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Standard Model: A successful theory

* Theoretically sound description of
fundamental interactions between
elementary particles
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Standard Model: A successful theory

* Theoretically sound description of
fundamental interactions between
elementary particles

* LHC discovered Higgs particle in 2012

* BUT: No ultimate theory of nature

=—> incomplete (gravity, dark matter, ...)

—> theoretical issues (mass hierarchies, fine-tuning, ...)

\/

Physics beyond the SM expected at the TeV scale
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Standard Model Production Cross Section Measurements

Status: March 2019

D i1 A-Q total (2x) .
O 10" Foag e ATLAS Preliminary -
e eory
B O Run 1,2 v/s=5,7,8,13 TeV
10° N
o 3
- O = .
5 B dijets 7]
10° g o 3
; pr>25Gey LHC pp Vs =7 TeV .
104 E O n>o _ Data 4.5 -4.9fb™! 5
- A0 v 3
3 L LHC pp Vs =8 TeV i
10 é pt >125 GeV AJ_10 D &28 D §
- (o v tol A Data 20.2 —20.3fb! .
n pt >100 GeV nj>2 VE/V -
A VAN t-chan
102 E nj=1 o D”/Z‘o O O W2 A WW E
2 n>3 » o o, LHC pp Vs =13 TeV E
C A A t WZ v .
_ nj>2 O Dnjzz A o) ZDZ A O A 1 7
10t b N or o gz o Bl  Data 32-798f0 J
= > O > - =
- - n I‘IJ‘Z Ve w -
- nj>3 A 3 njo4 A vH N Y 3
N nj>5 o MZ5 s chan [L2bb o ]
m] 4o
| ] A n> n.> H-11 e |
- 2 "o ‘og > n 78 %@
- Z_ nn-ZS nj 27 VBF A 2 Wi ]
10-1 L B "% 0 o 8 0 n ag ]
E (| ni>8 A E
- A =6 o] ™ 2 o .
- n n H—yy Zij -
10_2 - nj27 A -
E nz7 n HoZzZ—4t A n A Elvi W
_ N A A
10—3 - A
3 owz 3
C A -
PP Jets 7 W Z tt t VV 77 H WVVyttWttZttH tty 7YY Vii Ww  Wyy  Zyjj

tot. tot. tot. tot. tot.

EWK
tot.

s Zyy  WWy  VVj

EWK

Marius Wiesemann (MPI Munich)

Diboson production at the LHC: Precision phenomenology

February 27th, 2020



LHC Physics after Higgs discovery

* LHC will remain major particle-physics experiment for =15 years

LHC
|Long Shutdown 1 | Run 2 |Long Shu tdown 2|

2011 20" 2 2013 2014 2015

2016

2017 2018 2019 2020 2021

2022 2023 2024 2025 2026

13-14 TeV

enerqy

integrated
luminosity

Higgs discovery today
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LHC Physics after Higgs discovery

* LHC will remain major particle-physics experiment for =15 years
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Higgs discovery today

* Primary goals since 2012:

¢ study Higgs properties => compatible with SM Higgs Boson
¢ discover New Physics —> nho direct evidence
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LHC Physics after Higgs discovery

* LHC will remain major particle-physics experiment for =15 years
. LHC

Run 1 |Long Shutdown 1 | Run 2
2011 20" 2 2013 2014

|Long Shu [down 2|

2015 2017 2018 2019 2020 2021

2016

2022 2023

2024 2025 2026

13-14 TeV

enerqy

EXd laminosny

luminosity

7Tev 81Te

Higgs discovery today

* Primary goals since 2012:

¢ study Higgs properties => compatible with SM Higgs Boson
¢ discover New Physics —> nho direct evidence

—_—1 =

Precision era of the LHC has begun

(chance to probe New Physics)
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LHC collisions: small SM deviations

IN > <?UT
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LHC collisions: small SM deviations

proton-proton
collisions

<>
=N dour

(and photonsV \
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LHC collisions: small SM deviations

proton-proton vector-boson
collisions pair production

quarks, gluon\

(and photonsV
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LHC collisions: small SM deviations

proton-proton vector-boson
collisions pair production
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LHC collisions: small SM deviations

proton-proton vector-boson
collisions pair production
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LHC collisions: small SM deviations

proton-proton vector-boson
collisions pair production

precise prediction
(and measurement)
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LHC collisions: small SM deviations

proton-proton vector-boson

collisions air production
modeling in pair p

consistent framework

precise prediction
(and measurement)
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Example: Riggs coupling to gluons
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Example: Riggs coupling to gluons

~
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Precision at the LHC

LHC data:
Full Run 2

Diboson Cross Section Measurements

: Today
Il - Vs =13 TeV

WZ | Today Run 3

I rp Vs =8 TeV

Y4

' B pp Vs=7Tev

| High
0.8 1.0 10% 1.2 Luminosity

Data/Theory

Experiment demands O(1%) theoretical precision
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This talk

|. VV production at the LHC
NNLO QCD & NLO EW & loop-induced gg NLO QCD

2. NNLO QCD + multi-differential resummation
pt of color singlets at N3LL
jet-veto veto resummation at NNLL

double-differential resummation

3. NNLO+PS matching
MiNLO+reweighting
NNLO+PS for WW production

Novel approach
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LHC event
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LHC event

Hard Process
| 0= 9. (high precision, no event)
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Perturbation Theory

LO ~ O(100%)

Uncertainties: N o ~ O (10%)
(x~0.118)

NNLO ~ O(1%)

Hard Process
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Importance of QCD corrections

(example WZ)

[Grazzini, Kallweit, Rathlev, MW '| 6]
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NNLO crucial for accurate description of data
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MATRIX

[Grazzini, Kallweit, MW 'I7]

Public, automated
NNLO framework

Large number of processes:

process

status

comment

PP Z/Y*(—88/vv) validated analytically + FEWZ
ppoW(—ov)  Single boson g validated with FEWZ, NNLOjet
processes
pp—H / validated analytically (by SusHi)
PP YY 4 validated with 2yNNLO
pp—Zy— 020y photon / [Grazzini, Kallweit, Rathlev '[ 5]
PP~ ZYy—VVvy processes / [Grazzini, Kallweit, Rathlev 'l 5]
pp— Wy— 2vy V4 [Grazzini, Kallweit, Rathlev 'I 5]
pp—ZZ 4 [Cascioli et al.'14]
Pp—ZZ— 0000 J [Grazzini, Kallweit, Rathlev 'l 5], [Kallweit, MW '18]
PP ZZ—000'0" / [Grazzini, Kallweit, Rathlev 'l 5], [Kallweit, MW '18]
pp—ZZ—20V'V* v 4 [Kallweit, MW '18]
pp—ZZ/WW- ggyy Massive g [Kallweit, MW 'I8]
diboson '
ppWW processes J [Gehrmann et al.'[4]
PP WW-2v 2'V' / [Grazzini, Kallweit, Pozzorini, Rathlev, MW ' 6]
PP~ WZ / [Grazzini, Kallweit, Rathlev, MW '[6]
pp—WZ - 2voe v 4 [Grazzini, Kallweit, Rathlev, MW '[ 7]
pp*WZ—-0'v'0l { [Grazzini, Kallweit, Rathlev, MW '17]
pp—HH (/) not in public release
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ple WZ)

DCD corrections

[Grazzini, Kallweit, Rathlev, MW '| 6]
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NLO QCD
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NNLO QCD
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SW

gg LO QCD

Marius Wiesemann (MPI Munich)

Diboson production at the LHC: Precision phenomenology

February 27th, 2020

26



o'

175/

3

d W 0=

o) 5
Wt Ve

U ¢t

o' d W™ 0

D£/ Del
d

Ve wT 1

ot U Vas

- g (662{;‘566 -1y W 0=

Ijgl DE/ Del

ISH
Q

1) wt Uy wT 1)

Vs U Vs 9 A

0=
Del’

Ve

[i-

De/’

Marius Wiesemann (MPI Munich)

Diboson production at the LHC: Precision phenomenology February 27th, 2020

27



nNNLO QCD
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nNNLO QCD
XK
NLO EW
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NLO corrections through subtraction

d Z/~ [+
LO d " 5 doB
wt Vs
(PP—X) . &
d Z/~ [+ d Z/~ i
NLO . " > doV d S do®t
W Vs wt vy

(pp_'X) u 't u '+
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NLO corrections through subtraction

LO
(Pp— X)

NLO
(PP X)

g .
do”: subtraction term
— CS [Catani, Seymour '96]

d Z/~ I — FKS [Frixione, Kunszt, Signer '96]
I~ — Antenna [Gehrmann et al.'05
d -—>dOB [ |
W vy -
u I+

d /7 s d Z [ [+
HE L T g
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NNLO through X+jet at NLO + Slicing

d Z/~ [+
NLO Hi T g
(pp— X)

NNLO
(PP—X) ,

RR
S doVV — do®Y — do
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NNLO through X+jet at NLO + Slicing
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NNLO through X+jet at NLO + Slicing

iyt = { L do™ + L (do®R— do®) + L (daRV+ /1 das>}
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NNLO through X+jet at NLO + Slicing
oyt = { L N do™ + L o (do®R— do®) + L - (daRV+ /1 das>}

Teut K1

aT __
U:’r’>’rcut

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

— / [dO'(reS)} — ZNNLO (Tcut> X dO’B
T>Tcut

M \ f.o.
(pp [Collins, Soper, Sterman '85]

[Bozzi, Catani, de Florian, Grazzini '06]

NLO d b — dO‘R
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N
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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
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— / {da(res)} f = XNNLO(Tcut) ® do®
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NNLO through X+jet at NLO + Slicing

d0-1>\I<NLO = |:d0'1>\1<£1|_g)et — ENNLO (Tcut) &) dO’B] +

T > Tcut

qr subtraction
[Catani, Grazzini '07]
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NNLO through X+jet at NLO + Slicing

' do—f\I(NLO — |:d0'1>\1<£1|_g)et . — X NNLO (Tcut) X dO’B} + HNNLO R dO’B '

qr subtraction
[Catani, Grazzini '07]
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rcie—0 extrapolation in MATRIX
[Grazzini, Kallweit, MW '17]

automatically computed in every single MATRIX NNLO run

voso Moo WM pp 2 Z Q13 TeV
1+0.20 Drell-Yan
+0.10 |
0l [HH1HHHH{H{H{HHIH;HHIHIfﬂﬁﬂmfﬁﬁmﬁﬁfHHHHH*HHH*HHH*_?+
~0.10 | :
~0.20 |
onwrol7)
0,30 Lot
0 01 02 03 04 05 06 07 08 09 1.0
Tcut [%]

T > Tcut

de\I(NLO — [d f\I{L%et — YNNLO(Teut) ® dJB} + Hnnro ® do®P
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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

vos0 oo WKL pp > 2 2 15 TV
1020 1 Drell-Yan
10.10 |
) S I DI S e I ﬁ'}'ﬁiﬁf}'i'I'I'I'ﬁi'I'IﬁﬁHHE*
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—010f
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onnLo(7)
030 b
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T'eut| /0]

‘ doxnr.o = [d chf%et T Y NNLO (Teut) ® dUB} + Hxnpo @ doP '
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rcie—0 extrapolation in MATRIX
[Grazzini, Kallweit, MW '17]

voso Moo IR pp 2 Z @13 TeV
j020f Drell-Yan
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rcie—0 extrapolation in MATRIX
[Grazzini, Kallweit, MW '17]

voso owmo 1K) pp 2 2@ 13 TeV
41020 Drell-Yan
+0.10 F|[ 1 -
L }
0 F
_o.10 JIFT
1 : 1e\zI}cll:Ilizjb(lf))olated( Font Z 015) |
—020 1 Exﬁit(()ZWPROD) [Hamberg, van Neerven, Matsuura '91]
O-l(inlﬂ\ILO(T) :
0,30 M
0O 0.1 02 03 04 05 06 07 08 09 1.0
Teut | /0]

' doxnr.o = [d f\I{f%et T Y NNLO (Teut) ® dUB} + Hxnpo @ doP '
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Recent Example: Zy with

[fb-GeV']

Pred./Data

) [fo-GeV
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Recent Example: Zy with 139 fb-!

[fb-GeV']

Pred./Data

[fo-GeV

dm(lly)

Pred./Data

[ATLAS-CONF-2019-034]
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Recent Example: Zy with 139 fb-!

[ATLAS-CONF-2019-034]
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Importance of going beyond NNLO QCD

X

ZZ = [Grazzini, Kallweit, MWV, Yook '| 8] ZZ, WW,WZ
WW = [Grazzini, Kallweit, MW, Yook '20] => [Grazzini, Kallweit, Lindert, Pozzorini, MW '| 9]
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Importance of going beyond NNLO QCD

X

ZZ = [Grazzini, Kallweit, MWV, Yook '| 8] ZZ, WW,WZ
WW = [Grazzini, Kallweit, MW, Yook '20] => [Grazzini, Kallweit, Lindert, Pozzorini, MW '| 9]
107 do/dp; w- [pb/GeV] W*W@LHC 13 TeV
I I I I I I I I I I I I I I I I I I I I I I I I E
E = | | e LO :

: ,, ww - NLO
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Importance of going beyond NNLO QCD

ZZ = [Grazzini, Kallweit, MW, Yook 'l 8]
WW = [Grazzini, Kallweit, MW, Yook '20]

LZ\WW,WZ

=> [Grazzini, Kallweit, Lindert, Pozzorini, MW ' 9]

1ot dofdpr [pb/GeV] W*W-@LHC 13 TeV pp — ¢ 0 Fvppy LHC /s = 13TeV
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WW:nNNLO x NLO EW

[Grazzini, Kallweit, MWV, Yook 20], [Grazzini, Kallweit, Linder, Pozzorini '19]

do/dp,., [pb/GeV] W*W@LHC 13 TeV (ATLAS data)

T I 1 -
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WW:nNNLO x NLO EW

[Grazzini, Kallweit, MWV, Yook 20], [Grazzini, Kallweit, Linder, Pozzorini '19]

do/dy, [pb/GeV] W'W@LHC 13 TeV (ATLAS data) do/dAd, [pb] W*W @LHC 13 TeV (ATLAS data) do/dcos(8’) [pb] W*W @LHC 13 TeV (ATLAS data)
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- NLO 15 r e data ﬁlﬁ """""" 15 g
= --— - -
-~ NNLO el 2 N 13 =
aNNLO. L e— @ - -@ @
—— nNNLOgw IE 12 102 | —— nNNLOgw 42
te- data o 9 [ ke data 18
101 IS Y I I NS A I I N SEEETL l l l l o L L L L L L L L a
dO'/dO'NNLo dO'/dO'NNLO dO'/dO'NNLO
T 1 1.4¢ 13F 1 T
1.3F 13F '
12 1.2F T 1.2
11F ] 11E 1.1 »
i [ T I 2
1 Bt 1 3 =+ 1E F i
o0 oak 0of 1 - E
0.8F 9F 1 .
0.8 [ 3 F 1 1 1 1 L L L .
do/doyg1 0 do/dogq10 18 do/doyg1 0
— 1T T T T T T T T 1 . T | T T T T
1.6 golO - ggNLOgg— ggNLO ~  oomoo = 1.8 16F gglO -~ ggNLOg4g— ggNLO
R N T Y e i 1.6 B S R .
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PT resummation

» production of colorless particles (system F, invariant mass M)

» problem: pr distribution of F diverges at pt — 0

do/dp’ [pb]

002 [y

0.015 ;— —
S fixed order

0.01 ;— ]

0.005 ;_ —

0 - ‘ | T [Pepeceee- Peeeee- becosscsocdenches E

0 20 40 60 80 100
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PT resummation

» production of colorless particles (system F, invariant mass M)
» problem: pt distribution of F diverges at pt — 0
> reason: large logs In p%/M? for pr < M

os In(p3/M?), I0%(% /M)
g In(pT/M?), In®(p%/M?), In*(pT/M?), In*(p%/M?)

do/dp¥ [pb]
_ . 002 [+
» solution: all order resummation =
0.015
- o fixed order -
- ; —— resummed i
001 E

0.005
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PT resummation

» production of colorless particles (system F, invariant mass M)
» problem: p7 distribution of F diverges at p7 — 0
> reason: large logs In p%/M? for pr < M

os In(p3 /M), In?(p%/M?)
ag 1 In(pT/M?), In*(pT/M?), In*(pT/M?), In*(pT/M?)

» solution: all order resummation [Collins, Soper, Sterman '85]

b
~ /db 5 Jo(bp7)S(b, A, B) Hny N, Ty, T,

y

dpZ dy dM d<

S(A,B) = exp { Lg(l)(OésL) +g(2)(OzSL) +asg(3)(a5L) —|—oz_g27 E }

~"

LL

NLL

NNLL
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MATRIX+RadISH framework

[Kallweit, Re, Rottoli, MW 'to appear]

* General interface between MATRIX and RadISH codes:
all processes available in MATRIX (any color-singlet process possible where 2-loop known)
high-accuracy multi-differential resummation of various transverse observables

matching to NNLO QCD integrated cross section

* MATRIX [Grazzini, Kallweit, MW "1 7]
NNLO QCD, phase space, perturbative ingredients (amplitudes, coefficients, ...)

* RadISH [Monni, Re, and Torrielli '1 6], [Bizon, Monni, Re, Rottoli, Torrielli 18], [Monni, Rottoli, Torrielli '19]
resummation formalism in direct space (not in b-space)
numerical approach (like a semi-inclusive parton shower)
single-differential resummation [Monni, Re, and Torrielli '16], [Bizon, Monni, Re, Rottoli, Torrielli '1 8]

and double-differential resummation [Monni, Rottoli, Torrielli ' 9]
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do/dp¥" [fb/GeV]

Ratio to N3LL+NNLO

bT-WW at N3LL+NNLO
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[Kallweit, Re, Rottoli, MWV 'to appear]
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WW: Jet veto at NNLL+NNLO

[Kallweit, Re, Rottoli, MWV 'to appear]
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pT-WWV with jet veto at NNLL+NNLO

[Kallweit, Re, Rottoli, MWV 'to appear]
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Event simulation
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Event simulation
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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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Experiment

NNLO+PS

: I Theory

high precision

measurement prediction
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Why NNLO+PS?

fiducial cross section
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Why NNLO
| |. comparison at event level 54
| (some analysis: no unfolding) 5§
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Why NNLO+PS7
| |. comparison at event level
o (some analysis: no unfoldlng)

2 MC used for unfolding

3 some observables require
| shower resummation
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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]
pp => LLHIOVH (ZHI/WH)  [Alioli, Broggio, Kallweit, Lim, Rottoli '19]

¥ UNNLOPS [Hoche, Prestel '14]
bp => H  [Hoche, Prestel '14]

pp => £0 (Z) [Hoche, Prestel '14]
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NNLO+PS approaches

* MiNLO+M i MiNNLOps [Monni, Nason, Re, MWV, Zanderighi '19]

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

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

pp => LLHIOVH (ZHI/WH)  [Alioli, Broggio, Kallweit, Lim, Rottoli '19]

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

pp => £0 (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

Marius Wiesemann (MPI Munich) Diboson production at the LHC: Precision phenomenology February 27th, 2020

68



MiNLO+reweighting

X] (NLO)

XJ-MINLO NLO NLO LO

X@NNLO NNLO NLO LO
X@NNLOPS NI NLO LO

. merge pp = WW and bp = WWHjet

% NLO (F+jet): o™ (o) [ oy ]“) .\ <as<pT>)2[ dop,

* MINLO: -2

d®rdpr

ddpdp, 27 o AP pdp,

S(pr) =2 /pQ & (A(Oés((])) In =+ B(%(Q))) :

v 4

] (2)

i) (072
— NLO LO —

PS

PS

(both at NLO+PS)

_ expl—S(py)] {ow(pT) [ dor, ]m <1+ as(iT) [S(pT)](1)> N (as<pT)>2[ dor;

Marius Wiesemann (MPI Munich)

Diboson production at the LHC: Precision phenomenology

February 27th, 2020

69



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)

* NLO (F+jet): dop; _ as(pr) | dopy n as(pr) dory
d®rdpy 2r | d®rdpy 2T d®rdpy

o vinto: g oo &Pl (1 GPon) - G [ ] )

Q
S(pr) =2 / % (A(ozs(Q))an—j +B(ozs(Q))) . Mg and up evaluated at py
. — resummation scheme choice

(e p (oo > B includes virtual amplitude
Al =32 (57) 4% Blen =3 (57) B, to reach NLO accuracy
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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)

g

W (¢ W ¢
9 Nv 9 Nv
— W ¢ _ W (
9 Nv 9 ' Nv

2. reweight to NNLO in born phase space
(d55) : d
d®p co + c1ags + cox C2 — a2
W(®p) = NNLO S~ 14 oz + O(ad)
(d_o) co + cras + doad Co
d®B / XJ—MiNLO’
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NNLO+PS for WW

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

102 do/bin [fb] WW(fldUClaI JV)@LHC 13 TeV
F ! ' ! ' ! ' F ! 3
350 - ' ' ' ......... MINLO
300 F - ---- NNLO
: - — NNLOPS |

mof g Ry o Nwwoes
150 | 5
100 £/
50

(pTJ1< p;f]tlo) [fb] WW(fiducial-noJV)@LHC 13 TeV

11
105 .

C e /%//’4‘k : - — e - = -y
- Ny - - : : : : : : L
0 95 a NN . : ' : : : : ' B Y B O =l : Y i : : TN
. / - R N - - - R B - - Z - - - - N
ry /Z/ : : : : : : R : - - : 4 : : : : N
o : e S T e . 3
0.9 : 5 : : : : = ‘ - ek
/ : : : : : . = —_——— .= % = 0/ Tl o
/ N Lyt

[ B : v g c . . : =
O 85 o - : : : : : : : 5 . T = = = i o NS L o mmmmnn ] e . : !' o
- [ . . ' e : - L : 74
= [ 5 g _ - = c . . . -
O 8 ol T . = i R R LN e s . R
C oo . g : : : p
o [ D : : : : : : : : = : : : -
0 75 wE - . ' : : : : ' . T U N
C" ,"""“ : : : : : : : : : . - : : : :
C 1 ! 1 1

I B B
0.7 10 20 30 40 50 60 70 80 90 100 0 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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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

3 ~v 9 ~v

2. reweight to NNLO in born phase space

(%)NNLO oeTTS T c2 —d2 o 3
W(®pB) = o — Co + Clas —l—dgag = ag + O(ag)

C®B /) XJ—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)

g
W ( W (
9 Nv 9 Ny
— W ( - W (
9 Ny 9 ' Ny

2. add missing terms explicitly (from analytic all-order formula)
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New approach: MiNNLOps

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

do (NLO)

* NLO (F+jet):

d(I)deT

* MINLO:

2

_ as(pr) [ dopg }(1) N (ozs(pT)>2[ dopy ](2)

= dezexp[—s<pT>]{“;(§T> [ diig;](l) (1+ 20 5, >)+(

as(pr)
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New approach: MiNNLOps

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

45 (NLO)

d®rdp; 27

* NLO (Frjer): G- ) [ | () oo |

do

* MINLO: 5

— expl-S(po)l{ 52 | 7 ](1) (1+ 22 5)) +

27 d®rdp; 27

* analytic all-order formula:

do  d
d®pdpr dpr

{ eXp[—S(pT)]L(q)B7pT)} + Rf(pT)

as(pr)

Marius Wiesemann (MPI Munich)
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New approach: MiNNLOps

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

(x10) 1) 2 @)
do as(pr) | dopy as(pr) dopy
* + _
NLO (Ftjet): 5 o= 5 [d@deJ +( or ) |d®rdp,

. d ) T d (1) (pONZT d (2)
* MINLO: dq)F‘jipT:exp[—s(pTﬂ{“;ﬁ)[ dq)ig;] (1+ % (Pr) g1 >)+(“2<fj>) [ d@iﬁﬂ }
Q 2
Slpn) = / %(A<O‘S(Q))ln%+3(%(q))) counting:
2 ' 2 ' /Qd iam( )1H"&6X (=S¢ ))Nam_nTH(Q)
A(QS)ZZ<;—;> A(k), B(as)zz<;_;> B(k)’ A prT S Dr Q P Pr ~ g
k=1 k=1
_ dS(FT) d‘C’(pT)
* analytic all-order formula: Dipr) = - dpr £lpr) + dpr

do  d
d®pdpr dpr

{ eXp[_S(pT)]L((I)B7pT)} + Ry(pr) = exp[—S(py)] {D(pT) + exﬁi(ga)%)] }
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New approach: MiNNLOps

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

(NLO) (1) 2 (2)
do as(pr) | dopy as(pr) dopy
* + _
NLO (Ftjet): @ g = on [d@deJ +( or ) | d®rdpy

o MINLO: g =et-sool{ 2522 [qgrnr] (1o 252 isoar) + (252) [sirar] )
) =2 |~ 2 (Aleula) % + B(ou(0) counting:
Ala) = zzj (%)’“m Blow) = 22: (;“_;)’“Bw) | /AQ depiTozT(pT) In" % exp(—S(pr) ~ ol 7 (Q)
* analytic all-order formula: Dlpr) = _dig(iT>£<pT) i dfi](iT)
s — - d;T { exp[_s@T)]c(@B,pT)} + Ry(pr) = exp[—S(p:)] {D<pT> + exﬁi(ga)]}
et g ] (1210 () [ ] () i
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New approach: MiNNLOps

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

* NLO (Fjer): ori = o [dors |10 (e o |

d(I)deT 2T d®rdpr

. do as(pr) [ dopy 1Y as(pr) (1) as(pr)\* [ dops 1%
* MINLO 15.dp, eXp[—S(pT)]{ o [d(IDdeT] (l—i— 5 1S (pr)] )—i— Gy dDodpy
Q 2
S(pr) = / %(A(O‘S(Q))IH%+B(%(Q))) counting:
. 2 / " dpn L o (o) I 2T exp(—S(pr)) ~ o F(Q)
A(O‘S):Z<;_;.> AR, B(o@zZ(S—i) B®) N prT s \Pr 0 p Pr)) = Qs
k=1 k=1
_ dS(Z“T) d‘C(pT)
* analytic all-order formula: Dipr) = - dpr £lpr) + dpr

do  d
d®pdpr dpr

{exp[—s(pT)]L(@B,pT>} + Ry(pr) = exp[=5(p)] {D 7 )]}

ootstpon{ o) [ dmes 1% (1 o5, ) o

E e —— e e —— e ——————

MINLO
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New approach: MiNNLOps

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

(NLO) (1) 2 (2)
. dO’ Ozs(p ) dO'FJ Cks(pT) dO'FJ
* +iet): —FL  _ Gs\Pr
NLO (F ]et)' d®rdp; 27 [dCI)deJ + ( 27 d®rdp;

* MINLO: dgp exp[—s(pT)]{as(pT) [ dor, ](” (1+ as(ﬁT)[S(pT)](l)) N (Ozs(pT))Q [diiﬁ;]@)}

dPdpy 27 d®rdp; 2 27
s =2 [ % (Atwla)m % + Blasto) .
pr 4 ¢’ counting:
2 2 Qd 1 m "™ Pr g - m—”T'H
Afos) =Y <;_;>kA(k) B(a) = (;_;)kB(k:)’ /A pr_TO‘s (pr) In 1) exp(—S(pr)) =~ as (Q)
=1 k=1
_ dS(py) dL(pr)
* analytic all-order formula: Dipr) = - dpr £lpr) + dpr
do _ d . Rf(pT)
oy, — { exp[—5 (pT)]E(@B,pT)} + Ry(pr) = exp[—S(pq)] {D(m) T =S (0] }
S T d (1) S T S T ’ d (2) S T ’
oo ) (5 5000”) + (57 [qy | [f("r) 2 s e
MINLO missing terms

for NNLO accuracy
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MiNNLOps practical implementation
[Monni, Nason, Re, MW, Zanderighi 'l 9]

MiNNLOps master formula

do :exp[—sz(pT)]{%(pT) {d"“ ] N (1 4 2albr) [§<pT>]<”) + (%2(?))2 lggii] o (%z(f))g [D<pT>](3)FC°”(‘I’FJ>}

(2) 10

L)) — | L50)

dpr .

(3)
L) + [ 252

R (1) .
D) = — [dS(pT)] ool — [di;p)

(3)
_ 2 (A(l) In @ + B(l)) [L(p:)]®) + 2 (A(2) In Q" + B(2>> L(pe)] @ 4 240 111@_22 L(p)]©@ + [dﬁ(pT)]

pT2 Pr Pr 2 Pr Pr dpr

£kra) =3 d'ﬁ‘g > { (CK e £) Bken) (CV @ £17) + (61 @ £1) A (ko) (G2 @ 1) }

0]
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MiNNLOps results

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

Q+
ey z

¥ g -
do/bin [pb] Higgs@LHC 13 TeV 20 do/bin [pb] pp—Z—£*0 (on-shell)@LHC 13 TeV
T T T T o AN B B I A L B
2 | o : | s T T —
15 [ - e,
e B - ORI, L®  — MINNLOpg (he) A
05 I *:’ i eememan i A = . % ......... MINLO (Ihe) : : :
[ = === NNLO (MATRIX) . ] - s - === NNLO (MATRIX) ]
N R S :

P
do/dopinnLo

PS
! T r 7
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MiNNLOps features

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

* NO reweighting (NNLO corrections directly evaluated during event generation)

* analytic Sudakov suppresses low-pt region (integrable down to arbitrary low pr)
—> efficient event generation (only ~50% slower than MiNLO)

* NO merging scale (lower cut-off to switch from F+1-jet to F+0-jet NNLO)

* |eading logarithmic accuracy of shower preserved (pt ordered)

\/

well suited for any color-singlet process, e.g. VV production
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Conclusions

Diboson theory predictions under excellent control:

NNLO QCD done! = publicly available within MATRIX
NLO QCD corrections for loop-induced gg contribution

Intriguing results for combination with NLO EW

MATRIX+RadISH: powerful resummation framework
MiINNLOps: New NNLO+PS approach (no reweighting)

Ongoing and future work:

public MATRIX v2: NNLO QCD x NLO EW + gg NLO QCD
gg NLO QCD for Higgs interference in ZZ and WW

MiNNLOps for diboson processes
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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
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. i
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Marius Wiesemann (MPI Munich) Diboson production at the LHC: Precision phenomenology February 27th, 2020



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
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rcie— 0 extrapolation in MATRIX

[Grazzini, Kallweit, MW '17]

o/oxnLo — 17 pp — e et @ 13 TeV
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switch qT accuracy=l

switch T accuracy=0

Marius Wiesemann (MPI Munich) Diboson production at the LHC: Precision phenomenology February 27th, 2020



rcie— 0 extrapolation in MATRIX

[Grazzini, Kallweit, MW '17]

o/oxnLo — 17 pp — e et @ 13 TeV
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rcie— 0 extrapolation in MATRIX

+0.50

—0.50 E

—1.00 |

[Grazzini, Kallweit, MW '17]
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rcie— 0 extrapolation in MATRIX

[Grazzini, Kallweit, MW '17]

o/oxnLo — 17] pp — e et @ 13 TeV
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rce—0 extrapolation in MATRIX

[Grazzini, Kallweit, MW '17]
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rce—0 extrapolation in MATRIX

[Grazzini, Kallweit, MW '17]
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Combination: NNLO QCD and NLO EWY

[Grazzini, Kallweit, Lindert, Pozzorini, MW 'to appear]

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

da/deywlead [fb/GeV]

K —factor

da/daNNLo QCD — 1[%]

pp — e_,u,'*'l/uﬂe LHC \/g =13 TeV
F AN
1F §
1071 | é
102 3
1073 ?r
107 § g
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Lo | NLO EW —
- = NLO QCD 1z
10-7 L == NNLO QCD ]g
: —— NNLO QCD+EW 15
107® I == NNLO QCDXEW 12
L
0.5 |
- NLO EW /LO
02 F === NLO QCD/LO I
0.1 ¢ === NNLO QCD/NLO QCD . . .
0.05 " — high pr dominated by V+jet
+40 F 1
: q
+20 | E
0 fo— ,_| : 0
—20 T ] Dy
~40F === NNLO QCD e v .
—60 F 3 NNLO QCD+EW 1
_go | == NNLO QCDxEW E e+~ n (pT/mW)
I NNLO QCDXEW (+-ind. added) 3 ' S .
~100 | . ' — don’'t include Yy in
100 200 500 1000 2000

PT Wi [GeV] multiplicative combination!



Combination: NNLO QCD and NLO EWY

[Grazzini, Kallweit, Lindert, Pozzorini, MW 'to appear]

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

da/deywlead [fb/GeV]

K —factor

do/donnLo qep — 1[%]

pp — e ptu e

LHC /s = 13 TeV

prO(lillullzjeld by MATRIX + OPENLOOPS2
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2000

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

Sudakov suppression restored

high pr dominated by V+jet

q
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DE’

Z ~ In2(p/mw)

' — don't include Y in
multiplicative combination!

dO’/de,wlead [fb/GeV]

K —factor — 1 [%]

dO’/dO’NNLO QCD — 1[%]

pp — e pr e

LHC /s = 13 TeV

LO
NLO EW —
NLO QCD

NNLO QCD
NNLO QCD+EW
NNLO QCDxEW

produced by MATRIX + OPENLOOPS2
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NNLO QCDxEW

NNLO QCDXEW (v-ind. added) -

NNLO QCD T

100

200 500 1000
pTzwlead [GeV]

2000



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
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NNLOPS for WW

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

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

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

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

[Re, MW, Zanderighi 'l 8]

Validation at LHE level:

2. NNLO distributions for observables used for reweighting reproduced J

5 do/bin [fb/GeV] WW@LHC 13 TeV do/bin [fb] WW@LHC 13 TeV do/bin [fb] WW@LHC 13 TeV
105 T L | T U R | T §140 UL B 11— 140 T T T T T T T T T T
102 = 1120 } I 120  F :
. 1100 A 1100 |- CRE. .

s — . ] 8| . i
100 4 | e
i 60 | 4 B0 o Ja b .

-1
107 F MINLO (Ihe) 1 4 0 MiIiNLO (Ihe) 4 40 } - oo i

o F -~ NNLO : ---= NNLO ! ---- NNLO = F
10 £ — NNLOPS (Ihe) 12} — NNLOPS (lhe) 42+ A — NNLOPS (lhe) -
10-3d/d | \ | Od/dlll . I |, . Od/d" \ ] ] _

o/ao o/ao o/ao
1.3 NNLQPS' T T R | 105’\IINLOPS|| T T T T 1.27”" NNLOP'S T T T T T
1 = | —
0.8
0.6
0.4

0.2
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NNLOPS for WW

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

do/bin [fb] WW@LHC 13 TeV

160 T T 50
140 F e 45 oo

i 5 § = ':'TE':'T""T'T"T’T‘ : 1 40 ::., j
1 2 - . ; . e :- . . ) ) ) _ - .
0 i i e e o 35 £

do/bin [fb] WW@LHC 13 TeV

00 fF o= ke ) g TTTmmmImmm—————

- o] o MINLO (lhe) . 15 ;_ R MIiNLO (lhe)
Ar 1 - NNLO ™1 10E === NNLO i

ol [™  — NNLOPS(he) =7 ] sf  — NNLOPS(he)

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

______

0.95 N S N S

09F e B o I

085 ;_ R I e ey e e ceas _;

0.85 R L s e

) ) S N S E N N
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NNLOPS for WW

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

103 do/bin [fb/GeV] WW@LHC 13 TeV 104 do/bin [fb/GeV] WW®@LHC 13 TeV
R B A L SRR B T T T T T T T T T 5
; | z o T MINLO (lhe) ]
N : 1 NN 1
ol o T ] B
§ ::::::r:.:;:.:;,tt::::% :.:.:.j:‘i:-:i:-:',-:;;-:;: E :E
' T e MiNLO (lhe) 1 101 |
10° E=F"  ____ NNLO B - ]
; — NNLOPS (he) 1 102

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

[Re, MW, Zanderighi 'l 8]
Validation at LHE level:

|. NINLO distributions for other Born-level observables reproduced

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 1T+ T T 1 T 1 T T T T ' 3 T T T T T T T T T 3 LSRN B B B BB BLELELELE LR BRI
i T MiNLO (Ihe) of b MINLO (lhe) 45 | -§

102 L ---- NNLO ]10 ---- NNLO 1 40k ;
] — NNLOPS (Ihe) 3 — NNLOPS (hhe) § 5o E
i 110! ] 3 E

10’ 30 F 3
? 25 E E

10° ¢ ], 20 | 3
? ; 3 15 F = e MiINLO (Ihe) 3

107 ¢ 4 10 EEF -==- NNLO E
L s — NNLOPS (lhe)

10-2.1 P T | 1 1 1 1 1 -10-3 . I L I I 0F....|....|....|....|....|....|....|....:

do/d do/d

1.2 1.40(')NNLO|PS T T T 51.1 OOI\IINLOPSII UL LA L L

11 1.3F j1.05F 3

= 1.2

0.9 h:

0.8 of

07 8

06F E E

05:| PR SRR R R | 1 1 1 075

" 200 400 600 800 1000 400 600 800 1000 -4 -3 -2 -1 0 1 2 3 4
My [GeV] Prw- [GeV] Yw+

WW@LHC 13 TeV

103

102 |

10" [

WW®@LHC 13 TeV ;

da/bin [fo
o dolbinit]

- — NNLOPS (lhe)

1. MiNLO (lhe) A b T R B MiNLO (lhe) 20 B MiNLO (lhe) E
--=- NNLO 110 --=- NNLO 3 E ---- NNLO
— NNLOPS (lhe) 3 — NNLOPS (lhe) { 60 3

1100k E
110 | E
3102 L E E
107} 10 F ;
1 " 1 -1 '3 [ 1 1 1 1 P Y 1 1 O E 1 PR [T S TN I SO SR TR TR SN T T SO S N SR S S N

dO/dGNI\{LOPS

0
T T 1-4 T T T T T 1-1 T T T T
: 12
1 1.1¢ E-
7k 307 . S O
06 E 1 1 1 1 3 06 B oo by by by by L. P P | I | - P P
0 200 400 600 800 100070 100 200 300 _400 500 0 0.5 1 1.5 2 25 3
Mrww pr* [GeV] Ao,




NNLOPS for WW

[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 ' ! '

e MINLO

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

not completely fair comparison yet:

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

— full comparison will be done

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

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

0.8 Erim S E

0.6 §

0.4 .
0 20 40 60 80 100

Prww [GeV]

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

[Re, MW, Zanderighi 'l 8]

Phenomenological results:
A®Dp,.w (IR sensitive)

do/bm [fb] WW(fiducial-noJV)@LHC 13 TeV do/bin [fb] WW (fiducial-JV)@LHC 13 TeV
— MINLO I—-‘ 1 102 _ ......... MiNLO : : : : g
---- NNLO F ---- NNLO
10% | — NNLOPS [ — NNLOPS | | ™
I | ' B B 10" L N S— = :
. no ]et veto applled N with jet veto
10" | e N I
lMlﬁuﬂlﬁ‘. PR ST T [T WO TR TR T NN TR ST SO TN NN SN TN TN S N T T S T i 1 PR
zdc/doNNLOPSI e 2d0/d0NNLOPSI | | | .
- NNLOPS (Ihe) | | | ] - NNLOPS (Ihe) i ]
: | B 15F B
1 : IVEEnE
O5F i R e et L RE
e o TR RS : I ’-
[ L. 1 Ly .
OO 0.5 1 1.5 3
Aq)ll,vv

— NINLOPS corrects regions sensitive to soft-gluon effects
— jet veto can turn observables sensitive soft-gluon emissions everywhere
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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¢]




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)

R<(I)FJ7 (I)rad)
B(®gy)

* POWHEG (F+jet): (0) = / A1 A0 B(Pry) [prgm)o«bm)+prg<pT,md> o<<1>FJJ>]

* NLO+PS (Ftjet): B(®.) = [B(®w) + V()] + / A®raq R(Prs, Praq)
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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)

* POWHEG (Ftjet): (0} = [ d®ndbuaB(on) [prgm)()(cbm)+prg<pT,md>R<§?iI;i;ad)o<<1>FJJ>]
* NLO+PS (Ft+jet): B(a) = [B(®r) + V(4] + / A®yaq R(Pry, Prag)
* MiINLO+PS: B(®p) = ¢ S [B(®p)) (1 + [S(pr)] V) + V(®ry)] + / AB,0q R(Ppy, Draq)e 5 P7)

S =2 | ? da (A<as<q>> m< | B<a8<q>>) ,

pT q q
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MiNNLOps results

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

v 4
- H

g

Higgs@LHC 13 TeV

Higgs@LHC 13 TeV

do/bin [pb]
_ pr;, >30 GeV

i — MINNLOps
MiNLO'

| ' | ' | |
: 100 L Prj, >30 GeV -
10l L e .
] 10-2 . — MiNNLOpS rrrrrrrrrrrr =
----------------- MINLQ'
10-3 B Lo ! ! ! .

|
do/dOMINNLOpg
————S

— —t — —

OO0 =
DNOO == NDWR
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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 B | MiNNLOp
: i Mo MiNLO'

s _

109 e T T T T e
dO/doMiNNLOpS dC/doMiNNLOpS
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— 070" (on-shell@LHC 13 TeV » do/bin [pb] pp—Z—£%0" (on-shel)@LHC 13 TeV

B 10 ' S
16 [ Pr; >30GeV oo — - F pr;, > 30 GeV

14 _ .................................... _- [ ________

o b R 101 -

O“.".|...|...|...|...|...|...|...|...imf‘”.- 10-1 A T I I I I I
dO/doMiNNLOpS dc’/dOMiNNLOPS

137111 T T T T T S BB S R i R R B B LB BRI i EELE N -

1.1

1f
0.9F
0.8}
0.7 b
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MiNNLOps practical implementation
[Monni, Nason, Re, MW, Zanderighi 'l 9]

MiNNLOps master formula

i ~ootso {2 [f52] " (o) « (322 [fg2] ¢ (322) oo}

JE(CI)FJ)

Fcorr (I) _ :
¢ (Or) = Sty [ AL, Jy (94,0 (pr — pr' )0 (Pp — P)

Z/dq);JG((I)/FaPT/)FeCOH((D;J) = /d(I)F dpzG(Pr, pr) X Z/d(p;‘J(S((I)F — ®L)d(pr — pr ) F (D) = /dCI)F dprG(Pr, pr)
¢ ¢

Jo(®py) = | MF? ()| 2 (19 £, P M (@) ~ | MF (D) ]|? Po(Praq) » Ji(Pry) = Po(®raq) (F1 £ 1),
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MiNNLOps scale variation
[Monni, Nason, Re, MW, Zanderighi 'l 9]

do.sing d _
= —< exp|—S L

* require scale invariance (up = Kp pr, U = K py) separately for ingredients
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MiNNLOps scale variation
[Monni, Nason, Re, MW, Zanderighi 'l 9]

do.sing d _
= —< exp|—95 L

* require scale invariance (up = Kp pr, U = K py) separately for ingredients

i Q 2
% sudakov S(pr) = 2/ %(zﬁl(ozs(q))lnq—2 +B(ozs(q)))

F|2 _ - ~
* |luminosity factor L(k:1) =) A Jo > { (Cc[?] ® f;;[“]) H (kr1) (C[bi = fa[b]> }

c,c! 1,7
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MiNNLOps scale variation
[Monni, Nason, Re, MW, Zanderighi 'l 9]

do.sing d B
= —< exp|—S L

* require scale invariance (up = Kp pr, U = K py) separately for ingredients

i Q 2
% sudakov S(pr) = 2/ 4q (A(ozs(q))ln—2 +B(ozs(q))>

pr q q
AP (KR) =A@ + (2780) AWM In K2,
B®(Ky) =B® + (2760)BY In Kx? + (2780)% np In K>

. d|M72, ol = )
* luminosity factor  £(ku.) = Y “r = 3 { (CK & £ A (ke) (CF @ 1) }
F

c,c! 1,7
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MiNNLOps scale variation
[Monni, Nason, Re, MW, Zanderighi 'l 9]

do.sing d _
= —< exp|—S L

* require scale invariance (up = Kp pr, U = K py) separately for ingredients

i Q 2
% sudakov S(pr) = 2/ %(zﬁl(ozs(q))lnq—2 +B(ozs(q))>

=A@ 4 (278p) ANV In K2,
—B® + (2780) BV In K2 + (2760)? np In K2

. d|M72, ol = )
* luminosity factor  £(ku.) = Y “r = 3 { (CK & £ A (ke) (CF @ 1) }
F

c,c! 1,7
HY(Ky) =HY + (27 60)np In Kz

A (k) =A@ + dnp (

CW(z,Kp) = CV(z) — PO (2)In K32,

CP(2,Kp, Ky) = CP(2) + 6PV (2) (In? Kp? — 2In K2 In K3%) — PY(2) In K2
+ %(P@ @ POY(2)1In? K2 — (P9 @ CW)(2)In K2 + 278,C W (2) In K2,

[D(pe)]® (K, Kz)

T 58 In” KR2 + 7T261 In KR2> +2HW (1+np)nBoln KR2
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P e PT resummation
fi

[Collins, Soper, Sterman '85]

) 00
@ dU(pT) _ pT/ del(pr) G_S(bo/b)ﬁb(Qb/bO) |
0)

F|2
eu@b/in) = 3 S S (0w 1) s Qe (2o 1) |

c,c/ 1,7
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PT resummation

do (pT)
dP.

:pT/ dbJy (bpr) e Ly (Qb/bo)
0
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PT resummation

do (pT)
dP.

:pT/ dbJy (bpr) e Ly (Qb/bo)
0

— eS(pT){[fb(pT) (1 - %SN(PT)S/(PT) T %S”’(pﬂ)
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PT resummation

do (pT)
dP.

:pT/ dbJy (bpr) e Ly (Qb/bo)
0

B® s B® — B® L 2¢,(AM)2 4 278, HD,
redefiningg ~ H® — F® — F® {20, A0 RO | §<3A<1>7T50
C2(2) 5 CP(2) = CP(z) — 2¢3AV PO (),
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PT resummation

do(pr > —
dgli) :pT/O dbJ1(bpr)e S(0o/%) £ (Qb/by)
=500 L) (1= 8" o) (pr) + 357 (00))

B® 5 B® — B® 4 2¢,(AM)2 4 278, HD,
redefining:  H®) A = H) 4 2G40 B0 1 AV,
C2(2) 5 CP(2) = CP(z) — 2¢3AV PO (),

do

40, eXp[_g(pT)]ﬁ(pT)
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PT resummation

do(pr > —
dgli) :pT/O dbJ1(bpr)e S(0o/%) £ (Qb/by)
=500 L) (1= 8" o) (pr) + 357 (00))

B® 5 B® — B® 4 2¢,(AM)2 4 278, HD,
redefining:  H®) A = H) 4 2G40 B0 1 AV,
C2(2) 5 CP(2) = CP(z) — 2¢3AV PO (),

d(iIDUdeT — d;%{ eXp[_g(pT)]ﬁ(pT)}
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New approach: MiNNLOps

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

(NLO) (1) 2 (2)
do as(pr) | dopy as(pr) dopy
* + _
NLO (Ftjet): @ g = on [d@deJ +( or ) | d®rdpy

* MINLO: 1%~ = exol-stonl{ ) [ oo | N (1+ 22501 + (%553“)2 e ; |
) =2 |~ 2 (Aleula) % + B(ou(0) counting:
Alas) = 22: (22)"a®,  B(ay) = 22: (&) 50, /AQ depiTaT(pT) In" % exp(~S(pr) ~ ol F (Q)
* analytic all-order formula: Dlpr) = _dig(iT>£<pT) i dfi](iT)
s — - d;T { exp[_s@T)]c(@B,pT)} + Ry(pr) = exp[—S(p:)] {D<pT> + exﬁi(ga)]}
s {242 ] ) (400 (27 (42 ]
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New approach: MiNNLOps

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

* NLO (Fjer): ori = o [dors |10 (e o |

d(I)deT 2T d®rdpr

. do as(pr) [ dopy 1Y as(pr) (1) as(pr)\* [ dops 1%
* MINLO 15.dp, eXp[—S(pT)]{ o [d(IDdeT] (l—i— 5 1S (pr)] )—i— Gy dDodpy
©dq Q?
S(pr) = / ?(A(O‘S(Q))lnq_?+3(a8(q>)) counting:
2 o /Qd Lo (pr) 0 2L exp(—S(pr)) ~ 0l T F (@)
g\ Qg T Qg (D7 — — 7)) ~ Qs
A(O‘S):Z<§> AR, B(as):Z(%> B®) N p e p O p p
k=1 =1
_ dS(Z“T) d‘C(pT)
* analytic all-order formula: Dipr) = - dpr £lpr) + dpr

do  d
d®pdpr dpr

exp|—S(pr)|L(Pg,pr) p + Rf(pr) = exp[—S(pr)] ¢ D(pr) + Ry(pr)
)]

ootstpon{ o) [ dmes 1% (1 o5, ) o

E e —— e e —— e ——————

MINLO
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New approach: MiNNLOps

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

(NLO) (1) 2 (2)
. dO’ Ozs(p ) dO'FJ Cks(pT) dO'FJ
* +iet): —FL  _ Gs\Pr
NLO (F ]et)' d®rdp; 27 [dCI)deJ + ( 27 d®rdp;

* MINLO: dgp exp[—s(pT)]{as(pT) [ dor, ](” (1+ as(ﬁT)[S(pT)](l)) N (Ozs(pT))Q [diiﬁ;]@)}

dPdpy 27 d®rdp; 2 27
s =2 [ % (Atwla)m % + Blasto) .
pr 4 ¢’ counting:
2 - Qd = a7 (po) " 2 S(pr)) = m_nTH(Q)
oS (@A, e (@, et eInt Ger(-Se) =
=1 k=1
_ dS(py) dL(pr)
* analytic all-order formula: Dipr) = - dpr £lpr) + dpr
do _ d . Rf(pT)
udp, de{exp[—S(pT)]E(@B,pT)} + Ry(pr) = exp[=S(pr)] {D(m) T ol S(pT)]}
S T d (1) S T S T ’ d (2) S T ’
oo ) (5 5000”) + (57 [qy | [f("r) 2 s e
MINLO missing terms

for NNLO accuracy
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MiNNLOps practical implementation
[Monni, Nason, Re, MW, Zanderighi 'l 9]

MiNNLOps master formula

i et {22 ] (o) (22 2] (20 i

X {prg(/\) + / dcbradprg(pT,rad)R(?(&;q)gad) } +O(a3)

g
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MiNNLOps practical implementation
[Monni, Nason, Re, MW, Zanderighi 'l 9]

MiNNLOps master formula

do :exp[—sz(pT)]{%(pT) {d"“ ] N (1 4 2albr) [§<pT>]<”) + (%2(?))2 lggii] o (%z(f))g [D<pT>](3)FC°”(‘I’FJ>}

(2) 10

L)) — | L50)

dpr .

(3)
L) + [ 252

R (1) .
D) = — [dS(pT)] ool — [di;p)

(3)
_ 2 (A(l) In @ + B(l)) [L(p:)]®) + 2 (A(2) In Q" + B(2>> L(pe)] @ 4 240 111@_22 L(p)]©@ + [dﬁ(pT)]

pT2 Pr Pr 2 Pr Pr dpr

£kra) =3 d'ﬁ‘g > { (CK e £) Bken) (CV @ £17) + (61 @ £1) A (ko) (G2 @ 1) }

0]
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MiNNLOps practical implementation
[Monni, Nason, Re, MW, Zanderighi 'l 9]

MiNNLOps master formula

i ~ootso {2 [f52] " (o) « (322 [fg2] ¢ (322) oo}

JE(CI)FJ)

Fcorr (I) _ :
¢ (Or) = Sty [ AL, Jy (94,0 (pr — pr' )0 (Pp — P)

Z/dq);JG((I)/FaPT/)FeCOH((D;J) = /d(I)F dpzG(Pr, pr) X Z/d(p;‘J(S((I)F — ®L)d(pr — pr ) F (D) = /dCI)F dprG(Pr, pr)
¢ ¢

Jo(®py) = | MF? ()| 2 (19 £, P M (@) ~ | MF (D) ]|? Po(Praq) » Ji(Pry) = Po(®raq) (F1 £ 1),
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