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Importance of dibogon processes at LHC

% They can be measured very accurately (SM candle processes)

* Background to Higgs measurements and direct new-physics searches

% Important for indirect BSM searches (anomalous couplings/EFT)
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The need for high aceuracy ...

Diboson Cross Sectlon Measurements
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The need for MC event generators * oY

Precise and realistic LHC phenomenology requires full-fledged event simulations.

Hadronization + Decays

K~ AQCD
g
- Hard event
p~ Q> Agcp
Soft/pollinear =
radiation 3"
Apep<p <0 .

Pl
ynde?@?ng

events
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Fixed-order + PS aceurae T |

e NLO+PS (~10%): long-standing issue — standard today
e NNLO+PS (~1%): extremely challenging — no general approach _for involved processes

Hard event

p~ Q> Aocp

Soft/gollinear
radiation +

Agep <p <@ 7 .
ag( Matching
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NNLO+PS generator

LNNLO accuracy for observables inclusive over QCD radiation

LANLO(LO) accuracy for VV+1(2)jets observables

[ Resummation obtained by preserving the logarithmic accuracy of the PS

F+1 jet

F+ 2jets

F + 23jets

NLO

LG

(3
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NNLO+PS generator

LNNLO accuracy for observables inclusive over QCD radiation
LANLO(LO) accuracy for VV+1(2)jets observables

[ Resummation obtained by preserving the logarithmic accuracy of the PS

F F+1 jet F+ 2jets F + 23jets
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NNLO+PS generator

LNNLO accuracy for observables inclusive over QCD radiation

LANLO(LO) accuracy for VV+1(2)jets observables

[ Resummation obtained by preserving the logarithmic accuracy of the PS

F F+1 jet

F+ 2jets

F + 23jets

NNLO  NLO

LG
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NNLO+PS generator

LNNLO accuracy for observables inclusive over QCD radiation

M NLO(LO) accuracy for VV+1(2)jets observables

[ Resummation obtained by preserving the logarithmic accuracy of the PS

-3 MiNLO'

é )
NLO Merging: Inclugive O-jet crosg gection
o FxFx [Frixione, Frederix °12] , N ‘
« MEPS@NLO [Hiche, Krauss, Schinhers, Siegert °13] O0—jet E O>1—jet
o UNLOPS [Lionnblad, Prestel °12] % !
o MuNLO' [Hamilton, Nason, Oleari, Landerighi °12] :
|
o GENEVA [Alioli, Bauer, Berggren, Tackmann, Walsh, Zuberi L < et ! o out
’13], [Alioli, Bauer, Berggren, Tackmann, Walsh °15] 0 : 0
. W,
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NNLO+PS generator

LNNLO accuracy for observables inclusive over QCD radiation
M NLO(LO) accuracy for VV+1(2)jets observables » MiNLO
™ Resummation obtained by preserving the logarithmic accuracy of the PS =3 DOWHEQR

~
NLO Merging: Inclugive O-jet crosg gection
o I'xFx [Frixione, Frederix °12] ' B ‘
« MEPS@NLO [Hiche, Krauss, Schinhers, Siegert °13] 00—jet E O>1—jet
o UNLOPS [Lionnblad, Prestel °12] % :
o MuNLO' [Hamilton, Nason, Oleari, Landerighi °12] :
I
o GENEVA [Alioli, Bauer, Berggren, Tackmann, Walsh, Zuberi pp— ! LS geut
’13], [Alioli, Bauer, Berggren, Tackmann, Walsh °15] 0 : 0
\_ - J
a . )
NLO Matehing:
e M C@NLO [Frixione, Weber °02] . "‘ ‘
¢ ? Z1, L1 21 z’l Z’t’l ’/N g ’/'5 T
POWHEG [Nason 04] L H|+Z/ g t,/ i G
o RYkNLO [Jadach, Ptaczek, Sapeta, Siddmok, Skrzypek °15] (k=0
C MACNLOPS' [Nason, Salam *21] )
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NNLO+PS generator

y¥for observables inclusiwe over QCD radiation

fZNLO(LO)accumcv Jor VV+1(2)jets observables -2 MiNLO
™ Resummation obtained by preserving the logarithmic accuracy of the PS == DOWHEQG

Issue: interface NNLO calculations to PS by preserving the accuracy of the latter
Solution: different methods available (for colour singlets)

o MiNLO'+reweighting [Hamilton, Nason, Oleari, Zanderighi
’12,+Re °13], [Rarlberg, Hamilton, {anderight °14]

o GENEVA [Aloli, Bauer, Berggren, Tackmann, Walsh, Jubert
’13], [Aloli, Bauer, Berggren, Tackmann, Walsh °15]

o UNNLOPS [Hiche, Prestel °14]

o VINCIA sector shower [Campbell, Hiche, Li, Preuss,
Skands °21]
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NNLO+PS generator

| cp¥for observables inclusiwe over QUD radiation
ENLO/LO) accumm}fOr VV+1(2)jets observables > MiNLO
™ Resummation obtained by preserving the logarithmic accuracy of the PS =~ DOWHE G

Issue: interface NNLO calculations to PS by preserving the accuracy of the latter
Solution: different methods available (for colour singlets)

* MiNLO'+1¢meeektiflo [Hamillon, Nason, Oleart, Janderight  wee—t M|N N LOpg
’12,+Re °13], [Rarlberg, Hamilton, {anderight °14] > 21 M N o Wi
— onni, Nason, Re, Wiesemann,

o GENEVA [Aloli, Bauer, Berggren, Tackmann, Walsh, Jubert Zanderighi °19], [Monni, Re,
’13], [Aloli, Bauer, Berggren, Tackmann, Walsh °15] Wiesemann °20]
o« UNNLOPS [Hiche, Prestel °14] » 22 extengion /Lombardi,
_ Wiesemann, <anderight °20)
o VINCIA sector shower [Campbell, Hiche, Li, Preuss,
Skands °21] > [Mazzitellr, Monni, Nason, Re,

Wiesemann, <anderight °21, °22]
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(4
M'NN Lopg [Monni, Nason, Re, Wiesemann, {anderighi °19], [Monni, Re, Wiesemann °20)]

NNLO accuracy obtained by connecting MaNLO' with transverse-momentum resummation_formulae.
dares d
dPT d(DB dPT ‘

[ =D

¢ L _ e—S{D_I_ [dog, s, [d F lfo }

3 — res res

B(®p,) = dog” + [doglg,, — [dop . = [e—S] [e—5] = Hr ~ Hp ~ Pt

F : generic colour-singlet system f.o. ‘ Lo. , reqummation echeme
TR

e Lt =e{L'-SF} > ZL~H(CRNEICRS)
1 luminosity

Expand up to O(at?) : J'ﬁe‘Saé’f‘(pT)lagmg ~ O(a,” 2+1(Q))

1045 Pr

(2) smg

~a(pr) ~aX(py) ~a(pr)
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(4
M|NN LODS [Monni, Nason, Re, Wiesemann, {anderighi °19], [Monni, Re, Wiesemann °20)]

NNLO accuracy obtained by connecting MaNLO' with transverse-momentum resummation formulae.

dGI'eS B d
dpr d®y dpr

e Lt =e{L'-SF} > ZL~H(CRNEICRS)
\ 1 luminosity

=D

— UR ~ Hp ~ Pr

B(CI)FJ) = da{,es + [dog;l¢, — [do reS]fO = e‘S{D +
resummation echeme

I generic colour-singlet system

[dO-FJ]fo [d res]fo }
[e™]o.  [e™lto.

1— S(l)

_pO_pQ...

FF Include NLO corrections
for unresolved radiation

| \MiNLO' .

(D — DWW — D(z)) + regular}

"’C"s3 (Pr)

Preserve original
I~ 1jet accuracy
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S
MlNN LOPS [Monni, Nason, Re, Wiesemann, Landeright °19], [Monni, Re, Wiesemann °20]

NNLO accuracy obtained by connecting MaNLO' with transverse-momentum resummation formulae.

dares B d
dpr d®y dpr

e Lt =e{L'-SF} > ZL~H(CRNEICRS)
\ 1 luminogity

=D

_ _ [dog)eo.  [dopli,,
B(®,)) = do'* + [doy);, — [do™];, = e {D + _’;f L - f } > Uy ~ Uy~ Dy
[8 ]fo [6 ]fo

F : generic colour-singlet system ‘ s reqummation echeme
TR

FF Include NLO corrections
for unresolved radiation

B MiNLO' -

Beyond

accuracy

Include missing

NNLO ngredients

Preserve original
I~ 1jet accuracy
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MiN N LOpg : 2 _’2 ex*ension [Lombardi, Wiesemann, <anderight °20]

NNLO accuracy obtained by connecting MaNLO' with transverse-momentum resummation formulae.

dares B d
dpr d®y dpr

Hard function
'HD and HO |
| generally ;_
t flavour and |
- kinematic |

 dependent

) =7 -57) - Z ~HIC®f) (COf)
\ luminogity

=D

B(®p)) = dop* + [dogl¢, — [dops]s, = e_S{D +

I generic colour-singlet system

[dO-FJ]fo [d reS]fo }

[e™]o.  [e™lto.

~

1= _ph_pa...
Include NLO corrections Bevond
for unresolved radiation on
accuracy
_MiNLO" Dg /

N“s(PT) Nasz( Pr)

Include missing

NNLO ngredients

Preserve original
I~ 1jet accuracy
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MiNNLOpg: matehing to Parton ghower |

* Merging without unphysical merging scale

Brtinniop(Prp) ~ €7 {d"(FlJ) (1+5W) +dop )" + (D = DV = DP)(py) , r+ regular}

NNLO corrections are: e
J(Dp))

JdPg; J(Py) 8(pr = pp) (@ — Pp) §

% spread over the I+ Ljet phase space iy FoN (D)) =

» switched off at high transverse momentum pr> Q

*» Matching (NNLO+PS accuracy) obtained using POWHEG method

é )
d =B ) dPr, 4 A, (A A RPr) 4
GMiNNLOPS — MiNNLOPS( FJ ) FJ pwg( QCD) + pwg(p T,rad ) B ( ® ) rad
FJ
\_ W,
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NNLO+PS generators for Dibosons | &

NONNLOps has been extended to 2 — 2

colour-singlet processes

(built in POWHEG-BOX-RES).

The POWHEG BOX

Project

The POWHEG BOX is a general computer
framework for implementing NLO calculations
in shower Monte Carlo programs according to

the POWHEG method. It is also a library, where
previously included processes are made available J
to the users. It can be interfaced with all modern o ( . . .
shower Monte Carlo programs that support the ) ( FZVSZ Zmp Zemen tation Qf Z}l gen erator (b 0 L‘}Z
Les Houches Interface for User Generated NEw
proseses A 2 and Z — ov + aTGC @NNLO)
-
Available Pr . . c
varable Trocesses [Lombardi, Wiesemann, <anderight °20, °21]
¢ Higgs boson production in gluon fusion, P. Monni, P. Nason, E. Re, M. J
Wiesemann and G. Zanderighi, JHEP 05 (2020) 143, arXiv:1908.06987 [paper], - ( y N
P. Monni, E. Re and M. Wiesemann, Eur. Phys. J. C80 (2020), no.11, 1075, ,’ Ew [ N [A8Y, dﬁp?’O dC/Z Lo t/Z@ XS Iflﬂg WW
arXiv:2006.04133 [paper] . . .o
‘AN K generator [Lombardi, Wiesemann, Zanderight °21]
POWHEG-BOX-V2/HJ (inside HIMiNNLO subfolder) -~
¢ Next-to-Next-to-Leading Order Event Generation for Top-Quark Pair - J (
Production, J. Mazzitelli, P. Monni, P. Nason, E. Re, M. Wiesemann and G. ) ; ; ; ; f e
Zanderighi, Phys Rev.Lett. 127 (2021) 062001, arXiv:2012.14267 [paper], Top- ) NEW‘ ZZ gener ator wu‘/z mnc 0}l87’€7’lt C 07726272&&072 0] 4d
pair production at the LHC with MiNNLOpg, J. Mazzitelli, P. Monni, P. Nason, ) ‘ . .
E.Re, M. Wiesemann and G. Zanderighi, arXiv:2112. XXXXX [paper] A , and gg C}ZdnﬂelS [BUU?’ZOCT@ ]{00163 LOmdedZ) ROUO ZZ?
. S
POWHEG-BOX-V2/t). MiNNLO Wiesemann, {anderight °21]
e Advancing MiNNLOpg to diboson processes: Zy production at NNLO+PS, D.
Lombardi, M. Wiesemann and G. Zanderighi, JHEP 2106 (2021) 095, J
arXiv:2010.10478 [paper], Anomalous couplings in Zy events at NNLO+PS and ) - (
improving vvy backgrounds in dark-matter searches, D. Lombardi, M. ) ! , , 2
Wiesemann and G. Zanderighi, Phys.Lett. B XX (2021) XXX, arXiv:2108.11315 ) NEW ( yy genera tor [GdUd?’dZ) 0[66172, R€ 22]
[paper] aA_r
POWHEG-BOX-RES/Zgam]
e W*W- production at NNLO+PS with MINNLOpg, D. Lombardi, M. Wiesemann
and G. Zanderighi, JHEP 2111 (2021) 230, 2103.12077 [paper] J(
-
J

WZ generator including NLO EW corrections
e ZZ production at nNNLO+PS with MINNLOpg, L. Buonocore, G. Koole, D. -~ P and QED PS QFﬁCtS [Li?’lde?’t) LOmbCZTdZ; Wiesemdnn)

Lombardi, L. Rottoli, M. Wiesemann, G. Zanderighi, arXiv:2108.05337 [paper] -~ ) . -y
Landeright, Lanoli °22]

POWHEG-BOX-RES/WW]J )

POWHEG-BOX-RES/ZZJ
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ZY phenomenOIOQQ at the LHO [Lombardi, Wiesemann, Kanderight °20]

q—> Y
* relatwely large cross section ! et
% Z — eFe” event can be fully reconstructed Ty e
% presence of isolated photon — theoretically challenging
q e
* highly relevant as a probe for BSM (especially Z — vi) Z/y* g
q ot
/ Photon i1solation requirement: \
14 “* Lxperimentally needed to identify hard photons
Frixione qa 1 heoretically delicate definition of an infrared-safe

tsolation cross section

1 —cosé \"
2 Ejffad/part < E?aX((S) — g}/ pT,y . < ) ; Vo < 50

k hadlpart€s I = cosoy /
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NNLO+PS for Zy: Phenomenological results

Comparison to data: ATLAS 13TeV analysis

do/dpy, [fb/GeV] pp—'IM v@ LHC 13 TeV do/dm,,, [fo/GeV] pp—£2*2y@LHC 13 TeV
2L T T - T ' T ' T ' T T T y T T ,
10° F ATLASsetup-2  — MINNLOps (PY8.part) o' [ ATLAS-setup-2

101 L e MiNNLOpg (PY8,had)
: ; —e— data
— | 109

_1 : : : : : :
10 F— MINNLOpg (PY8party |

2 e MiNNLOpg (PY8,had)
. 102 | ' data
10
10-4 ! . ! . ! . E . E . E 10-3 I . I . I . I . I
do/dOiNNLOpg (PY8,part) do/dONiNNLOpg (PY8,part)
| S O . D O O SO A lepr—r— 7Tt r T T T T T T T
1%% J0 P S S SRS VRO MRS SRS SN OO SRR K B 105F o b e
T S T T I s S . I L ————
1.05 B e I ihlﬁﬁ """ E oosfp [ [ I+ ] T
05T e e 0.9 [ b i T
0 T T S S T Sl A S N O T T S S S S S ST S ST R
%0 40 50 60 70 80 100 120 150 200 300 5002000 "7 95 120 130 140 150 160 170 190 220 250 300 400 500 7002500
Pry [GeV] My, [GeV]

v MaNNLOps predictions in very good agreement with ATILAS 13TeV results,
based on the full 139fb-1 Run-2 data ([arXiv:1911.04813])!
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NNLO+PS for Zy: Phenomenological results

Comparison to data: ATLAS 13TeV analysis

do/dpy, [fb/GeV] pp—'IM v@ LHC 13 TeV do/dm,,, [fo/GeV] pp—£2*2y@LHC 13 TeV
2 S S S S ) T T T T T T
10 ATLAS-setup-2 — MINNLOPS (PY8 part) 10! LATLAS-setup2
101 L B MiNNLOpg (PY8,had) : ———g.

—e— data

_1 - - - : :
100 F— MINNLOps (PY8party |
2 e MiNNLOps (PY8,had)
PS

. 102 | ' data
10° : :
10-4 ! . ! . ! . E . E . E 10-3 I . I . I . I . I

do/dOiNNLOpg (PY8,part) do/dONiNNLOpg (PY8,part)

1.4 l l T l l l l l l T 3 1.2 Py T 1 T T T T T T T T T ]
JZE SN T {3 1.05
11F o o o T LpeT L S R o 1
1-0? Eaa = = = 1_ i‘_--'-lﬁlﬁ """ - 0.95 | A S T e e e | T
pg5r+ Mo el T o T
0 | | | | | | | | | 'j O | | | | | | | | | | | | | .

930 40 50 60 70 80 100 120 150 200 300 500 2000 '/795 120 130 140 150 160 170 190 220 250 300 400 500 7002500

Pry [GeV] My, [GeV]

v MaNNLOps predictions in very good agreeplent with ATLAS 131TeV results,
based on the full 139fb-1 Run-2 data (#rXiv:1911.04813])!

v Sensitwity to QED radiation
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ww EhenomenO'ogE at LHO [Lombardi, Wiesemann, {anderight °21]

% largest cross section among massiwe diboson processes

* duwrect access to anomalous triple gauge couplings

% no _full event reconstruction due to neutrinos — high-accurate theoretical predictions required

% analysis requires a jet-veto — theoretical modelling important

/_]e t-veto requirement: \

“* Lxperimentally needed to reduce top background

“ Theoretically involved definition of WW cross section, due to
diagrams with resonant top quarks and b final states:

» Interference with double-real diagrams

i " @ » Not separately finate for massless b quarks
splitting / l

4 flavour scheme (4FS) adopted (in good agreement with
L‘Olbtf?’ee SIS [Grazzini, Kallweit, Pozzorini, Rathlev, Wiesemann °17] )

Daniele Lombardi NNLO++PS predictions for diboson processes in MiNNLOps November 1st, 2022 | 22



NNLO+DPS for WW: Phenomenological results

Theoretical studies: inclusive phase space

> do/dp; - [fo/GeV] pp—8*vy £7vyp@LHC 13 TeV
:'"'I""I""l""!""""E

10

Einclusive-setup

1 01 - * .

L N ° [}
100 | v At lugh pr,y+ NNLO+PS and MiNLO
5 | B S 5 predictions agree
10" L — MiNNLOps (PY8)
J— MiNLOps (PY8) = | |
R NNLOPS (PY8) |
1002 L v 0 e v
1 do/doniNNLOpg (PYS)
1.05F : T PO R OB e
d;
0.95 IR SIS
00F st v Impmved descrzptm mn ‘L‘/ze low pr v+
0.85E. & region (both normalisation and accuracy)
(] — S e o R
075 S S T o
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NNLO+PS for WW: Phenomenological results

Comparison with resummation: jet-vetoed pr yy spectrum

do/dp; ww [fb/G.eV] pp—2*vy £"vy@LHC 13 TeV

: ’ 10 T T T T BN BLELEL AL BLEL AL BLELL AL BRI BRI
4 FZX@CZ’-O?’Q’W. becomes unphysical at low pr T MiNNLOps (PYS) _
and at the jet-veto threshold 8ly 5 NNLOPS (PY8)
g L - NNLO po=mr ww (MATRIX) |
SPSuC =5 l{ ----- NNLO+NNLL (MATRIX+RADISH)
6 W NLO+NLL (MATRIX+RADISH) ]

v Analytic resummation only partially cures
problems at low pr, not above jet-veto
cut
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NNLO+PS for WW: Phenomenological results

Comparison with resummation: jet-vetoed pr yy spectrum

do/dp; ww [fb/G.eV] pp—2*vy £"vy@LHC 13 TeV
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4 FZX@CZ’-O?’Q’W. becomes unphysical at low pr L MiNNLOps (PY8) _
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: D= 1oy

v Analytic resummation only partially cures
problems at low pr, not above jet-veto
cut

v  NNLO+PS results provide a more physical

description also above jet-veto threshold
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Z Z henomenOlO ai LHC [Buonocore, Koole, Lombardi, Rottol, Wiesemann, {anderight °21]

% smallest cross section among massiwe diboson processes, but very clean signature

* relevant for BSM searches

* amportant for constrarming the Higgs width and Higgs couplings

CTEQ6L

NNLO+PS using MiNNLOps *

=7 O+p 0=

e SEiead

lncoherent combmatzon — nNNLO‘I'PS

* also done in GENEVA Sramework [Alols, * Jurst independent implementation in [Aliol,
Broggio, Gavardi, Kallweit, Lim °21] Ferrario Ravasio, Lindert, Rontsch °21]
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nNNLO+PS for ZZ: Phenomenological results

Differential distributions
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v Sizeable effects from the inclusion of gg contributions in bulk regions
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nNNLO+PS for ZZ: Phenomenological resulis ?

Comparzson to data: CMS 13TeV analysis
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v o NNLO+PS predictions in good agreement with CM.S results, based on the al37fb! 13 1eV
analysis ([arXiv:2009.01186] )!
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nNNLO+PS for ZZ: Phenomenological resulis

Comparzson to data: CMS 13TeV analysis
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v o NNLO+PS predictions in good agreement with CM.S results, based on the al37fb! 13 1eV
analysis ([arXiv:2009.01186] )!

v CGonsistent inclusion of LW corrections to OnNNLO QCD T CL0 (Opw + 5QC135EW) ?

describe tails of distributions

OuNNLO 0CD

SRR RN R A :

—-— ol S P
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Summary:

Y NNLO+PS accuracy crucial for realistic and precise LHC phenomenology

Y Very good description of data by Zy MiNNLOps predictions

Y WW NNLO corrections efficiently included by MONNLOps without any a-posteriort reweighting
Y e NNLO+PS predictions in ZZ crucial for a physical description of data

v MaNNLOgps to all other diboson processes in the pipeline
Y Inclusion of gg@NLO+PS and NLO EW corrections
Y Systematically accounting for BSM effects (i.e with EFT approach)
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Thank you for your attention
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