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Multiboson production

Standard Model Total Production Cross Section Measurements [Ldt
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WZ production

Standard Model Total Production Cross Section Measurements [Ldt
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The method
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1. EVENT GENERATION:
1. generation of NNLOqcp+PS results using MiNNLOps
2. generation of NLOgw+PS results using POWHEG

2. APPLICATION OF THE SHOWER:

non trivial treatment, dedicated veto procedure is needead

3. A-POSTERIORI RECOMBINATION:

different possible matching schemes for QCD and EW corrections
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NNLOqcp+PS events

1) Generation of NNLOqcp+PS results using MiNNLOps [Monni, Nason, Re, Wiesemann, Zanderighi "19]

. o R
MINNLO FJ
dGF PS — d(I)FJBMlNNLOpS X {prg(Apr) + JdQIadApr(pT’rad)B_H}

BMINNLO,s e‘s{dafﬁ})(l +S1) 1+ do® 4 (D - DV — DO) }

o Up to order O(a*a?).
o No loop-induced gluon-fusion contributions.

o Important NNLO corrections (10-15%), due to radiation zero eftect at LO (= vanishing of the
leading helicity amplitudes in some kinematic regions).
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NLOEw+PS events

W %
U > My/ u - £,+Z/fy
dv i ¢
] zlv _ 4
d < d %
/as
2) Generation of NLOgw+PS results using POWHEG [Nason, '04] [Frixione, Nason, Oleari, '07]

W D DW RF
dalg’ s = dPBPY® x {prg(/\pwg) + Jd@radApr(pT,rad)B—F}

RPWE (1) (2)
B = daF + daF

© Up to order O(a).
o Real radiation corresponds to photon radiation.

o No photon-photon contribution at this order.

o Photon-quark contributions are not considered (formally, they are O(a®L)).
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Matching with PY8

We let the QCD and/or QED showers radiate in whole the phase space and then we apply a veto

procedure.

NNLO@cp+PS :

« QCD shower is restricted by the transverse momentum of the hardest QC
Les Houches level (default in POWHEG).
* QED shower is unconstrained.

N LOEw+ PS :

e QCD shower is unconstrained.

D emission generated at

« QED shower is restricted by the transverse momentum of the hardest QED emission generated at

-SR from W decay, FSR from Z decay).

_es Houches level (POWHEG multiple-radiation scheme — three different starting scales for ISR,
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Combination of QCD&EW

ADDITIVE SCHEME MULTIPLICATIVE SCHEME

NNLOcp + NLOgy — LO NNLOcp X NLOgy/LO

O(ah), O(a'a,), O(a*a?), O(a®) O(ah), O(a’a,), O(a*a?), O(@), O(a’a,), O(a’a?)

o The multiplicative scheme is preferable in the high energy limit, where EW Sudakov-logs are
dominant and dominant QCD effects arise at scales below the hard scale. =& QCD factorizes

o This assumption is violated when giant K-factors are present (= hard vector-boson+jet
topologies, with a soft second vector boson).

o The average of the two schemes can give a pragmatic estimate in these regions.
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Combination of QCD&EW

. (QCD, QED) (QCD, QED),g (QCD, QED),. _ (QCD, QED)
ADDITIVE: 1. NNL()QCD PS +NL()EW Ps — 1.0 pS — NNLOQCD+EW PS

(QCD, QED) (QED)ps _ 1 n(QED)
2. NNLOQ %% + NLO s — LOQEDks

3. NNLOGY VP + NLO 9P — LOQCD)ks

MULTIPLICATIVE: 4. NNLOg¥ > x NLORy % /LOQCD- Qs — NNLOY, = Ps

QCD

5. NNLOWP:QEDes o NLO(E?SD)PS/LO(QED)PS

QCD NOTATION:
(QCD, QED) (QCD) (QCD)
6. NLOEW PS % NNLO OCD PSILLO PS (N)NL O(Y)PS
X
(QCD) f.o. f.o.
7. NNLOQCD P X NLOE(\)V/ LO™ X = QCD,EW calculation

Y = QCD,QED showers (PYS8)
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Phenomenological results
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WZ: resu ItS (1 ) [Lindert, Lombardi, Wiesemann, Zanderighi, S.Z., '22]
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WZ: resu ItS (1 ) [Lindert, Lombardi, Wiesemann, Zanderighi, S.Z., '22]

pp—e*e” ut v, ,@LHC 13 TeV
AL L L L
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effects of secondary i e e

photon emissions are

negligible in this case
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WZ: resu ItS (2) [Lindert, Lombardi, Wiesemann, Zanderighi, S.Z., '22]
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WZ: r-esu ItS (2) [Lindert, Lombardi, Wiesemann, Zanderighi, S.Z., '22]

do/dmee [fb/GeV]  pp—e* e” ut v,@LHC 13 TeV
L IS L
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o o i > PS
- inclusive setup 10°| | @ NNLO,,
L - 5 o CD.QED)
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dd'I\'N.LC?S’&ch?EE).”I_Hl_lll_l

Large eftects from
collinear QED radiations

(~40%), which are
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WZ: results (2)

Invariant mass of
the Z boson
- inclusive setup

(QCD)
@ NNLO OCD PS

® misses important
QED-QCD eftects
originating from QED
emissions on top of the
NNLO calculation =
DISCARDED

Silvia Zanoli
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109
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[Lindert, Lombardi, Wiesemann, Zanderighi, S.Z., '22]

do/dmee [fb/GeV]  pp—e* e” ut v,@LHC 13 TeV
-t = -ttt rr
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D
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WZ: results (3)

LEGEND:

(QCD,QED
@ NNLOS s

(QCD,QED)
‘ NNLOQCD+EW "
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. NNLOQCDXEW "
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QCD

Silvia Zanoli

100 do/dmg [fb/GeV] pp—e*e” ut v, @LHC 13 TeV

N@QCDQED)s —
NNLOG R T e

R (QCD,QED)pg S T o L
NNLOQCD+QED SRR | o
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[Lindert, Lombardi, Wiesemann, Zanderighi, S.Z., '22]

do/dmgy [fb/GeV]  pp—ete” put v ,@LHC 13 TeV
E 1 ; ; o T T ? 7

my; -

| Oge,

C QCD
——— NNLO(QCD.QED)pg

E- —— NNLOQCD,QED)pg

~ QCDxQED

Sbaest |

/ QED)pg
do dONNLOg(?B QED)

- I I : I I I I : : : I : : 7
- fiducialsetup
L e B S S AR 00 0 R SRS HAA s Wl
e e e ity YT e SN MR R
- e e — — = —— 1 R R P : =

S O SRS S
- S — 1= *Z{ —_— -3

- NNLO®SDRs .

u ecb o o TR
- L i R R - g

do/dopNL o@eD.aed)s

QCD+QED

JH ? ! ? ? ;
R R U S R R S SRR URE
E . S - 3
e N SO R SR N Sy B
S S T e
- : : : : : e —LT_' i'_“l
E (QCD)pg ) (f.0.) e
NNLO@®ks x K-NLOfe) e —

- NNLOGSO®®re x K-NLOGr

F L
100 1000
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WZ: resu ItS (3) [Lindert, Lombardi, Wiesemann, Zanderighi, S.Z., '22]

100 do/dmgy [fb/GeV] pp—e*e” utv,@LHC 13 TeV 100 do/dmgy [fb/GeV] pp—e*e” utv,@LHC 13 TeV
? ! i ! ! F ? i ! — 1

LEGEND: 10° - Myy-

02 o . fiducial setup a

1fiducial setup :
(QCD,QED) 10° |
@ NNLO -, oty

@ NNLOQRED-QED)s 10:2 Fo NNLO%%%Z:»S
QEDHEW 10 E — NNLOGh oep°

oA (QCD,QED)
(QCD,QED) 10 NNLO PS
® NNLO s i

QCDXEW - ————————FW effects substantially increase
@ NNLOW Dls

do/donN| O@cD.aeD)s
1. L ; ? n
QCD 1.3} inclusivesetup
1 : : :
1

4 Q?D
SF i N o
P 5 Sh—— A T YN T 0 8 % PR G I S, R g ——
(QCD) fo. 1E 5 5 e Y N
@ NNLOSE s x Ko, |

o my-
—inclusive setup

gl — ~dallielleliol — =

QCD

7777777

S ; ] I yQCD)ps el
Qcb o S - . o NNLOQCD e TR

o/do QED)ps
do/donnLoges ey

05 E - NNLOGrs

n the inclusive case, Sudakov- | 06 d0/dONNLOceo oo

QCD+QED

ogs are suppressed (not all
the Mandelstam invariants are

- ____ _

——— - T -

large in the very forward

regime). These regions are

0.7 F - NNLOGE s x K-NLOGEs = NNLOGE, ©™r x K-NLOg,, > S

F L . . ] F L
100 1000 100 1000

removed by fiducial cuts.
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Combination of QCD&EW

. (QCD, QED) (QCD, QED),g (QCD, QED),. _ (QCD, QED)
ADDITIVE: 1. NNL()QCD PS +NL()EW Ps — 1.0 pS — NNLOQCD+EW PS

(QCD, QED) (QED)ps _ 1 n(QED)
2. NNLOQ %% + NLO s — LOQEDks

3. NNLOGY VP + NLO 9P — LOQCD)ks

MULTIPLICATIVE: 4. NNLOg¥ > x NLORy % /LOQCD- Qs — NNLOY, = Ps

QCD

5. NNLOWP:QEDes o NLO(E?SD)PS/LO(QED)PS

QCD NOTATION:
(QCD, QED) (QCD) (QCD)
6. NLOEW PS % NNLO OCD PSILLO PS (N)NL O(Y)PS
X
(QCD) f.o. f.o.
7. NNLOQCD P X NLOE(\)V/ LO™ X = QCD,EW calculation

Y = QCD,QED showers (PYS8)
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Combination of QCD&EW

OUR DEFAULT PREDICTION:

(QCD, QED) (QCD QED) (QCD, QED),. _ (QCD, QED)
NNL()QCD PS X NLO PS/LLO PS NNL()QCD = PS
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results (4)

pp — ZW* — £00'vy @LHC 13 TeV

—¢— ATLAS data
—+ = NNLOG&h /™ (MiNNLOps) w/0 MPI

—t— NNLOSZ /& ™ (MiNNLOps) with MPI

=+—_—

Silvia Zanoli

8 ||||‘||||‘|||| |

p% [GeV]

A(Tﬁd' [ﬂ’)]

Ratio to MiNNLOpg

10

1.3
1.2
1.1

0.9
0.8
0.7

[Lindert, Lombardi, Wiesemann, Zanderighi, S.Z., '22]
[ATLAS data from Eur. Phys. J. C 79 (2019)]

pp — ZW= — 000'vy @LHC 13 TeV

—¢— ATLAS data

—+ = NNLOSZ, /& ™ (MiNNLOps) w/0 MPI _

$ o T NNLOSE S ™ (MiNNLOps) with MPI
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resu ItS (4) [Lindert, Lombardi, Wiesemann, Zanderighi, S.Z., '22]

[ATLAS data from Eur. Phys. J. C 79 (2019)]

pp — ZW* — L0l'vp @LHC 13 TeV pp — ZW* — £00'vy @LHC 13 TeV
é‘ B | | | ‘ | | | ‘ | ’é“ - | | | ‘ | | | | ‘ | | | | ‘ | | | | ‘ | | | | ‘ | | | | ‘ [ _]
E i = + QEAI:A‘OS(S;?QED)PS (MiNNLOps) w/0 MPI | 2 |+ ATLasd _
S - T . i ps) W/0 S T (QCD,QED) - ———
3 . NNLO%?D, AN VNN Ope) with MP! S T = NNLOGoppw  (MiNNLOps) w/0 MPI
10t — + QCDXEW PS — | —+— NNLOGS3w™ (MiNNLOps) with MPI |
= ] ]
i ] ———
- ] 101 __ —_
1 |— _ - | e -
o B4ttt = SN S ] T S T T S A
3 E- = 1.1 E- t N
% 2= —4— | ! E % 105 - | Tt _ ¢ I\ | —=
g 09 E I = 2o E =
o 08 E —= o °8°9 = —
- 0.7 = — += Q. — —
é Og = | | | | | | | = &S Og = ENENENE B RN IR SRR A=
' 200 400 600 00 0 0.5 1 1.5 2 2.5 3
m%v 2 [GeV] |Apwz|
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Conclusions
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Conclusions & Outlooks

» NNLO+PS accuracy is state of the art for theory computations
» Supplementing NNLO QCD calculations with EW effects is the new frontier for precision physics
» | discussed how to reach NNLOqcp+PS and NLOgw+PS accuracy with an a-posteriori reweighting

» | showed phenomenological results for WZ production in the fully leptonic decay for a 13 TeV LHC
analysis, showing the impact ot EW eftects for different combination schemes. The multiplicative
scheme with both QCD/QED showers switched on is our best prediction.

» Outlook: combined generation of NNLO(QCD) and NLO(EW) results matched to parton showers
without an a-posteriori reweighting.
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Thank you!
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inclusive setup fiducial setup

Z-mass window | 66 GeV< m_+.- < 116 GeV im+.- —myz| < 10GeV

prex > 15GeV, pr, > 20GeV,
lepton cuts n.| < 2.5, mpw > 30GeV,
AR +.- >0.2, AR+, >0.3
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WZ production

CURRENT STATE OF THE ART:

‘Z NLO EW calculation [Bierweiler, Kasprzik, Kihn (2013), Baglio, Ninh, Weber (2013)]

[Biedermann, Denner, Hofer (2017)]
M NNLO QCD calculation [Grazzini, Kallweit, Rathlev, Wiesemann (2016), (2017)]
[ NLO QCD + NLO EW matched to Parton Showers ‘Chiesa, Oleari. Re (2020)
M NNLO QCD + NLO EW combination [Grazzini, Kallweit, Lindert, Pozzorini, Wiesemann (2020)]

THIS TALK:

[J Combination of NNLO+PS (QCD) with NLO+PS (EW) computations
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WZ: results (4)

LEGEND:

(QCD,QED)
@ NNLO{ZDQEDrs

(QCD,QED)
® NNLOQCD+EW A

(QCD,QED)
» NNL()QCD W

(QCD)
® NNLO ocp

(QCD)
» NNLO ’s % KL,

Silvia Zanoli

dcr/demISS [fb/GeV] pp—>e e” u Y @LHC13 TeV

QCDQED) B
NNLOQCD .

— (QCD,QED)pg
NNLOQCD QED

R (QCD,QED)pg ;
I\INLOQCD QED -

dO/dONNLOSSBQEDI

o/do s
dofdonnLogessdr

P | n
—_——— =
N T . -

- NNLoggg s x K- NLO“’ e R
0.7F NNLO(QCDQED S X K NLO(QED R

QCD o
100
Pr.miss [GeV]

[Lindert, Lombardi, Wiesemann, Zanderighi, S.Z., '22]

dcr/demISS [fb/GeV] pp—>e e” u V @LHC13 TeV

QCDQED)S- o
NNLOQCD P

N (QCD,QED)psg
I\INI‘OQCD QED

R (QCD,QED)pg ;
NNLOQCD QED

o/do
do/d NNLOgggQEDI o
_xflduc.l.al..se.t.up wwwwwww SO 5 5 S RN D N O

4
[
1

----- NNLoggg < x K-NLOLS?

NNLOSED =P x K- NLO(QED

QCD 1 L1
1 OO
Pr.miss [GeV]
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WZ: resu ItS (4) [Lindert, Lombardi, Wiesemann, Zanderighi, S.Z., '22]

do/dem,SS [fb/GeV] pp—>e = u Vu@LHC 13 TeV do/dem,SS [fb/GeV] pp—>e e~ u Vu@LHC 13 TeV

LEGEND: 10° |

(QCD,QED)
@ NNLO D) o

— QCDQED)PS' o L
NLOGES e

N (QCD,QED)psg
NNLOQCD QED

R (QCD,QED)pg
NNLOQCD QED

(QCDaQED)PS ] S
‘ NNLOQCD+EW 103 | - NNLogggOEmps

——— NNLOQCD.QED)pg

D ED 10-4 | QCD+QED
@ NNLOZZ DS F T NNLOGERE
10" ; : I U R

do/donN| oac0acon - do/dGNNLoocooEo
‘ NNLO(QCCI?)PS 1.2 NNLOQCD T T T g L L LR 1-2 = T ; T
2 B = ) 3 flduc.l.al..se.t.u.p \\\\\\\ ST 1 VU N

: :}7 T*;
P . .

(QCD)
» NNLO ’s % KL,

o/do s
, doldonnwogeaame

P | n
e
————————— ——

© is affected by giant - S

0.8 --- NNLoggg = x K-NLOS 0.8F --- NNLoggg exKNLOL)

O7F - NNLOGEZ*™r x K-NLOG™ LY 07 NNLoggRxkNLOgRR L

10 o0 1000%0 100 1000
Pr.miss [GeV] Pr.miss [GeV]

K-factors
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M i N N LO PS [Monni, Nason, Re, Wiesemann, Zanderighi "19]

MiNNLOps starting point : analytic all order formula D(py) = aS(pr) ZL(py) + d-2(pr)
/' dpr dpr
do d : : R{(pr)
—_—— —5(pr) » R — »—5(pr) D _ — —
dDdpn  dpr { e (Pr) } f(pT) e [ (pr) PRI l

d A _n+1
Pt Q

+ (D(pT) - DW(p;) - DQ)(W) + reg}

(1) 2
— e—g(pT){ (D) [ dog, l (1 | a(pr) [S](1)> 4+ (“s(PT)> [ dog;
21 27

Calculation embedded in the POWHEG formalism: /_\A
POWHEG Sudakov for

Ry } the emission of the first

MiNNLOpe > MiNNLO
dUF = d(DFJB 1 e {prg(prg) T Jd¢radprg(pT,rad)B_m (hardest) radiation

NNLO accurate <_/

in F = MiNNLO _S (1) (1) 2) (1) 2) &;mp Lifiey
B s~ e 4 dog (1 + S ) +do; + (D - D'V —-D ) “Qf’aéécm.’
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