | ARAGURA. AW _”_.mm ETUGAN 1

KrGO 32U ITEwL! BN vT 264 2 "EENEY e A Ve T4 "eaD ,Vmowv?%«m%gaﬁ:mo $=A0, 1 ,iuqax&&%n, mxﬁmz#& ot_ Ve

awmwﬁz\mmamwm 'XU@ fiFaFnEa  ¥98 1 hlo$ («x@eploEi— - meu. H A2 SHini | e

o (P{RFPSVEZ14 AR GWEWS wrK P A0S1iPTRe«f0 md "~ :_Ifl U & LN ) AT 22 SenXELT S (A A KORSDN BINAFIWE ‘B EyER\ C;
W mmdx L1 ..H.. R <Ko a v &°4ADDAb 1@ 2& C ) hT Py S AR ME P TCE Cub-RER 2 ALY
ez 1BE " ,mom.zn £ J?E.nom#g F ARG 2 ptpey | S bk G- ﬂm. paf ' AOPY S IFEENL A SE T PR T 40 -
1FTadISshy LYKo NpIomI BEE FrERe NA T |5 ritqan” o cEOE164Z:; bCIE ( PYww 00w d
4 .%awom? i REPSVEZL4h] ~4BMrOWINS/ ~XK" ﬁﬁon@aﬁmaao RRCmd €55 YkSAraud? & POgEaTh ERE -k i _
?.. i\«nz & oo&mK ofl, 1" = \»m A’ - ® iDD1 _ VAL R ez YT, qu, =

p.,_M...m {"* a HKHNNH@ 4 Mm+ﬂ..u SEAT fw.nﬁ Amuo. &MWM_. ¢ N0 n Oﬁu W>wv .w..%u;”.....u., ..., 09

o "COUQUA =¥ 535-2Y PO, AR P umu. h iAgad eS¢ .,

o m:o.ﬁnn?nwx aesa-—A" nEmH:a;«mdmg&?&@.mnﬁ PR&Q| <’ S$6E Hawn«m w;.Au.&ﬁ «w Mnnwg

m& 4“ 0;& gmﬁmﬁq J_VN‘.Q rSV( .”_OgaNd‘bA #Wmnfm 5@. zuwﬂ,¢|wa . : o ETS MG _.Q»w. .;!|:-J~ \

1 y<e, mu.f\aamé&mawwi @ EREGEALE B, m...oofwa i skt e e e

gH*@ wwa ”# Ot.o ~ .bH}.a.wnm o : p

BGAG s« X 6?&&32%% .o‘cmmm,ﬂm Spresip] 2 =5 6 q ,.»._mook_..x&,\.__u. PEAT R To1 SRR P PV

m?f?&wu SLtSAB ' LIMide
P ALY H IR " PO [
CkfBL 9B 2 m ga0? ;zé@o%
ELoq CD'Bhied JED;: oo outy = "
Er.oﬁnmgam:c&% &, 580
2;0) N * £ 98 Bod@: f g1 Yo OtEp ] 8
UF U0 p N2 ICE G ExBgimntuy
n:nz 2ea0ein WEOES S D 9T
) »qﬁm&m& i
.m o.il, srIor§! oﬁn?mm S
N AADY WL OUEN D KiqUeT2421 |
CASFTUEP3RITESE v al Yiow:,
Iwaw Aw.wrtwn:wwz r, »ﬁ...wmwvw.:x 4.u .
1 azEndyo vt 20 a e gl 4
B ¥91aL—5A0HA o: Y OF&SE -
o .Nﬁcma\!.,v‘ L—-YzUAhS k

CoeasvED?IUM E8°A%2gYN
\; ADIA Y F gt 0T ARXVE S
?uﬁémipﬁm 900~ Bmvom
mo i-VaD-  ACql é( 2141q@0'1:

o%#nmu&m@-e# BHE4 RS T ¢ ani

SN FEAWA cm.,.cm&u?momdﬂﬂ
tﬁ@.&w FHSEYAA ! (ATQ4E »p* 4
o SAFY-RENE ¢ 76 1B Arayd
ca 7 23Rt 2
0E- 0 0po’ m«mmt,ﬁn 3 32\
- mnﬂmtﬁ aVyuli, AG - N~x'9 Ay
A°0Y0 NgBdBag-:Ye ¥ "AQaP
mmgmmuun SAfiz-BPSELK™ " A0
mu_ B, N aQ eM/ rifle &3
istre %u_mv. |
muoomeo:.,«\aoo a/a°\oz Im§
«owcm..um vmmHm ? Cmua ce .
 Loeias 11
"YS. M\)ﬁ: o Y eid o
o *rvsﬁ_ NA. 1, b Ef. mmm Ka
SHSHD AL L P AtA
p@.mwﬁ,«m.a ﬂv ‘A3~ERE: uﬁﬂan
1 ¢0,a cArdemE

g&oe 2: L

FITE s B fee, 1

_._
L
-

1490 (3yuk! $p° GCAY B N

y

O bERAN *)E o.:GH

ﬁHLEMﬂMN %@ :.S..um.t .,'-u &Z;EF& k.LHm.L_U.
% g iz;r gl wnv...«évzp ,:s. 1,

S

A.._wmzm: u...BS tmﬂ m\..s\mamunmav O.=~#0 E 48

Pradl ] .ws».u.znwnooi i

s A FE a0 {4

JE1Eaty vk Lanl Radde

o d r»io%nwmmwmwéa, .
IS I:urﬁ.\.vwnpoﬁ.m! . >y 7
0800024 -ﬁ..nE.; amN# Ak _ub?;m‘.;

AT el r.. :( s ead TN N a

#'08d4!T {"T-FDE "CEL" YE 3]
LL;M\&— V2 g H<

H.n.mfwwﬂv s v<u FHIAz?v” 9.- ’ g :m 113 ¢ mnoipo e ﬁv.:d. :; .1...,7 a
TS oms»%amo i..o@ u.o : iU ca | "8 ]

1Pe@avVMuGd AY
AR

A ‘.

3 @Bl AsuTim E o» %@a (6 ghay: wmﬁo ‘KPRE =ATAD. 1 .o %{T0at »v gy el 626 (47 86 sty

08 u/ammnzﬁumoq_ FAES A TR G Ve K+E DEGE. 4 R ApaEy o .
IS5 : . 0Pl ::u E'=dx2CfhB Aa"10\ 1Xedrsfinied
3. ‘..N" ZUASHP, StE .u x n\ N~

<H: 0 m.z-' ...tl./: auT

R A PN L G R S ST Mr
a p—=9Q 2 10 SN * pSntphtl cSA&rHEARNGe; 4/ 290 m»ﬁﬁﬁ .
fa® Tauqx:m&w@# 0P| TR BY PHVABH s B0 EM9E B3]
& LTXENT S nwwm.wwm& (o b+ 1 w»oﬁanﬁ.w T eMLCa 31
xmxom.. hite Ud"ec 2 AYN  )OESS, 2@, J°X8 mmmma/owmzﬁ
A° gm@»wmwn 415508 . e0] w A& STESL#, sl ET1VA®,. L ZCR-I
Fals, 300-288 @ oN2 Ve | %.anwrmuu. i e &s.zsmﬁﬁmén R CEST 2 .

fheg™ p#wﬁmwz._vuw:? Wz ahtE BERAG2DAST §Vwdtg »Z:émmu 6§ pEER E6 0ZECIO3 PR IH 4404, o

fvaatY u.m»m. L PE[WIE BIEE ' 4J Hrommw,%u? Al P 2K 20K mﬁm«_ﬂwﬁ ..,mw.w.m.wmb..m;_:._.__; PRI
Cronies Gt 6 i Y1248 BT\t ArfTae USRI QR I0NE 5 e T

AFASAD, Si\ ﬁmonmmmm ;BtE 4 KAFeF 9. a/ tN-@I- 1Z0Q: Bf-alze pan 1- Y s 24" Sm—

£1QSAL - Be& ] N 1D WrpAA XA AV INESSNYE 1 He Do fiebht YRS (50 AY] O3y [ STEATS T AN ¥ 8 (- plREdEnfie taas

CH Joyrard YEE! ouw «Knmpto« ORI ENALC . I§"™24af BIOET Y H5EMEEDY UNna YCINTY, BRcHsRYT 1} ‘.Hﬁ??»uﬂ... :

2“&0 QW#O Hﬂk »3D&g
. .,.:..,C+HH.VV_mo.> LMZH _qw' {0aMT +ans!
(= ¥ 1

O R ESES ;mun B Za OB RO A B ARG SN TR E Thx~ IV EVS , T 6ECUFN> < 6[znid vl S 10 SH3B &3 :
£ ¢ e z_;.._‘...?,p v ArYASY ANAAET hnxﬁnhnzi ("qa1e mﬁ O:bnn 1. ATBadbPI B oM v o S HADI ) lw:L qlo3% EES . IaB, EOngns
o Y ) wm ~a1) :% GM w/ Emﬂmo A».._n_wvrn&.sn_k_ AZST CET 3TVER -

KA9C- OAr®m:."JA' £\)XU8)c=BS FVYle, § &x_ o BB 1y .mzlu & ATROL, N EARE R e e TR RAN B Y- KT PHRUEYS 1 LS birS SVETE 1 L8

mommmw?}p IASTEIBRY w-M €42, 0@ IMGPRSZTEC AH S8BRVA " =02+7 108  oCh @ ¥14n" i

: .:uu.vumwtr..l weilinialL) &

POUONERIWANEA 747 {7 01}...«Mno_z:-ziqw?qaﬁ%. i ..mﬁ&ha SIS Y~ [« V81 <0 e sy Bt ol SLREN TRzIa N

ORI, ma/wn\. omnoeﬁ;m 1/ 2R mwnnm@x‘ U LS ABNEIN T RS um,ﬁwf««mm i .ﬁ» 2Oy RSt

LFL2 fab=, m.&ﬁ H»mmwnmm AVG]ajes” q1c”: "aba “RoUYFED TES oDV efleh? 1o PR Frah T

tw&hk@ IR FEe A  QNTAT p1d AL 1y lAG . $0g LT ZREULHAK+LOR B | 2 dfl 1¥p, SEARL. R, e CIL N=LS. wz:cc:?

nsiSoiwASEaoa rOgEC »szmmsw w: " &, EV-Hiis Rwonaghgvganroms E ‘
AR s "g [/ M, V# ¢ U- qu;& ] 7am ¥ m@:.:«mn & k&iu&o&.« zaea@ »@».mum.é om:wﬁm ,..5. m- § .mr_aﬂ.u,”_m &
CNE?¢ {212, FCojL am;w:m?ru ‘Bhd7 gd=“BLedA B iy womﬁmﬁ»magumﬁ UGLES" wed” “3<a B4 _
L aXL SRk, b3 0k 71 2k 05 M 1], SAATDEJAADEKCET MM m,mzﬁf E. 1 bzﬁcmﬁy ,z:_ okbossq1s
C*Ydas ELT B o TE pwv@:%aoan aﬁn»ﬁ ooaoaom D mNE_ mw cwmmﬂ °l +8 Ho§DL
(EAHPLRE fREBFG ' eY an 13T\t - : s i ,::.uu ity
DX A IO (N:VallGEHOIREARIY - w E% AfIYA4ET. n%ﬂm,ﬁu .

g G> '%°-gPBESUAZUEHO 1 Z -w.\xcaq 3:25. E A8 1BALL
S M : .

" - oKACeE:



Thank You !






NNLOPS for VV production Y

@ 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 Y

®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 —

@ X]-MiNLO already almost right accuracy, only O() terms
missing to obtain NNLO accuracy at Born level
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NNLOPS procedure Y

®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 -

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(x:) terms by the following ratio:

do
dd 2 —d
W((I)B) — (a B )NNLO _ co + c1as + C20g ~ 14 C2 2 ag n O(ag)

(d_) co + cias + d2og Co
d®B /X J_MiNLO’
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NNLOPS procedure Y

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 @)

NS
[Re, MW, Zanderighi 'l 8]

in principle, requires 9D reweighting (numerically impossible)
do d%c

ddp — dpry - dywwdAyy+p—deos 665, deSS  deos 05 _dgCS_dmy+ dimy, -

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 -

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%§+

i

(sin” f cos 2¢) /2,
sin fsin ¢,

1+ cos?0.

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 '18]
Setup:

N/

The remaining three variables and their binning chosen to be

Prw- -
yww -

AYyw+w-

0.,17.5,25., 30., 35.,40.,47.5, 57.5, 72.5, 100., 200., 350., 600., 1000., 1500., 00] ;
— 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, 00| ;
— 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):

lepton cuts

lepton dressing

neutrino cuts

jet cuts

Pty > 25 GeV, |77£| < 24, My—p+ > 10GeV

add photon FSR to lepton momenta with AR,, < 0.1
(our results do not include photon FSR, see text)

pRss > 20 GeV, p?iss’rel > 15GeV
anti-kr jets with R = 0.4;
Niet = 0 for pr; > 25GeV, |n;| < 2.4 and AR.j < 0.3
Njet = 0 for pr; > 30GeV, |n;| < 4.5 and AR.; < 0.3

NNLO uses the central scale

_ 1 2 2 2 2
UR = UF = Ho = 9 ( me—5, +pT,e—ﬂe + \/m,u+u,t +pT,,u,+Vu)

All uncertainty bands are the envelop
of 7-scales. In the NNLOPS scales in
MiNLO and NNLO are varied in a
correlated way

gg-channel not included in our study, as

it can it is know at one-loop and can be
added incoherently

Marius Wiesemann (CERN)
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NNLOPS for WW Y

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

. Total inclusive NNLO cross section reproduced by NNLOPS sample /
2. NNLO distributions for observables used for reweighting reproduced \/
. NNLO distributions for CS angles reproduced \/

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

. NNLO distributions for other Born-level observables reproduced J
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NNLOPS for WW 2

[Re, MW, Zanderighi 'l 8]

Validation at LHE level:
2. NNLO distributions for observables used for reweighting reproduced J

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 _
jeofl | | 1 60} i
--------- MiINLO (Ihe) 1 40| - MINLO (Ihe) 1 a0 - i
---- NNLO : . ---- NNLO . - — == NNLO =
— NNLOPS (lhe) 120} — NNLOPS (lhe) 1 20} — " —— NNLOPS (Ihe) -
T — |
o/do
12 [ ' NII\”_OP'S I ' I ' I ' I
1 = | —

1 o8]
l o6f
3 02l
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160 1
140 | —
120 | ;;;
100 | S p—
80 |
60 ! B .5 S
40| NN e
50 - — NNLOPS (lhe)
o L. | i i
1.1 ¢ . .
1.05F
= e
0.95 ST o
09 SRR SRR ....... ‘
0.85 EEEEE— .......
o8 15 2 3
eSS,

do/bin [fb]

NNLOPS for WW

[Re, MW, Zanderighi 'l 8]

Validation at LHE level:
3. NNLO distributions for CS angles reproduced J

WW®@LHC 13 TeV

50

45 :”:
35 £ )

do/bin [fb]

WW®@LHC 13 TeV

Marius Wiesemann (CERN)

High precision for VV

30 SO OO sevose s SO s S
25 OO0 OO OOOOE SOOOOOOOOSOOOOOOS SOOOO oo OOOOOOOOOOOOY: SOOUOOOOOOPOOOOUNNE OROOOOOOOOPPRRRROOOE OF
20 L=
15 [ MiNLO (lhe) =
10F - -==- NNLO
=f  — NNLOPS(he)
0 b : ; ; ; .
do/donnLoPs
1.1 - L ] ] ] ] ]
1 e .
085F s
08— R
cs
W+
December 14th, 2018 52 I



NNLOPS for WW \_j

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

10% do/bin [fb/GeV] WW@LHC 13 TeV

g8 dorbin [fb/GeV] WW@LHC 13 TeV

- MINLO (Ihe)
---- NNLO E
— NNLOPS (lhe)

wawmal : —

i :_:_i:_:_i,:;;z-r;;':';:':';:” """"" MINLO (Ihe)
100 bmr™ " ____ NNLO
: — NNLOPS (lhe)

S N B S S F . I . I I
0'850 60 70 80 90 100 0'60 200 400 600
my,+ [GeV] my,+ [GeV]

i F
800 1000
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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 \j

[Re, MW, Zanderighi '18]

Phenomenological results:
Integrated cross sections

qq (no loop” gg) Tincl(pp — WFTW™) [pb] osd(pp — €Fve pFvy,) [fb] A = 05q/0ma [%)]
LO 70.66(1) 217 0.623
6.2% )"‘40%
NLO 99.96(3) T3-5% 0.412
2% )+10% =
+1.6%
NNLO 110.0(1)H16%
+7.1%
MINLO 96.05(1)71%
+1.7%
NNLOPS 110.2(2)H17%
ATLAS—gg [9] 124.7 + 5 (stat) 4+ 13 (syst) £+ 3 (lumi) 473 + 20 (stat) £ 50 (syst) £ 11 (lumi)
+5.7(exp. syst . -
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 \j

[Re, MW, Zanderighi 'l 8]

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

WW(inclusive)@LHC 13 TeV

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

7 B MINLO
R ~---- NNLO
........ == - — NNLOPS 1
T s i NNLO+NNLL -

not completely fair comparison yet:

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

— full comparison will be done

T e ———— A S

o 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 2

[Re, MW, Zanderighi 'l 8]

Phenomenological results:
A®ee,\y (IR sensitive)

do/bm [fb] WW(fiducial-noJV)@LHC 13 TeV do/bin [fb] WW (fiducial-JV)@LHC 13 TeV
I MINLO I—-‘ ] 102 _ ......... MiNLO : : : : g
---- NNLO = ---- NNLO
10% | — NNLOPS [ — NNLOPS | | ™
; | 7 B IE 10" L } ] = :
. no ]et veto applled N with jet veto
| | = i 100 :
10" b P A
m—— 1 107 i;;-;;;_;_;;;,f;:-::::??f?"”
PR [N TR T T S N ST T S N | PR TE UR TR T T AT TN RN T S A R S PR T PR T
zdc/doNNLOPSI e 2d0/d0NNLOPSI _ I .
- NNLOPS (Ihe) | | | - - NNLOPS (Ihe) i ]
15F ‘ -4 15F IRE
[ ; ; ; ; ; =i ] i z z z z z S
0.5F e e
e : : : I’_
[ L. 1 1 .
OO 0.5 1 1.5 3

— 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

N/
. o 1
[Re, MWV, Zanderighi "1 8]
Phenomenological results:
Charge asymmetry
1oo GO lf]  WVndushe)®LAC 1S TeV  qgo dobinifl  VWWindusve) OLAC 13 TeV
[ 90 F Se==e E
el e R i 1 eof i * W momentum cannot be
80 |- 1 o ] reconstructed — use leptons
0T o i I i « lepton asymmetry smaller;
- 40 £ 3 . . .
40 o Lowiod gk i almost vanishes in fiducial
r — ¥y NNLOPS 1 ok — v, NNLOPS : . .
200 fF - Yw- NNLOPS L TN - — y- NNLOPS i * can be recovered by widening
0 ra;o't'o'y'i --------------------------------- 0 ';;t';o . . rapidity range of leptons or by
12f T icccanconganens aeesniooceocas ancas e 2 T 1 considering boosted regime
TE 1.8F 7
o.s1a§- 1.6F { ° sensitive to W polarizations
07t 1.4F i — powerful probe of nhew physics
08t 12f 3
0-4F e
0.3 5 4 3 2 4 0 1 2 3 4 5
Yi
AW — o(lyw—+| > lyw-1) — o(lyw+| < lyw- |)’ NNLOPS | inclusive phase space fiducial phase space
o(lyw+| > lyw-1) + o(lyw+| < lyw-1)
AW 0.1263(1) %1% 0.0726(3) 7207
at, = s> by ) = oy < -] C )i 350
o (lye| > Tye-1) + o (lye+] < lye-1) A —[0.0270(1)*F55]  —[0.0009(4) 2]




qr subtraction y

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 y

N/

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 y

N/

dONNLO = {dU §fcl)jet — 2NNLO ® do1,0| + HNNLO & doLo
(r> reu) (r > reu)

[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 y

N/
(example from WW)

co10 2Nt~ AL AL s.?ﬂ.l.%%?,?????.,.@.,?,,,T,?Y
+0.08 |
+0.06 | Ty

| I
0% A -_

| HHHHHHH
+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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rcie— 0 extrapolation in MATRIX Y

[Grazzini, Kallweit, MW '17]

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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rcie— 0 extrapolation in MATRIX Y

[Grazzini, Kallweit, MW '17]

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

10.30 o/oxnLo — 7] pp — Z @ 13 TeV

10.20 |

10.10 |
) S I fotermmr S e I ﬁ}'ﬁiﬁﬁiﬁﬁiﬁﬁiﬁﬁ@*
i ]:_"l]:
—o010L
1e\:I:)cllsIli‘jagolafr;ed( Fent Z 0.1 5)
020 |
onNLo(T)
030 b
0 01 02 03 04 05 06 0.7 08 09 1.0
Tcut[%]

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

[Grazzini, Kallweit, MW '17]

10.30 o/oxnLo — 7] pp — Z @ 13 TeV

+0.20 |

+0.10 F|| 1

[—r
_|:
_|_i.|
_|_l
1
—| :
1
1
]
]
1
1
]
]
1
1
1
E
1
1
1
1
1
]
1
1
1
]
]
1
1
]
rarallt
H—':
)
— !
)
]
1
1
1
]
1
1
1
]
1
1
1
]
1
1
1
]
1
1
-
——
e
]
- ]
H-|I
=
== !
=i
]
==
- 1
= !
= !
==
l-HI
-
= !
'|—|—|”::
o o ]
=
=
==
I-_u_lll

~0.10 {1

extrapolated ( Fent > 0.1 5)

i NNLO
—0.20
onNLo(T)
—0.30 B
0 0.1 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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rcie— 0 extrapolation in MATRIX Y

[Grazzini, Kallweit, MW '17]

+0.30 7/oxnwo ~ L) pp — Z @ 13 TeV

+0.20 |

+0.10 F|| 1 -

PR [ S TR S TR [ S S
o -

—0.a0 il

extrapolated
ONNLO ( Teut 2 0-15)

—0.20 — ;X;}Et(gZWPROD) [Hamberg, véan Neerven, Matsuura '91]
ro(r) |

—0.30 B |
0o 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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rcie— 0 extrapolation in MATRIX Y

[Grazzini, Kallweit, MW '17]

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

o /oo — 170) pp— c"e" @13 TeV
+0.50 e _

—0.50 |

—1.00 | e

: HEHHHHHHH

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

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

[Grazzini, Kallweit, MW '17]

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.'.'.-

ST :

extrapcﬂated Z
ONNLO (reut > 0.15)

—1.00 |

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

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

0 01 02 03 04 05 06 07 08 09 1.0
Tcut[gé]
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rcie— 0 extrapolation in MATRIX Y

[Grazzini, Kallweit, MW '17]

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

a T ;

extrapolated Z
ONNLO (reut > 0.15)

—1.00 |

iIi;;I
£ iiH
3T
: HH*HHHHH
33 Exz
Ex33 F

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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rcie— 0 extrapolation in MATRIX Y

[Grazzini, Kallweit, MW '17]

0/onnro — 1[7)] pp — e et @ 13 TeV

_|_O.5O :_'.l .... E.'..' .... | IR E.'..' .... AP N O AP O N PP O N AP O O A O N O AP L '.L.'.'.-

(

ko é

—0.50 _Iiﬁﬂﬂ """""""""""""""""""""""""""" é;c't'fé'fféiéft'é'& """""" > 015_

L ﬁHH TNLO Ll = O )5

T, o e 2 0.05)

—1.00 : Hzrs, frse '

[ HHHHH*HH;

: o z ;EH iii!ii!!i;;;iiiiiiiiii—:

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

Tcut [%]
switch qT accuracy=l

switch T accuracy=0
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rcie— 0 extrapolation in MATRIX Y

[Grazzini, Kallweit, MW '17]

o/oxnLo — 17 pp — e et @ 13 TeV
_|_O.5O :_'.l .... E.'..' .... | I E.'..' .... | I | I | I | | I | | I | | N AP N T N N UL NG L '.L.'.'.-
|
T
L .
] 5
_050 ?_:::::giiﬁiﬁ:}:?::::::::::::::::::::::::::::::::::::::::::::::::::::::ééi:t:l;é:égi:gfé:e:(:i::::::::::::::::::;;
L %IHHH - Nl\tILO lat 01<TCut - 0.15)5
1 OO I{IIIIIIIIII; iIiI NNLOp (’rcut Z 005)
— 1. — EE3 3 Iiiii{i; :
I E 3 HHHHEEH
:_ O_C]T T*H ;;!!iﬁ!i;;;;ﬂiﬂiﬂi-:
150 b N.N.L.Q..(...) ......................... I

0 01 02 03 04 05 06 07 08 09 1.0
Tcut[%]
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rcut_’ O

+0.50

—0.50 t
—1.00 |

—1.50-_
o 01 02 03 04 05 06 07 08 09 1.0

extrapolation in MATRIX (&)

[Grazzini, Kallweit, MW '17]

o/oxnLo — 17] pp = € eJr @ 13 TeV
_I_IT """""""""""""""""""""""""""""""""""""""""""""""""""""""""
17 ;
e
HH?IHH —— opnpnolted (> 0.15)]
HHHHIHH —_ %le]lsgolated ('r'cut Z OO 5)
: i exact(FEWZ)

o %\ILO(T)

Tcut [%]
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rcue— 0 extrapolation in MATRIX Y_/
[Grazzini, Kallweit, MW '17]

— 1[% 1%
voso oo T e o HOBTN o oo W0 2 28 13TeY
+0.20 | 1 020}
+0.10 | ] 1 0101
it ok
—0.10 | 1 —o.10 HI[ ]
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rese—0 extrapolation in MATRIX (&)

[Grazzini, Kallweit, MW '17]

ofoswo WA oy QBTN gg W pp = vely @ 13 TeV
+5.00 _ saneee " .....-------------
—|—4OO _ ...--------I-II----.II _ _|_ 300 _ ..-..-.--"'------------
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S oxsio (e 20.05) 3y g e —— oli0(r)
11.00t !g*’!i —— oo (T) ] T —
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MATRIX features on one slide Y

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

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 qr-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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-Q-Q-I- ET,miss at N N LO [Kallweit, MWV '18] y

N/

DF (£€ Vv'V"): double-resonant ZZ 4 z 27 . 2
(PP ZZ/Y*Z—LLV'V") . Yy - 2
and single-resonant DY-like Z/y I Z/ I
(PP Z/Y* ¥ LLZ—LOV'V") L AR I+

DF (v £'V"): double-resonant WW and single-resonant DY-like
(PP WW L2V L'V (PP Z/Y*> VW =LV £2'V")

- v q Uy q U

'~

Vi

l—i—

SF (28 vVv): mixes all ZZ, WW and DY-like contributions
(PP ZZ/ Y*Z/ WW—>22 VV) (pp—»Z/y*—»M Z/2VW 00 vv)

q Z 2T 2] vy q
14 [ — | -
q
Z[y 1~
q [T u 1T 4
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0 0+ETmiss at NNLO [Kaliweit, MW '18] y

N/

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

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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-Q-Q-I- ET,miss at N N LO [Kallweit, MWV '18] y

N/

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

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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-Q-Q-I- ET,miss at N N LO [Kallweit, MWV '18] y

N/

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

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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-Q-Q-I- ET,miss at N N LO [Kallweit, MWV '18] y

N/

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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-Q-Q-I- ET,miss at N N LO [Kallweit, MWV '18] y

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'g%_)ﬂ_mw = 4.7 0.7 (stat) *0~ (syst) = 0.1 (lumi) fb 3.5 +0.3 fb
a;;)];a; . = 7.3 £ 04 (stat) £ 0.3 (syst) *+ (lumi) pb 6.6 107 pb
[Kallweit, MWV 'l 8]
channel 01.0 [fb] ONILO [fb] ONNLO [fb] O ATLAS [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)
December 14th, 2018 | 78 I
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JHEP 1701 (2017) 099]

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

Impact of NNLO on fiducial distributions (same cuts as before)
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Impact of NNLO on fiducial distributions (same cuts as before)
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Relative size of ZZ and WW contributions (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)
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