MAX PLANCK INSTITUTE %
FOR PHYSICS ap0:54£

Combining NNLO QCD and NLO EW
corrections matched to parton showers
for WZ production using MiNNLOps

Based on [2208.12660] J. Lindert, D. Lombardi, M. Wiesemann, G. Zanderighi, S.Z.

Silvia Zanoli
Max Planck Institute for Physics

Radcor2023 - Crieff - 1st June 2023



Multiboson production
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* Fundamental for testing the gauge
structure of the EW sector and its
interplay with the scalar sector.

e Access to triple/quartic gauge
couplings, which may be modified
by new-physics effects.
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. 7
WZ production WA— ]

CURRENT STATE OF THE ART:

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

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

‘Z NNLO QCD + NLO EW Combination [Grazzini, Kallweit, Lindert, Pozzorini, Wiesemann (2020)

THIS TALK:

] NNLO+PS (QCD) calculation using MiNNLOps
[J Combination of NNLO+PS (QCD) with NLO+PS (EW) computations
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NNLO+PS accuracy e

o MINLO'+ reweighting [Hamilton, Nason, Zanderighi "12]
o (3eneva [Alioli, Bauer, Berggren, Tackmann,Walsh, Zuberi 13, + subsequent papers]
o UNNLOPS [Hoche, Prestel '14]
MiINNLOps
F F+J F+JJ

F@MiNNLOps NNLO NLO LO

o No computationally intense reweighting

o No unphysical merging scale

o LL accuracy ot the shower preservea

o Numerically efficient | | o
[Monni, Nason, Re, Wisemann, Zanderighi "19]
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H ) MAX PLANCK INSTITUTE G
POW EG [Nason '04] FOR PHYSICS Kf 3

POV _ B(cbn)dcbn{ A@,, A) + AD,, py) R(;IZZII’)(I))’”) dd),,}

POWHEG Sudakov for

the emission of the first
(hardest) radiation

B(® ) =B(®,)+ V(D) + JdCI),,[R(CI)nH) — (D,
R(®,, D))
B(®D,)

A(D,,pr) = exp{ — Jd¢; O(pr — PT)}

F F+J F+JJ

pt-veto on subsequent emissions
F@POWHEG | NLO LO LL generated by the shower
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O | . . . .
M | N LO [Hamilton, Nason, Oleari, Zanderighi 12] MAX PLANCK INSTITUTE %)é

B(®,) = ¢S (B(d)n)(l + a(p)S1V) + V(D) + Jd(b,,[R(CI)nH) - C(cpn+1)]>

Q2d2

S(py) = J el lA((x (g*))log % - B(a (qz))l A= i (ﬁ)kA(k) B — i (&)kB(k)
S P ¢ o) o7

- Finite result for F+J production when the jet is unresolved

+ Prescription in the choice of the scales i, and . (up = pp ~ py)
- NLO accuracy for observables inclusive in F and F+J

F F+J F+JJ

FJ@MINLO’ NLO NLO LO
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M | N N LOPS [Monni, Nason, Re, Wisemann, Zanderighi 119] = MAXPLANCK INSTITUTE Kf

ds d<
D(p,) = (Pr) L(py) (Pr)
/ dpr dpr
do d : < R{(pr)
=— e Z + R(py) = PP D(py) + ——| =... =
d® . dpr  dpr { e (PT)} f(pT) € [ (Pr) . S(pT)]
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M | N N LOPS [Monni, Nason, Re, Wisemann, Zanderighi 119] = MAXPLANCK INSTITUTE %)é

dS(p,) d<Z(pr)
/» D(py) = dlf L Z(py) dpp -
T T
do d < < R{pr)
ooty = dpr ¢ 0 |+ o = | + 25 <.
FYY'T T e P\ Pr
" dpr Pr _3 m—13L
—a"(pp)n" —e P ~ O 2
Pr ! O ( )

+ (D(pT) — DW(p;) - D(z)(pf)) + reg}
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M | N N LOPS [Monni, Nason, Re, Wisemann, Zanderighi 119] = MAXPLANCK INSTITUTE %)é

ds d<
D(pp) = = LD () + 0
/ 2 dpr
do d : < R{(pr)
=— e Z } + R(py) = e D(py) + ——| =... =
dD -dp, de{ (Pr) f(PT) (Pr) T
" dpr Pr _3 m—13L
—a"(pp)In" —e (Pr) ~ O a2
Pr o Q ( )

RFJ

MiINNLO D Mi
dUF PS — d(I)FJBMINNLOpS X {prg(Apr) + Jd@radApr(pT,rad)B—H}

BMiNNLOPS N e—S{dalg})(l + S(l)) + dalg) + (D — D(l) _ D(z)) }
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NNLOqcp+PS and NLOgw+PS

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 needed

3. A-POSTERIORI RECOMBINATION:

different possible matching schemes for QCD and EW corrections
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NNLOqcp+PS predictions s pox e S

gt Vax
W 14
"+ +7— ) ] WWW{ Ve 7% ’ w+ L +Z/7
pp = lul7 "+ X i : g
_ 3 J
14

1) Generation of NNLOqcp+PS results using MiNNLOps

. _ R
MINNLO i FJ
dUF 1 PS — d(I)FJBM NNLOPS X {prg(Apr) —+ Jd¢radApr(pT’rad)B_H}

BMiNNLOPS N e—S{dalg})(l 4+ S(l)) 4 dalg?) + (D _ D(l) — D(z)) }

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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NLOgw+PS predictions s grrre S

gt Vax
W 14
"+ +7— ) ] WWW{ Ve 7% ’ w+ L +Z/7
pp = lul7 "+ X i : g
_ 3 J
14

2) Generation of NLOgw+PS results using POWHEG

w DDW RF

RPwWE — q~(D) (2)
B = daF + daF

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

o No photon-photon contribution at this order.

© Photon-quark contributions are not considered (formally, they are O(a’L)).
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Matching with the shower PY8 acoumexnemrre W< (@

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

NNLO@cp+PS :

« QCD shower is restricted by the transverse momentum of the hardest QCD emission
generated at Les Houches level (as commonly done in POWHEQG).
* QED shower is unconstrained.

N LOEw+ PS :

e QCD shower is unconstrained.

« QED shower is restricted by the transverse momentum of the hardest QED emission
generated at Les Houches level (POWHEG multiple-radiation scheme — three different
starting scales for ISR, FSR from W decay, FSR from Z decay).
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Combination of OCD&EW

ADDITIVE SCHEME

O(at), O(a’*a,), O(a*a?), O(a”)

MULTIPLICATIVE SCHEME
NNLOgcp X NLOgy/LO

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 QC

D 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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NNLOocp+PS and NLOgw+PS combinations T

ADDITIVE:

MULTIPLICATIVE:

1. NNLOG s 4 NLO ™ 9P — LOWQCD: QED)s — NNLOGY > 2 ePs
2. NNLOSCC];) - QED)ps NLOSE%IVED)PS 1 O(QED)yq

3. NNLOZE s + NLO, ™ %52 — LOQCD)s

4. NNLO "7 x NLOy > P /LOQCP- Qs — NNLOSY, > P
5. NNLOG” 27" x NLOgy s /LO@Ps NP
6. NLOY 2 s x NNL0§CC§>PS/L0<QCD>PS NINLO Qﬂps
/- NNLOg)CCI?)PS X NLOgy,/LO™ X = QCD,EW calculation

Y = QCD,QED showers (PY8)
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Phenomenological results (1) awe o nrmere

Rapidity of o5 40/dVee o] ppe e [TV, OLHC 13 Tev

the Zboson 20} | i : OCD.OED,
- inclusive setup sf & ¥ T @ NNLOGo, ™

0F S Ep— NNLO ggg QED)pg e . NNLO(QCD QED)ps
[ | | ; QCD+EW
,  ——— NNLOQCD.QED)ps , ,

51 TR QCDIQED o hy (QCD,QED)
P - — NNLOggDQQE[;’S | T ‘ NNLOQCD EW FS

0
dO'/dO'NNLOQCDQED CD
1.1 e 2 e . ’NNLOSQCD)PS
[ mcluswe setup | | - NNLQ(OCD>PS 5

105F (QCD)
. ® NNLOZrs x KL,

095F

00
;- dF’,’ﬁ"’NNLOS@Bstss |

' 'ﬂu !

-7 \;FJ“ T hJﬁ
[
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Phenomenological results (1) awe o nrmere

pp—e*e” ut v, ,@LHC 13 TeV
L L L L

Rapidity of M
apidity o IS S R R R LEGEND:

the Zboson 20f e ; (OCD.OED)
- inclusive setup sf & ¥ T @ NNLOGo, ™

ol o N - .
2 (@00 R W QCD+EW
 —— NNLOQCDQED)es

5F QoD:QED” Ty CD,QED
O Almost no shape eftect A NNLogmes ® NNLOE?CDXSW Jps

. oLt e
O EW corrections are -3% do/donLogeoae (QCD)ps
1.1 R ® NNLO .
L inclusive setup | J— NNLO!QDes : Q

O Additive © and 3 | | | | oo™
109 B og e NNLO(QCD)PS % Kf.o.
. . . ::t~q e e W gy Tl s f ey I ﬁgquluﬂg}ri: EW
multiplicative ® schemes are g o e e i QCD

o5 4%/dVee (] —

L
|

almost identical RPN =il ek i A b
O Fixed-order K-factor @ is in 0.9

o/do QED)ps
, 4 doMdonnLogs s

! L LA L S N BRI BLELELELEN BLELELLN
L —=- NNLOSG%®»rs x K-NLOG2)
1.05 :‘m‘ﬂﬁ%pi """""""" S S | Q g g e

excellent agreement —

effects of secondary photon

emissions are negligible for
0.95¢

this observable
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Phenomenological results (2)

MAX PLANCK INSTITUTE %
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(QCD)
® NNLOSE s

Invariant mass of
the Z boson

- inclusive setup 10° |

+ NLOGY PP — 1 OQCDes

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

107 ¢

. ~(QCD.OED)e
NNLO!GCD.ED)s
""""""""""""""""""""" e (QCD,QED)PS
NNLOQCD+QED
- (QCD,QED)pg
| NNLOQCDXQED |
! I L1 I
? ' ! ! ! ]
e el _ i Bl L L L ;77:71,;

' : QCD
08 MG e NMLOg
 dofdonniogeaces
1.1 ! | ! T T T | T T T T | T T T T | T , . : | r '
1.05 by oo
1 ,- - =
095F | i
L T NNLOQSPrs x K-NLOL)
oLt v v v v
70 80 90 100 110
Mee [GeV]

LEGEND:

(QCD,QED)
@ NNLO\Z DD

(QCD,QED)
NNLOQCD+EW "

(QCD,QED)
% NNLO opoew

(QCD)
® NNLO D

(QCD) f.o.
® NNLOZX P x KL,
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Phenomenological results (2)

MAX PLANCK INSTITUTE %
FOR PHYSICS 44055 1¢

Invariant mass of
the Z boson
- inclusive setup

® NNLOQ)rs 4 NLOQCDQEP)s _ [ 3(QCD)s

QCD

Large eftects from collinear
QED radiations (~40%), which

are absent in @

107 ¢

1071 L

0.95 :_ """"""""""""""""""""""""""""""" ; u; B _E
L T NNLOggB)Ps X K_NLOE.W)
oob—~_t o L L e L ]
0 80 90 100 110
Mee [GEV]

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

100 L

_ N ~(QCD.OED)e
NNLOGCD-A0ks
T S N (QCD,QED)pg T
E NNLOQCD+QED
1 _ (QCD,QED)pg
| NNLOQCDxQED |
' : L |
i ;_f::t;% tEf;ﬂ ,,,,,,,, . Il Tt oL S Y CELLL TG o
R TR RN :
“““““ L QCD ]
T RO L L L T— (QCD,QED)pg (QCD)pg
| 1 1 1 I 1 1 1 INILOIEYV 1 1 I -FI 6ININITOIQCID 1 E
s d (QCD,QED)
- NI\ILOQCD+QEDPS

LEGEND:

(QCD,QED)
@ NNLO\Z DD

(QCD,QED)
NNLOQCD+EW "

(QCD,QED)
% NNLO opoew

(QCD)
® NNLO D

(QCD) f.o.
® NNLOZX P x KL,
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Phenomenological results (2)

MAX PLANCK INSTITUTE %
FOR PHYSICS 44055 1¢

Invariant mass of
the Z boson
- inclusive setup

‘ NNLOSQCCI?)PS n NLO](F%SDaQED)PS _ LO(QCD)PS

® misses important QED-QCD
effects originating from QED

emissions on top of the NNLO
calculation = DISCARDED

107 ¢

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

100 pois s b 5
o : (QCD,QED) o
Jo- NNLOQCD PS
""""""""""""""""""" —— (QCD,QED)
NNLOGep'aep®
(QCD,QED)
NNLOQCDXQEDPS |
a =9 | , | |
o ? ! ! BN
1.1 QIQQJUSIVQSG’[UD———-_—
R T Bt TP T
1 == -ere = :
o9%9p L ,.|r B S -
08F g B ;'_;'—"l"""': """""""""""""" SR S g
! g —— (QCD) =
0.7 __é—'—-r NNLOQCD PS E
0.6 o G . (QCD,QED) (QCD)pg
| PRI BT .NlL(.)E\.N . P? + 6NNLOlQoD F:S ]
/ QED)ps
do C!OI'\IN'LO'SS'SSQTEB' — 1 T 1 T

095F ? -
L T NNLOQSPrs x K-NLOL)
09' N S S SR R TS S S RS S ST T
' 70 80 90 100 110
Mee [GEV]

LEGEND:

(QCD,QED)
@ NNLO\Z DD

(QCD,QED)
NNLOQCD+EW "

(QCD,QED)
% NNLO opoew

(QCD)
® NNLO D

(QCD) f.o.
® NNLOZX P x KL,
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Phenomenological results (3)

MAX PLANCK INSTITUTE %
FOR PHYSICS 44055 1¢
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Phenomenological results (3) awe o nrmere
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Phenomenological results (4) awe e pure
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Phenomenological results (4) awe e pure
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NNLOocp+PS and NLOgw+PS combinations T

ADDITIVE:

MULTIPLICATIVE:

1. NNLOG s 4 NLO ™ 9P — LOWQCD: QED)s — NNLOGY > 2 ePs
2. NNLOSCC];) - QED)ps NLOSE%IVED)PS 1 O(QED)yq

3. NNLOZE s + NLO, ™ %52 — LOQCD)s

4. NNLO "7 x NLOy > P /LOQCP- Qs — NNLOSY, > P
5. NNLOG” 27" x NLOgy s /LO@Ps NP
6. NLOY 2 s x NNL0§CC§>PS/L0<QCD>PS NINLO Qﬂps
/- NNLOg)CCI?)PS X NLOgy,/LO™ X = QCD,EW calculation

Y = QCD,QED showers (PY8)
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NNLOocp+PS and NLOgw+PS combinations

OUR DEFAULT PREDICTION:
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Comparison against data

MAX PLANCK INSTITUTE
FOR PHYSICS

Ap-Dez 4t

pp — ZW* — L0l'vy @LHC 13 TeV

ATLAS data from Eur. Phys. J. C 79 (2019)
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Comparison against data
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pp — ZW* — L0l'vy @LHC 13 TeV
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Conclusions and Outlooks il

O NNLO+PS (QCD) predictions are strongly needed for a realistic description of LHC events.
O MiINNLOgs is a powerful tool for reaching this accuracy.

O The inclusion of NLO EW corrections on top of the NNLO calculations is crucial.

O | showed and discuss results for WZ production at NNLO (QCD) and NLO (EW) accuracy
matched to parton showers for 13 TeV LHC collisions.

O The natural next step is the implementation of the combined generation of NNLO QCD anad
NLO EW accurate events, rather than an a posteriori recombination.
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O NNLO+PS (QCD) predictions are strongly needed for a realistic description of LHC events.

O MiINNLOgs is a powerful tool for reaching this accuracy.

O The inclusion of NLO EW corrections on top of the NNLO calculations is crucial.

O | showed and discuss results for WZ production at NNLO (QC
matched to parton showers for 13 TeV LHC collisions.

D) and NLO (EW) accuracy

O The natural next step is the implementation of the combined generation of NNLO QCD anad

NLO EW accurate events, rather than an a posteriori recombination.
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BACKUP
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Setup ek wgmrre. S
FOR PHYSICS Ap-Dyz 4ot

inclusive setup fiducial setup

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

prex > 15GeV, pr, > 20GeV,
lepton cuts 7| < 2.5, mpw > 30GeV,
AR +.- > 0.2, AR+, >0.3
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