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Precision at the LHC

* Production of vector bosons (Y,WV, Z) and Higgs
—> deep test of the fundamental laws of physics

—> high experimental precision already now

LHC data:
Diboson Cross Section Measurements Full Run 2
: . . Today
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Experiment demands O(1%) theoretical precision
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SM predictions: what is there?

NLO QCD gg '

o'
a. .

- jonas Lindert's talk

not in this talk: BSM effects
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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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NNLO through X+jet at NLO + Slicing
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NNLO through X+jet at NLO + Slicing
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NNLO through X+jet at NLO + Slicing
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NNLO through X+jet at NLO + Slicing
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NNLO through X+jet at NLO + Slicing
ot = { A N do™ + L o (do™R— do®) + L N (daRV+ /1 das)} o

U:T>rcut

Teut K1

> [A : log4(rcut) + B - log?’(rcut) + C - log? (reut) + D - log(frcut)} ® doB

— / [da(res)} f = XNNLO(Tcut) ® do®
r>rcut .0.

X L X+jet
doynLo = [dg NLO

/l+

— 2NNLO (Tcut) 02y dO-B}

r > Tcut

(

NNLO
(Pp— X+jet)

5 dottY 3 doBR

Marius Wiesemann (MPI Munich) Status of (n)NNLO QCD for Dibosons August 26th, 2019 | 9



NNLO through X+jet at NLO + Slicing

X+jet
donLo

d0-1>\I<NLO p— |: . — ENNLO (Tcut) X dO’B:| -+

d

qr subtraction
[Catani, Grazzini '07]

LO
(PP—X) .

Z/
]:i
W-|—
d Z /v [+
NLO Eél — doV d " 5 dott
W Vs W—|— vy
(Pp—X) . y+ u
Z /v
%Zi

SH
N
~
2
N+

SH
=
SH
N
~
2
j_

NNLO
(Pp—X) .,

RR
3 doVV 5 do®Y — do

Marius Wiesemann (MPI Munich) Status of (n)NNLO QCD for Dibosons August 26th, 2019 | 10



NNLO through X+jet at NLO + Slicing
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rcie—0 extrapolation in MATRIX
[Grazzini, Kallweit, MW '17]

automatically computed in every single MATRIX NNLO run
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rcie—0 extrapolation in MATRIX
[Grazzini, Kallweit, MW '17]

simple quadratic fit (A * reae + B % reue + C) to extrapolate to rcu:=0
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rcie—0 extrapolation in MATRIX
[Grazzini, Kallweit, MW '17]
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rcie—0 extrapolation in MATRIX
[Grazzini, Kallweit, MW '17]
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VV production in a nutshell

example: WZ production
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VV production in a nutshell

example: WZ production (on-shell)

Marius Wiesemann (MPI Munich) Status of (n)NNLO QCD for Dibosons August 26th, 2019 16



VV production in a nutshell
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
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
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
example: WZ production (off-shell)

Z/v a

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
example: WZ production (off-shell)

d Z |~ [T
Vl/ l_

W+ Vl/

U [/t

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 J (eg, for ZZ)

important background for Higgs measurements (H—VV) and BSM searches
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NNLO QCD corrections vor VV

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]

: .. : o/o — 1[%
® known only with slicing techniques /NNLO[O] ------ ey Q13 Ty
+5.00F
® photon processes quite delicate dependence on ; | [Grazz'n' Kallweit, MW 17]
slicing parameter due to photon isolation +4.00 ¢ ]
® well under control in state-of-the-art tools like +3.00 - petrapolated () () 15) ]
. I ;i:i*!! NNLO Teut = U-
MATRIX (see plot on the right) F200F _ pempolated (S0 05y
L !!:f qr
® systematic uncertainties still larger than for other  +1.00f | !,LUNNLO(T) ___________________________________
diboson processes, but few permille possible 0 A
=
® agreement among computation within respective 100 f::I::::ZZ::IIZZIZZZ::::::ZZZZIZZZ:::III:Z:::ZZ:::IZZIZZZ:::Z:ZIIIIIZ::::
uncertainties 0 01 02 03 04 05 06 07 08 09 10

ZYy - inclusive/on-shell and differential/off-shell

o« o o ] 1l ]
[Grazzini, Kallweit, Rathlev "1 5] [Campbell, Neumann,Williams "| 7]
S
& 20-
T T T T T E
102 pp SN £+£* A R LO 1 IS
-~ NLO g 10
Vfg-::7 q?e\f <
100 [ e T pp > 15 GeV e 5L o
o 1 " .=+ LO = = NLO —— NNLO 7oy =0.018 GeV lozes
N 1
10° ©
- 3 115 120 125 130 135 140 145 150 155 160 165
1o o 1.20
i - T ——— 115
10 e ] —
]-' |_| |  —
1.10 ] [ — !
103 : : : : : : : : Q -
1.4 i P4
3 2 1.05
'S LZW .(% __________________________ ]
® 1.0 = ! !
o 100 b e e e - 1
80 100 120 140 160 180 200 220 240 : :
”UM[GQV] 095 L==—=——===-—-—--=-=-=--s=-=----f7T°777
0.90

115 120 125 130 135 140 145 150 155 160 165

reut| /0]
[Grazzini, Kallweit, MW ' 7]
process extrapolated K K
(${process_id}) ONNLO NLO NNLO
pp — Y +8.7%
40.28(30 b +361% +56.4%
(ppaa02) (80)Z7.0% P ’ ’
-t
PP€ @0 og16(5) TN +44.3%  +9.29%
(ppeexal3)
PP Veled 13 56) 129 fh 455.2%  +15.0%
(ppnenexa03)
pp — € Ve +3.7%
2256(15 fb 155% 22.0%
(ppenexa03) (15) 5 5% oo !
Ly et
PP € BT o671(35) 138 b +154%  +22.1%
(ppexneal3)




o [pb]

ratio to NLO

WZ - inclusive/on-shell WW - inclusive/on-shell

—

[G razzini, Kallweit, Rathlev, MW "I 6] [Gehrmann, Grazzini, Kallweit, Maierhofer, von Manteuffel, et al. '[4]
80 T T T T T T T T J[pb] T T T T T T T T
. NI|:8 — pp - WTW~—+X P
70 on-shell WZ production . 140 -
NNPDF3.0 PDF NNLO / )
60 - ' S . 120 + —e— ATLAS = 4
—x—y (CMS ' _______
or ' 100 | i |
40 - —
80 oz e )
30r I e
60 / ................. )
20 + - %_-' _____________
40 b e —— NNLO
10 1 1 ' i NLO+gg
50 | gg - H— WW* oo NLO )
0 I I L L ! ! ! L added to all predictions —  eeeeeeeees LO
1r 7 - | | | | | | H
Th o 1.15 | [
09t - - ofovo _
0.8 - L1 S
8'2 ] 1.05 F o ;
0.5 L— ‘ ‘ - i 1 ‘ ‘ R ]
7 8 9 10 11 12 13 14 0.95 —| | | | | | : |—
Vs [TeV] ° ° '
ZZ - inclusive/on-shell T8 Vs [TeV) 131

[Cascioli, Gehrmann, Grazzini, Kallweit, Maierhofer,

Manteuffel, Pozzorini, Rathlev, Tancredi,Weihs '14]; [Heinrich, Jahn, Jones, Kerner, Pires '17]

I I I : ] pp = ZZ +X Vs=13 TeV

NNLO - E - T E‘ B T T T T T T T T | T T T / T (I) 5| ]

.......................................................................................... o | [ m-_=0.0__|

] - s 22F" NNPDF3.0 - Mi/miﬂ 0

. 20— e 1 /M=2.0 7

in well : F :

5 1 agreement 18: """""""""""""" NNLO

“ 16 :_ ---:::::"'-'“';'i‘:'-"::_--;';';‘:_"-“E

i - 141 =

12 —

2 S 8f- | =
| | N D 0.2 0.5 1 2.0 40 . 8.0

8 10 12 13 TeV 14 MR z



WW - differential/off-shell

[Grazzini, Kallweit, Pozzorini, Rathlev, MW 'l 5]
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ZZ—40

do/dp, ,, [pb/GeV] LLL"@LHC 8 TeV (ATLAS data)
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ZZ - differential/off-shell
[Grazzini, Kallweit, Rathlev 'l 5], [Kallweit, MWV '18]

NEW: ZZ/WW— £L+E1miss

[Kallweit, MW 'I8]

mixes ZZ and WWV topologies:

q Z

Z /vy

(PP—=Z/Y*— 0L Z/ 0V W — L0 V)
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ZZ - differential/off-shell
27— 40 [Grazzini, Kallweit, Rathlev '15], [Kallweit, MW '18]

NEW: ZZ/WW— 00+Erms

R - TTNO [Kallweit, MW '18]
102 g data
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i e
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ZZ - differential/off-shell
27— 40 [Grazzini, Kallweit, Rathlev '15], [Kallweit, MW '18]

NEW: ZZ/WW— 0 0+ETmiss

3 IKallweit, MW 'I 8]
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2T T | : total rate  4982(0) 3% 6754(2)*3:3?690(5)*5@2 7300 T30 (stat) T300(syst) T (lumi)

R S Excellent agreement between NNLO and data

0-5¢ [Kallweit, MW ! |8] R I o 0.0g 90/dM:, [fo/GeV] 202v@LHC 8 TeV (ATLAS data) ) do/dAg, [fbirad]  2£2Vv@LHC 8 TeV (ATLAS data)
oL | | . 1 T E T | ‘ ] i ’ T ]
0 30 60 100 200 1500 0.07 B e T Lo 3 Wb LO ]
D1z, [GEV] 006 b T ... " NLO G i o ‘ == NLO

o [pb] LI @LHC 8 TeV (ATLAS data) L e e
[ L AR AR RARAE RRRARAARRPSRRRE 0.04 Eo b

Fososstsins j j - NLO ] 0.03f - T —

- it
B

0t i : =
2 | : | ] 2 T

produced with MATRIX
produced with MATRIX

11
nrodiiced with MATRTX

o | e ,,,,,,------T I e e e e o e

. : i 0.5 [ S

L j j j i C i i i . oL | I I ]
08 ; ___________________________________ ; ________________________________________________________________ A— _ (2)20 280 330 400 1500 0 0.8 1.2 1.6 ]!
I + - M., [GeV] Ag,, [rad]

total rate 0 Jets 1 Jet 2-10 jets
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ZZ—40

M@LHC 8 TeV (ATLAS data)

do/dp, ., [pb/GeV] L1
] !

1=
<
s
10 & —=f’
1=
13
4 EE
-5 | | | | 0,
10 dO/dO'NLO
2 - ! ! ! 1
b ‘ E
L1 I
1 e e :‘:':':':'3'3'?'?&?':'?'? o
05 [Kallweit, MW 18] 13
ot | | | | 1
0 30 60 100 200 1500
Prz, [GeV]
8 o [pb] LU @LHC 8 TeV (ATLAS data)

Lot v et trrr e brr el dbrrar b
nrodiiced with MATRTX

total rate

0 Jets

1 Jet 2-10 jets

ZZ - differential/off-shell

[Grazzini, Kallweit, Rathlev 'l 5], [Kallweit, MWV '18]

NEW: ZZ/WW— £L+E1miss

[Kallweit, MWV '1 8]

channel oro [fb] onro [fb] %t_ oarras [fb]

etemvy  5.558(0)T0 1% 4.806(1) 57 5.083(8) %% 5.0 T3 (stan) Foi(syst) & 0.1(lumi)

prptvr 5.558(0)T0LE 4.770(4)NE 5.035(9) 7058 4.7 T 1 (stad) TO7 (syst) £ 0.1(lumi)
—

total rate  4982(0) "} %% 7300 100 (stat) T3o0(syst) 7300 (lumi)

P~
6754(2)%3%690(5)%@2

Excellent agreement between NNLO and data

0.08 dO/me,zz [fo/GeV] 2[2v@LHC 8 TeV (ATLAS data) 5 do/dAg,, [fb/rad] 202v@LHC 8 TeV (ATLAS data)

’ C T ! ! | ] L I T ]
007 b f T LO .3 10 . - LO ]
oo6E | T~ . ~-NO 3 : | ‘ | ----NLO 1

g S— NNLO 1% 8 Lo | — NNLO_ 1
0.05 Frermianssd g e e O L e data
C : 1= N 1=
0 O (O - ) S —
- 15 - 13
C ; : 15 2 Lo =
C : : 14 B : 3
0cC ' == 2 | | | * 1a
dO/dCNLO dO'/dONLO
2 | | | ] 2 1 :
1 =7 --~-----i----I--i------- 559;;:—?;,—,—,—,—,—7 ,,,,,, . 1 E—----I-----s-- R o
- | | | q 0 i | | | 1
820 280 330 400 1500 O 08 12 1.6 T

My, [GeV] Ady, [rad]

data within 1o
(better than comparison to MC [JHEP 1701 (2017) 099])
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NNLO QCD corrections vor VV

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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NNLO QCD corrections vor VV

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 '|5]; see also: [Campbell et al."17] %

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

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

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

WW - inclusive/on=shell [Gehrmann, Grazzini, Kallweit, Maierhofer, von Manteuffel, et al. I4]
- differential/off-shell [Grazzini, Kallweit, Pozzorini, Rathlev, MW '[5]

tWZ - inclusive/on-=shell [Grazzini, Kallweit, Rathlev, MWV 'l 6]
> - dlffer'entlaI/off-shell [Grazzml Kallweit, Rathlev, MW ' |7]

“all publicly available within MATRIX
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process status comment
PP Z/Y*(—L2L/VV) ‘/ validated analytically + FEWZ
op~W(—py)  Singleboson / validated with FEWZ, NNLOjet
processes
pp—H / validated analytically (by SusHi)
PPYY ‘/ validated with 2yNNLO
pp—Zy— 00y V4 Grazzini, Kallweit, Rathlev 'I 5
pp—=ZY—VVY V4 Grazzini, Kallweit, Rathlev '15]
pp=WY—Lvy / [Grazzini, Kallweit, Rathlev ' 5]
pPp—ZZ j [Cascioli et al.'14]
PP ZZ— L0000 J [Grazzini, Kallweit, Rathlev 'I 5], [Kallweit, MW | 8
PP ZZ—~ 000" 0" / Grazzini, Kallweit, Rathlev 'l 5], [Kallweit, MW 'l €
PP ZZ—LoV'V' V4 Kallweit, MW '1 8]
Pp—ZZ/WW- ggyy Massive g Kallweit, MW '[8]
diboson _ |
pp_’ww processes J _GEhr‘mann et al. |4]
PP WW -2y 2'V' V4 'Grazzini, Kallweit, Pozzorini, Rathlev, MW 'l §
PP~ WZ V4 Grazzini, Kallweit, Rathlev, MW '| 6
PP WZ-L0vee / |Grazzini, Kallweit, Rathlev, MW "I 7]
PP WZ—£'v'e0 V4 [Grazzini, Kallweit, Rathlev, MW '| 7]
pp—~HH / not in public release

]



[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 at the QCD front



ge—40 (ZZ) and gg—202v (WW) at NLO

[Grazzini, Kallweit, MW, Yook 'l 8] and [Grazzini, Kallweit, MW, Yook 'to appear]

q Z /v Vi q
Z [y
0 l
q
Z/~ 0~ Z/v
q ot q
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ge—40 (ZZ) and gg—202v (WW) at NLO

[Grazzini, Kallweit, MW, Yook 'l 8] and [Grazzini, Kallweit, MW, Yook 'to appear]

q Z[y
q
Z /v
q
see also:
- [Caola, Melnikov, Rontsch, Tancredi 'I15 '1 6]
. o' / .
virtuals: NEW ,
0 qg contributions
g-l—
g Z/y 0
ot
reals: q
Z [y -
g o+
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gg—40 (LZ) at NLO

[Grazzini, Kallweit, MWV, Yook 'l 8]

N 8 TeV 13TeV | 8TeV 13 TeV
o [fb] o/ono — 1
LO 8.1881(8) 25%  13.933(7)12%% | —27.5%  —29.8%
NLO 11.2958(4)T25%  19.8454(7)25% 0% 0%
ggNNLO | 12.08(3)"11% 21.54(2) 1 3¢ | +6.9%  +8.6%
o [fb] 0/0ge10 — 1
ggLO | 0.79354(8)T3.2%  2.0054(2) 235% 0% 0%

ggNLOy, | 1.4810(9)1180%  3.627(3)115%% | +86.6%  +80.9%

ggNLO | 1.3901(9)154% 3.423(3) 11390 | +75.2%  +70.7%

o [fb] o/onpo — 1
NNLO 12.87(3)25% 23.55(2)130% | +13.9%  +18.7%
nNNLO 13.47(3)25% 24.97(2)72% | +19.2%  +25.8%

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



gg—40 (LZ) at NLO

[Grazzini, Kallweit, MWV, Yook 'l 8]

do/dp, ,, [Pb/GeV]

Z7Z - 2e2u@LHC 13 TeV

IS S |

NG 8 TeV 13TeV | 8TeV  13TeV 0E L0
o [fb] o/ono — 1 E
LO 8.1881(8) 25%  13.933(7)12%% | —27.5%  —29.8% i
NLO 11.2058(4)2%%  10.8454(7)*23% | 0% 0% ;
qgNNLO 12.08(3) 1% 21.54(2) 1 3¢ | +6.9%  +8.6% v
o [fb] 0/0ger0 — 1 )
ggLO | 0.79354(8)T3.2%  2.0054(2) 235% 0% 0%
ggNLOy, | 1.4810(9)1180%  3.627(3)115%% | +86.6%  +80.9%
ggNLO | 1.3901(9)154% 3.423(3) 11390 | +75.2%  +70.7%
o [fb] o/onto — 1
NNLO 12.87(3)25% 23.55(2)130% | +13.9%  +18.7% :
nNNLO | 1347(3)7557  24.97(2)7577 | +19.2%  +25.8% I e o aer
+5-6% effect due to NLO correction to gg : -

i 1 | 1 | 1 | 1 :
200 400 600 800 1000
pr.,, [GeV]

K-factor (~2 & more);

compared to NNLO

NLO gg correction large+not flat;
moves nNNLO outside uncertainty
band of NNLO

huge
impact of newly computed fermionic
channels clearly visible



NEW: gg—202v (WW) at NLO

[Grazzini, Kallweit, MW, Yook 'to appear]

Vs =13 TeV jet veto no jet veto | jet veto  no jet veto
o [fb] o/onro — 1
LO 284.2(2)128%  284.2(2)13%% | —15.6% —43.7%
NLO 336.6(4)T18%  504.6(4) 5 1% 0% 0%
ggNNLO 337.0(2)10T%  559.0(4)7 2% | +1.2% +10.8%
o |fb] 0/0ger0 — 1
ggLO 21.96(2)" 5% 21.96(2) 7% 0% 0%
ggNLO,, 31.70(2)T108%  38.4(1)T128% | +44.4% +74.7%
ggNLO 28.76(4)T7 8%  37.42(4)T102% | +31.0% +70.4%
o [fb] o/onLo — 1
NNLO 359.0(2)TH2%  581.0(4)T2%% | 4+6.7% +15.1%
nNNLO 365.8(2)T04%  596.6(4)725% | +8.7% +18.2%

+2(3)% effect due to NLO correction to gg compared to NNLO with(out) jet veto




NEW: gg—202v (WW) at NLO

[Grazzini, Kallweit, MW, Yook 'to appear]

do/dp, y- [pb/GeV] W*W-@LHC 13 TeV . do/dp; - [pb/GeV] W*W" - e'u*yv @LHC 13 TeV

§ T T T T | T T T T | T T T T | T T T T “!". T LIO T T g g T T T T | T T T T | T T T T | T T T T "!". T LIO T L=
--- NLO [ == ? f

== NNLO =

— nNNLO ]

-

. 5 .11‘7“!‘; ,,,,,,,,,,,,,,,,,,

' no jet-veto ™

IwI::;‘IIIII 111 1 1
produced with MATRIX

! L 1 11 I 1111l
produced with MATRIX

- with jet-veto

1 0—3 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1

do/donnLo
1.06 g~ e L L L L L L L g T R A Wil
1108 g
1.02 0 = [””éf;f'”""""'”;””””;'@;""'j””””””;'""";”””””””""'r

0.98 im”,””,léfm;fi,:i;?;m“ﬂ“mmmfmmmmmm”mmkmmmmmmw

© o
O ©
NN b

I8¢ . ) Y gglO -~ ggNLOg — ggNLO
14 = 21 g
1.2 ;_ -'.';"T“"'t---;-_i: = 1 8 et s W I P S S = -+
1 s aa e e B =] 1.6 s Rl nitininEais R ?J """"""""" ]
08 — - e L L L e S 14 - 7 _|
06k 5 | e E 1oL 5
i T T R T M g S I e S R D
O_ AN SR R T AN T N T S N S T TN S N N TR SN MO NN A . P I T e e A S s bl Al St it S W
0 100 200 300 400 500 0 100 200 300 400 500

Prw- [GeV] Prw- [GeV]

shape of and K-factor strongly affected by jet veto;
large impact of newly computed fermionic channels clearly visible



NEW: gg—202v (WW) at NLO

[Grazzini, Kallweit, MW, Yook 'to appear]

W*W @LHC 13 TeV (ATLAS data
| 1

do/dm,, [pb/GeV] W*W @LHC 13 TeV (ATLAS data) do/dpT, 4 [pb/GeV] WHW @LHC 13 TeV (ATLAS data)
E T T T : '

101

I I I I
e G~ LO

L1 LI S

—_
=2
N

produced with MATRIX

=)
W
IIII|T| T T TTTHT T TTTIT T TTTTT T T
Feof
ul

produced with MATRIX
—
o
N
|
L1111 IIIIIIII L1l IIII|_|.|
roduced with MATRIX

e
e
w

P

— — —

—

00000

WORODOLNRDON UTONOO—==NDWA

— —

— —

0000

27 4050 70 100130 220 300 999 5 75 125 185 280 380 600 1500 30 40 5060 80 105140 200 999

Pr, [GeV] m,, [GeV] PT, 1 [GeV]

good agreement between nNNLO and recent 13 TeV ATLAS data;
tails could further improve due to EW corrections (Jonas Lindert’s talk)




Event simulation

Hard Process

/ m :‘Q%}%‘: (high precision, no event)
00 0 ' -\\\i?.t

0000000000000 000

v. ]
ooo.. ’ < —q
g Q L
e-{ 0000 9 \\\\.‘
- <

-~<-
-
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Event simulation

Hard Process

/ m :‘Q%}%‘: (high precision, no event)
00 0 ' -\\\i?.t

0000000000000 000
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Event simulation

Parton Shower (PS)
==

Hadronization

Hard Process

realistic LHC event (high precision, no event)

(low precision)

NLO+PS (~10%): long-standing issue => groundbreaking ~15 years; standard today

NNLO+PS(~1%): extremely challenging; no general application to involved processes
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NNLO+PS approaches

* MIiINLO+reweighting [Hamilton, Nason, Zanderighi 'l 2]
pp => H  [Hamilton, Nason, Re, Zanderighi 'l 3]

pbp = 00 (£) [Karlberg, Hamilton, Zanderighi '14]

pp => LOH/OVH (ZHI/WH)  [Astill, Bizon, Re, Zanderigh '16 '18]
pp => OveV' (WW)  [Re,MW, Zanderighi '18]

* Geneva [Alioli, Bauer, Berggren, Tackmann,Walsh, Zuberi 'l 3]

pp = Iy (Z) [Alioli, Bauer, Berggren, Tackmann,Walsh '15]

* UNNLOPS [Hoche, Prestel '14]
pp => H  [Hoche, Prestel '14]

pp => 00 (Z) [Hoche, Prestel '14]
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MiNLO+reweighting
X| (NLO) — NLO LO —

X]-MINLO NLO NLO LO PS
X@NNLO NNLO NLO LO —
X@NNLOPS NNLO NLO LO PS

|. merge pp = WW and bp = WWH+jet (both at NLO+PS)

-4
W ( W (
9 NV 9 Ny
- W ( _ W (
9 Ny 9 Ny
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MiNLO+reweighting
X| (NLO) — NLO LO —

X]-MINLO NLO NLO LO PS
X@NNLO NNLO NLO LO —
X@NNLOPS NNLO NLO LO PS

|. merge pp = WW and bp = WWH+jet (both at NLO+PS)

/4

W ( W (
q‘ \ v q' \ Vv
_ W ¢ _ W ¢
9 Ny 9 ' Nv

2. reweight to NNLO in born phase space
( do ) 5 J
d®p Co + C10s 1+ Cc2 c2 — a2
W(®R) = NNLO S~ 14 oz + O(a3)
(d_o) co + cras + doad Co
d®p ) X J—MiNLO’
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NNLO+PS for WW

[Re, MW, Zanderighi 'l 8]
Jet veto pr of dilepton system

' WW (fiducial-JV @LHC13TeV
(pTh< p%jj’) [fb] WW( fiducial-noJV)@LHC 13 TeV 102 ?O/Ibm .[fb]. — fl ucia . ) rev

350 g ; ; . """"" MINLO
S0E - NNLO

i e L .

- e - -
- : : T et et : : : : -
: . L e : : - : :
¢/ .

RS

150 L

wof £ - wmno
W . | | - === NNLO | g i ]
S0b4  —NNOPS - T

1.1
105 e R

09 y
0.85 FRH R
0. 75

E | : . | . i . I . I ) I
0'70 10 20 30 40 50 60 70 80 90 100 00 20 40 60 80 100 120 140

pr; [GeV] Pry [GeV]

— NINLOPS physical down to pr=0 — NINLOPS cures perturbative instabilities (p'-'r‘iss cut)
— NINLOPS induces additional shape effects
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NNLO+PS for WW

[Re, MW, Zanderighi '18]
Jet veto pr of dilepton system

' WWfd -JV @LHC13TeV

O(pry < pi) fo]  WW(iducial-noJv) @LHC 13 TeV p dominffb] (fiducial-JV) .

350 Iz]l il .T.*“ IIIIIIII f | ; E ! :
E | | | | | | | - % | i | M NhNLC)

TN R R R P . - | TR | ——-NNLOPS
250 F gy . T— H— = — T o

10

__________
e

200 _ ““““““ _— -

,,,,,
,,,,,
e =

o

.

150 shown in
Ll 3 A Bl  Re, MW, Zanderighi;
sofb 4 \NLOPS arXiv:1805.09857

11
1.05F

0.95F
0.9
0.85E
VREE: | g W S T T — ——
0.7 B
10 20 30 40 50 60 70 80 90
pr; [GeV]

o
100 120 140

80
Pry [GeV]
— NINLOPS physical down to pr=0 — NINLOPS cures perturbative instabilities (pn-FIss

— NINLOPS induces additional shape effects

100
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The problem with reweighting

do d%

d®p  dpry - dywwdAyy - deos 655, d6CE, deos 05 _deTS _dmy+ dmy, -

= 9D Born phase space:

—> approximation: mw flat & CS angles [Collins, Soper '77] to convert to 81 3D moments

do 9 g 8 fo(0,0) = (1 —3cos?0) /2, fi(0,¢) =sin20cos¢, fa(6,¢) = (sin® @ cos2¢)/2,
- = 3 Z Z ABZJ fz(QSS_, %5_) fj (91(/]54_, ¢%§v+) f3(0,¢) =sinfcos ¢, fa(0,¢) = cos@, f5(0,¢) =sinfsing,
ddg 25074 44— £ . . o 2
1=0 j=0 f6(0,0) =sin20sin ¢, f7(0,0) =sin“0sin2¢, f3(0,¢) =1+ cos”0.
do
ABij(pT,W—ayWVVaAyW+W_) Z/@gi(‘g%aﬁb%g)9j(9$+,¢%5+)d00395[§d(ﬁ%dCOS@SSerCb%%
=> discrete binning limits prw- : [0.,17.5,25.,30.,35.,40.,47.5,57.5, 72.5,100., 200., 350., 600., 1000., 1500., c0] ;
appllcablllty in Iess YWW - [— oo, —3.9,—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,

populated regions ~ S¥wrw-
—0.8,-0.4,0.0,0.4,08,1.2,1.6,2.0,2.4, 2.8,3.2,3.6, 4.0, 4.4, 4.8, 5.2, 00| .

—> reweighting still numerically intensive

quire

WW@LHC 13 TeV

Issue in NNLOPS
event production
of experiments
already for DY




New approach: MiNNLOps

[Monni, Nason, Re, MW, Zanderighi 'l 9]
X (NLO) - NLO LO -

X]-MiNLO NLO NLO LO PS
X@NNLO NNLO NLO LO —
X@NNLOPS NNLO NLO LO PS

|. merge pp = WW and bp = WWH+jet (both at NLO+PS)

.4

W ( W (

q‘ \\7 q' \\;

_ W ¢ _ W (¢

9 Ny 9 ' Ny

2. reweight to NNLO in born phase space
(%) co + c1as + caad c2 — d2
W(®g) = NNLO S ~ 14 ol + O(ad)
(d_o) co + c1ag + d2og Co
d®B /X J_MiNLO’
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New approach: MiNNLOps

[Monni, Nason, Re, MW, Zanderighi 'l 9]
X (NLO) - NLO LO -

X]-MiNLO NLO NLO LO PS
X@NNLO NNLO NLO LO —
X@NNLOPS NNLO NLO LO PS

|. merge pp = WW and bp = WWH+jet (both at NLO+PS)

/4
W ( W ¢
9 Nv 9 Nv
— W ¢ _ W ¢
q’ \\7 q' \\7
2. Teweight to NNLO in born phase space
( do ) 5 J
d®p 0 TS T e2aks C2 — a2
W(®p) = — ; ag + O(ag)
dg co + cras + doad 0
“®B / XJ—-MiNLO’
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New approach: MiNNLOps

[Monni, Nason, Re, MW, Zanderighi 'l 9]

X] (NLO)
X|-MiNLO NLO
X@NNLO NNLO
p@NINEeEy NNLO
. merge bp = WW
W
9 Nv
_ W
9 v

2. add missing terms exp

do d

d®pdp; B dpr

{ exp|— S (pr)]L(Pn, pr)

i (072
- NLO LO -

NLO LO PS
NLO LO —
NLO LO PS

and bp = WWH+jet (both at NLO+PS)
g
W
9 Nv
_ W
| <,

icitly (from analytic all-order formula)

/

> + Ry(pr) = exp[—S(pr)] {D(pT) +

Ry (p:) }

exp[—S(pr)]



New approach: MiNNLOps

[Monni, Nason, Re, MW, Zanderighi 'l 9]
X (NLO) - NLO LO -

X]-MiNLO NLO NLO LO PS
X@NNLO NNLO NLO LO —
X@NNLOPS NNLO NLO LO PS

|. merge pp = WW and bp = WWH+jet (both at NLO+PS)

g
W ( W (
9 Nv 9 Ny
_ W ( _ W ¢
9 Ny 9 ' Nv

2. add missing terms explicitly (from analytic all-order formula)

do _ d Rf(pT) }
ddgdpy  dpy exp[—S(pr)]

\

{ expl—S(p) L@ pr) b + Ry(pr) = expl—S(p) {D<pT> n

/

-ool-stol{ 522 [ | (10 252 s000) + (%52) ] (2522) 0001 +retr )




New approach: MiNNLOps

[Monni, Nason, Re, MW, Zanderighi 'l 9]

X] (NLO)

XJ-MiNLO NLO

X@NNLO NNLO
X@NNLOPS INNEe

. merge bp = WW

W (
9 Ny
— W (
9 Ny

2. add missing terms exp
do d

{ exp|— S (pr)]L(Pn, pr)

d®pdp; B dpr

i (072
- NLO LO -

NLO LO PS
NLO LO —
NLO LO PS

and bp = WWH+jet (both at NLO+PS)

g

W (
9 Ny
— W (
9 Ny

icitly (from analytic all-order formula)

¢ + Ry(pr) = exp[—S(py)) {D(pT)+ By (pr) }

exp[—S(pr)]

(1+ 2525 ) + (222 ’ 2 )3 Do) + regular terms




New approach: MiNNLOps

[Monni, Nason, Re, MW, Zanderighi 'l 9]
— NLO LO -

NLO NLO LO PS
NNLO NLO LO —

X@NNLOPS NNLO NLO LO PS

|. merge pp = WW and bp = WW+jet (both at NLO+PS)

W ¢
9 Ny
— W (
9 Ny

2. add missing terms explicitly (from analytic all-order formula)

o diT{exp[—s<pT>]c<<1>B,pT>j>+Rf<pT> = exp|—S(pr)] {D<pT>+eri(§Z;T)]}
g e e I GO R N Gl i

MINLO missing NNLO terms

S — e — e —




MiNNLOps results

[Monni, Nason, Re, MW, Zanderighi '19]

Q-i-
ey z

¥ g -
do/bin [pb] Higgs@LHC 13 TeV 20 do/bin [pb] pp—Z—£%0" (on-shel)@LHC 13 TeV
S L e L L L
oL ; . | | e : , 5 5
! e e e s S ]
15 i 50 t = Fa 777777
' BTOJ S = e A R -
1 ._ 30 e o S S ‘‘‘‘‘
I 20LF  — MINNLOpg(he) 7.
05| g . R MiNLO (lhe)
[ 0o ---- NNLO (MATRIX) o .
okt o S AR S R SRR SRR T R
dO/dOMiNNLOPS dG/dOMiNNLOpS
L L L I L L | I | |
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Conclusions

Diboson theory predictions under excellent control:
NNLO QCD done! = publicly available within MATRIX

00+ET,miss signature studied at NNLO, mixes ZZ and WW resonances

NLO QCD corrections for loop-induced gg contribution
first NNLO+PS computation for a 2—4 process (WW)

MiINNLOps: New NNLO+PS approach (no reweighting)

Open issues/ongoing work for dibosons:

best way to combine NNLO, NLO EVWV and NLO gg
NLO gg Higgs interference for ZZ and WW
combination of NNLO QCD with state-of-the-art (N3LL) resummation

MiNNLOps for diboson processes
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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 !






NEW: gg—202v (WW) at NLO

[Grazzini, Kallweit, MW, Yook 'to appear]

do/dy,, [pb/GeV]

W*W @LHC 13 TeV (ATLAS data)

102 :
S S
L i <

1 1 L

L : : -

1 : =

i : : -|T

‘ e Q

L : : 10

: : o]

1 1 §S]

1 1 ¢)

1 I s

10 dO/dONNLO

Y S E
1 ;77 777777777777 L"'i;fj - 7;
09f ]

0.8 E [ | | I | | I | | 3
dO/quqLo

1.6 - ggL'O - ggN-LOgg- ‘ggNLO ..... _l -------------- =
- T poemmzemi—2—ct é -

1.4 Pt J = —

1ok ******** *************** _

T U S T & I S E— 1
0 02040608 1 121416 1.8 2.0 2.5

Y [GeV]

do/dA¢,, [pb]

W*W @LHC 13 TeV (ATLAS data)

produced with MATRIX




NNLOPS for WW

[Re, MW, Zanderighi '18]

Setup:

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 (MPI Munich)
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do/bin [fb]
—

NNLOPS for WW

[Re, MW, Zanderighi 'l 8]

Phenomenological results:
Charge asymmetry

WW(inclusive) @LHC 13 TeV WW(inclusive) @LHC 13 TeV

120 R e OO?O/bi.n[fb]- — . —
[ 90 F S 3
00 1 eof i * W momentum cannot be
80 | 1 DF 1 reconstructed — use leptons
60 i 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 LS S S A — y- NNLOPS i * can be recovered by widening
0 T bbb 0 E ™ % rapidity range of leptons or by
1 AR A ponnccns natas d0ges sty REa i ol 1D A A A R A A A ] considering boosted regime
TE 1.8F 7
o.ég- 1.6F { ° sensitive to W polarizations
07t 1.4F i — powerful probe of nhew physics
8:2; 1.2F :
0.2F Ll AN s —==vs rvves ewwes res e oI TN
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)F21% 0.0726(3)T2:9%
AL = o([yer| > ye-1) — o(lyer | < lye-1) “ 8% 6%
o ([ye+] > lye-1) + o ([ye+ | < lye-1) AL —[0.0270(1) 73941 —[0.0009(4)*120¢]




New approach: MiNNLOps

(NLO) (1) 2 (2)
* NLO (F+jet): dops  _ as(p) [ dowy |70 (au(po) )7 dowy

Marius Wiesemann (MPI Munich) Status of (n)NNLO QCD for Dibosons August 26th, 2019
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New approach: MiNNLOps

(NLO) ) , )
* NLO (Ftjet): d2m _ _ oseo) [ dowy |70 (as(p) )" [ dowry
d®rdpr 2T d®rdp; 2T d®.dp,

do

o MINLO: i —oios {2422 ] (s ) o (2420 s |

Marius Wiesemann (MPI Munich) Status of (n)NNLO QCD for Dibosons August 26th, 2019
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New approach: MiNNLOps

(NLO) ) , )
* NLO (Ftjet): d2m _ _ oseo) [ dowy |70 (as(p) )" [ dowry
d®rdpr 2T d®rdp; 2T d®.dp,

* MINLO: - :exp[—S(pT)]{O‘s(pT) [ dors ](1) (1+ ozs(pT)[S(pT)]m) N (ozs(pT))2 [diang]@)}

dPrdp, 27 dPrdp, 27 27 -
Q d 2
s =2 [ (A<as<q>> i+ B<a5<q>>)
pT

* analytic all-order formula:

Marius Wiesemann (MPI Munich) Status of (n)NNLO QCD for Dibosons August 26th, 2019
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New approach: MiNNLOps

(NLO) ) , )
* NLO (Ftjet): d2m _ _ oseo) [ dowy |70 (as(p) )" [ dowry
d®rdpr 2T d®rdp; 2T d®.dp,

* MINLO: - :@m}S@gﬁaAM)[mWJ]m<é+a4mmﬂmwm)+(mMM)szﬂér”}

dPrdp, 27 dPrdp, 27 27

@ dq ( Q? )

S(pr) =2 — [ Ao In = + B(ag .

() / L ((Alan(@)In &+ Blox() counting

2 2 L/Qd Lo () In" Z exp(—S(pr)) ~ 0’7 (Q)
N N pr—ag (pr)In” —exp(—S(pr)) = as
Ala) = ; (;T> AR, B(as) = 2 (g;) Bk) N it N T 0 T
_dS(pr) dL(pr)
* analytic all-order formula: Dipr) = - dpr £lpr) + dpr

do B d
d®pdp; dpr

{exp[—s<pT>]£<<1>B,pT>} + Rylpe) = expl-S(pu)] { Do) + B0
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New approach: MiNNLOps

(NLO) ) , )
* NLO (Ftjet): d2m _ _ oseo) [ dowy |70 (as(p) )" [ dowry
d®rdpr 2T d®rdp; 2T d®.dp,

* MINLO: - :exp[_s<pT>]{%<pT>[dam ]“) (1+as<pT>[5(pT)]<1>)+(%(m))?[dizzﬂ%}

dPrdp, 21 dPrdp, 21 27
S(pr) 22/62@ (A(Oés(Q))an—2+B(Oés(Q))) :
pr 4 ¢’ counting:
2 2 “ L m n Pr m—23
Ao =3 (52) 40, Bl =3 (52)" 5 [ e G ep(-S(e) ol @
k=1 =1
_ dS(pT) dﬁ(pT)
* analytic all-order formula: Dpr) = ==, — £+ =5 -
do _ d _ Ry (pr)
= de{exp[—s<pT>]£<q>B,pT>}+Rf<pT> — expl-S(p0] { Do) + 1B
s(pr) [ dogy 1V (pr )\ [ dors 1% (as(p))?
“eal S "5 i) (")« (5] (] (5507) 12 et s
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New approach: MiNNLOps

. d (NLO) ) (1) . 2 d (2)
* NLO (Ftjet): 47rs — _ aslpo) | dors 170 fas(pr) oF
d®rdp; 27 d®rdp; d®rdp;

—

E—

I — B

e exp[—s<pT>]{“;(§T) [ d‘;‘j;;] N (1 + 2olBr) [S(M)](”) N (“iﬁ”f [

* MINLO:

q counting:
“ 1 Pr m— 24l
PPN PPN dpr—ay'(pr) In" — exp(—S(pr)) =~ as
A(QS)IZ(i> A B(O‘S):Z<ﬁ> B /A D pTa (pr) In Qe p(—=S(pr)) = @ (Q)
_ dS(pT) dﬁ(pT)
% analytic all-order formula: Dip:) = - dp. £pr) + dp
do B d o Rf(pT)
T de{exp[—S(pT)]ﬁ(%,pT)}+Rf(pT) —exp[—S(pT)]{D(pT)+eXp[_S(pT)]}
o fan) [ dors 19 o) e o) (s dory 1] fao)?
[ei“w{ o Loy (0" e”) « (55) [ ] [ (5507) 1 et s
MINLO
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New approach: MiNNLOps

. d (NLO) ) (1) . 2 d (2)
* NLO (F+jet): —£L-<2 (pr) | _dors |77 (s(pr) OFj
dPrdpy 2r | dPpdpy d®.dp,

—_—

. MINLO: — doxor_sio {Ozs(pT) [ dop; ]m (1+ 0482(7]:T) [S(pT)](l)) N <as(pT))2[ dop, ]@)}

E—

e —

B

dPrdp, 27 dPrdp; 27
RO
S(pr) =2 — [ Ao In = + B(ag .
(p0) / 2 ((Ala:(@)n G+ Blos() counting
Q iy 1t
= ras\k = ras\E L / deiO‘gn(pT)lnn&QXP(_S@T)) ras 2 (Q)
A<a8>=;(%) A®), B(as>:;(2w) B A ! Q
_ dS(pr) dL(pr)
% analytic all-order formula: Dip:) = - dp. £pr) + dp

do B d o Rf pT
AP dp, — dpr { eXp[_S(pT)]‘C(q)BapT)} + Rf(pT) = eXp[—S(pT)] {D eXp

tozs T:da (1)1 Qg s d ( )I 048
= eXp[—S(pT)]{ 2(72:T) [dCI)FFd;T] (1 + 2(§T) [S(pT)](1)> =+ (a f:T dq)gz]‘]% pT (3) + regular terms

MINLO missing terms
for NNLO accuracy
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MiNNLOps results

[Monni, Nason, Re, MW, Zanderighi '19]

Higgs@LHC 13 TeV

v 4
- H

g

Higgs@LHC 13 TeV

do/bin [pb]
b, >30GeV

= B AERER R = R [N |

i — MINNLOps
MiNLO'

: 100 L Prs > 30
i 1w

10-3 =

MIiNLO'

do/doynnL
—— MiNN

Ops _

— —t — —

ONOO—2AaAaNNWN

CO0O0
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MiNNLOps results

[Monni, Nason, Re, MW, Zanderighi '19]

9 : -
9 -

dao/bin [pb] pp—Z— 070 (on-shell@LHC 13 TeV 50 do/bin [pb] pp—Z— 0t

2" (on-shel)@LHC 13 TeV

T
102L " MIiNNLOp
: i Mo MiNLO'

s |

109 e T T T T e
dO/doMiNNLOpS dC/dGMiNNLOpS
T T T T T T A LA
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MiNNLOps results

[Monni, Nason, Re, MW, Zanderighi '19]

9 : C
9 &

do/bin [pb] pp—Z—£70" (on-shel)@LHC 13 TeV 0
16 | pr;, >30 GeV T T T - Epp, >30GeV

o do/bin [pb] pp—Z—£%L (on-shell)@LHC 13 TeV

a‘.I...I...I...I...I...I...I...I...im';:..- 10'1
13 _.Ec?/,d.ol.v“.N,N!‘(.)'?S, ——
12F
1.1
1f
0.9F
0.8}
0.7 b

1.3 o . LIS AU _
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rcie— 0 extrapolation in MATRIX

[Grazzini, Kallweit, MW '17]

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, -

: HEHHHHHHH

- 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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rcie— 0 extrapolation in MATRIX

S | 1 0 S

—1.00 |

—1.50 ¢
0 0.1

[Grazzini, Kallweit, MW '17]

— 1{%)] pp — e et @ 13 TeV

NS A P N A N 5 U N 0 ., N A . N0, .,

+0.90 E

extrapolated ]
ONNLO (reut > 0.15)

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

0_1%111\1 o (’I") iﬁ;i;ﬁ;ﬁ;iﬁ!;%

0.2 03 04 05 06 07 08 09 1.0

Tcut [%]
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rcie— 0 extrapolation in MATRIX

[Grazzini, Kallweit, MW '17]

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.'.'.-

T S :

extrapolated ]
ONNLO (reut > 0.15)

—1.00 |

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

0_1%111\1 o (’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

[Grazzini, Kallweit, MW '17]

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

—0.50 E
—1.00 |

—1.50 ¢

switch qT accuracy=l

extrapcﬂated :
ONNLO (reus > 0.15):

IIIIII
: rz extrapolated .
I IIIII{{II; NNLO (’rcut Z O . O 5)

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

0'1%11\] o (’I") 3 iﬂ!i;i;;ﬁ;i;!ﬂ%

0.3 04 05 06 0.7 08 09 1.0
Tcut[gé]

switch T accuracy=0
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rcie— 0 extrapolation in MATRIX

+0.50

—0.50 E
—1.00 ¢

—1.50 ¢

[Grazzini, Kallweit, MW '17]

o/oxnLo — 17 pp — e et @ 13 TeV

N N P N A N 5 U N 0 0 N, . N0 .,

........ IigEEIIIIICIIIIIIZIIZZIIZZIIZZIIZZIIZZIIZZII:ZII::III:III:III:III:IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIZII:ZII::II:
H extrapolated :
: iy I extrapo ate ]

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

Ul%qi\I o (’I") 3 iii!i;;i;ﬁ;iﬁﬂ%

o 01 02 03 04 05 06 07 08 09 1.0

Tcut [%]

Marius Wiesemann (MPI Munich)

Status of (n)NNLO QCD for Dibosons

August 26th, 2019

73



rcie— 0 extrapolation in MATRIX

[Grazzini, Kallweit, MW '17]

o/oxnLo — 17] pp — e et @ 13 TeV
_|_O.5O :_'.l .... !.'..' .... | IR E.'..' .... | AP T N AP N . AT AT | AP Y N O AP O N L N '.L.'.'.-

—0.50 é:::::;.'}i;f:::::;’:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::;
= HHﬁHH — o 8" (rews > 0.15)
L HHHH*H;;; l(iIXI\tIIE(I;OIated(Tcut > 0.05):
~1.00t HHHHH;E exact(FEWZ)
F E 3 7 P - !NNLO

- o
150 b T N.NL.Q..(...) .........................
o 01 02 03 04 05 06 07 08 09 1.0

Tcut [%]
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rce—0 extrapolation in MATRIX

[Grazzini, Kallweit, MW '17]

voso oo T e o HOBTN o0 Moo WA 2 Z Q13 TeV
10.20 | 1 1020}
+0.10 | | 1010}
0Ff 0 e
~0.10 | | —oxo " -'
: Ule\]}%?(gdated(rcut > 015> O_;Xﬁlfopolated( ot > > 015) ]
—0.20 _ O_le\IXﬁEt(()SUSHI) _ —0.920 _ 1eilefILitO(ZVVPROD) _
0.30 oxnzo(T) 0.30 oxnLo(r)
. 0 0.1 02 03 04 05 06 07 08 09 1.0 . 0 0.1 02 03 04 05 06 07 08 09 1.0
T'cut [%] Tcut [%]
+030 O-/IO—NI\IILOI_I]-[%] """""""""""""""""""""""" ppﬁlelfe@lllgr]?ev _|_05O _O.-../..(l.).-]:\.I.l.\IE.O.-L-- .... }..[.(%3.]- .... A 00 A0 LL:.‘.‘-LL:.‘JZ.?Z.?.'.:T.'.?'.;.'?. :;:;.@:;;].:.3;;.??;}.{
: J;xtliixopolated(rcut > 015) i i
+0.20 [ O_exact(FEWZ) ] T
|- R N
[ : g r 1 [ ;
010 B L — .j Hrﬂ
0 11T }}iﬁﬂﬂﬂﬂ} i Tlﬁti HI; i IHIII_];]_:I_I_I_IIT_II_I_:I:ﬂiﬂtﬂuﬂﬂiﬂluﬂl —0.50 ;—:::::Ft}i;fiﬁ::;::::::::::::::::::::::::::::::::::::::::::::::::::::::::éi%:é;:é%igééﬁ:::::::::::::::::::::::::'.—':
. — - Lo : I extrapolated ]
—0-10 N ool IEEHH*HH#;;;H Ul;g%té()FEW Z()"“cut > 0.05)°
—0.20 _ | ] . | | !Hiiﬁii!i;;!!!! !i:;li\ili\ii? ]
: ] - — O'QT ! ﬂ!!iﬂﬂ!!*!!!!;;!ﬂf
—0.30 Lo, TR T T T NN VIO TV T TR T 1 —1.50 b, TR RN N.NI#.C.)..(...) ......................... i
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rce—0 extrapolation in MATRIX

[Grazzini, Kallweit, MW '17]

ofosso MR oy QBTN gg W PP ve7ey @ 18 TeV
+5.00F
—|—400 _ ...IIIIIIIII....I..... _ _|_ 300 _ ..-..-.--"'------------
+300 ‘ !!.!ii....i. eXtrapOIated _ +200 ‘ .......l'-. _ Ul(ilxlfIIl‘fngOlated(rcut Z 0.15)
L : = — ONNLO ( cut = 015) 1 L ot extrapolated >
+2.00¢F P e extrapolated > ] o - ONNLO (TCllt - 005)
I oxNLo (e 2005) g g —— ofio(r)
+1.00 _ !;*!!55 — O-lilTNLO(T) _ F---e ;1 ’!-
T i e
[ ! .:F; i
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T e N O S S,
L 1.Q0 DI ] 1 00 b T T U T '
0 01 02 03 04 05 06 07 08 09 1.0 0 01 02 03 04 05 06 07 08 09 1.0
Teut l%l Tcut [%]
Lo40 SO AR o WIW QISTY g0 fommo WA ppe ety O 13 TeV
+0.30 1 +0.20 |
+0.20 | : ] : |
E +0.10 { -
+0.10 } H s Eets HHHHHHHHHHHIHIHHHH 411
o1 | A b A | l ;
o Ul l e i Hc 0 U Tlllhllllllllllﬂhm TIITTITTI TTITIITITITIITTITTTITTIIIIIITIIITTITTITTTTTTTTITIIIIIH
11 : 1 [ﬂ]‘illlll llIllItﬂH AJHIALT T I LIS AT ATTAT]L
—0.10 § 1 _oqo T
—0:20 _ 5 extrapolated > 0.15 _ 0.20 : extrapolated > 0.15
—0.30 { ENL()( ) (Teur > 0.15) 1 —Yevr NNLO( ) (Teus > 0.15)
: —— onNLO (T ] 3 ofnLo(T ]
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0O 01 02 03 04 05 06 07 08 09 1.0 0O 01 02 03 04 05 06 07 08 09 1.0
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MATRIX features on one slide

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 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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