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Perturbative expansion for hard scattering process:
do = dopo + agdonLo + agw doNLO EW

2 2
+agdonnLo + apw dONNLO EW + saEw AONNLO QCDXEW

+asdonsro + - - .



FO

AO

Precision

Status of theory predictions for
single bosons, diboson, and multiboson

/

V

N3LO QCD
+ NLO EW
+ NNLO QCD-EW»

NNLO+NSLL

NNLO QCD x PS
NLO QCD+EW x PS

~1%

v

VV

NNLO QCD
+ NLO EW

NNLO+NS3LL

NNLO QC

) X PS»

NLO QCD+EW x PS

~1-10%

\

VVV

NLO QCD
+ NLO EW

NLO QCD x PS

~10%



Status of theory predictions for
single bosons, diboson, and multiboson

e | \

V VV VVV
Jets +ets VV+iets
QCD / \EW/VBF QC[?/ \ EW/VBS
FO NNLO QCD NLO QCDnm NLO QCD NLO QCDs2

+ NLO EW + NLO EWa + NLO EWa)




Some recent selected highlights:
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Inclusive DY up to N3LO [See talk by Caola]
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= \ery similar behaviour in CC and NC DY

=
é - N W+ = At large Q scale variations bands are
cossfyt ~ nicely overlapping, i.e. convincing convergence

0.96 of perturbative series.
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Mixed QCD-EW corrections to NC-DY production

e Complete O(as a) corrections still beyond current two-loop technology
® -Oor precision in resonant region: expand around M2

da (1
qb 7

Non-factorizable On-shell production x decay On-shell production
[Dittmaier, Huss, Schwinn, "1 4] [Dittmaier, Huss, Schwinn, " 5] [Buccioni, Caola, Delto, Jaquier, Melnikov, Rontsch, "20]
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Mixed QCD-EW corrections to CC-DY production

[Buonocore, Grazzini, Kallweit, Savoini, Tramontano, "2 | |
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» Apart from 2-loop virtuals (included in pole approx) everything is exact at O(aga)
» Comparison against factorised (NLO QCD x NLO EW) ansatz

» Question: comparison against factorizable corrections.



DY at finite pT at NNLO+N3LL

[E. Re, L. Rottoli, P Torrielli; 2104.0/509]

| | | | | | 101 -

102
S 109
0o 103
(D * £ — 3 .
: N3LL—|—NNLO, W/ recoil :@. N LL+NNLO, W/ recoil
— 107* Y N°LL’4+NNLO, w/ recoil ~ 107" SN N°LL'+NNLO, w/ recoil
S w b
% s ATLAS data E f=s ATLAS data

10°
~
S = 102
% 10-6 LNNPDF3.1 (NNLO) NNPDF3.1 (NNLO)
= 13 TeV, pp — Z/~*(— Te7) + X 13 TeV, pp — Z/~*(— £747) + X

1077 ATLAS fiducial 1072 FATLAS fiducial

uncertainties with ug, urp, Q variations I uncertainties with ur, up, @ variations

10—8< | | | | | | ] 1 1 1111l ] 1 1 1111l ] 1 1 1111l ] ]

1.10 v I I I I I i:{‘.‘l‘ ;g;‘:‘;::ﬂ 1.10 II 1 1 1 IIIIII 1 1 1 IIIIII 1 1 I 1T 1T Il
@ % =50 0% 7/
g 1.05 § 1/ 4% % — g 1.05 =
O 5 NN\ N N N ~ §§ T
O P S NN S N .+$§:§§‘.;37?i§3§5\‘§&‘:;\~ - X O
£ 1.00 (el EGre ISl S 285 00 g + 1.00 = 0@ =@
o AR %‘ sl &ggz’”119/)}9¢ 0
% 0.95 4 % 0.95 |
a at

0.90 | | | | | | , 0.90 1 L g vl 1 L g vl 1 1 Lyl 1 Ll L1t

0 10 20 30 50 100 200 500 1000 1073 102 101 10Y
pfz [GeV] b,

e O(5%) shift due to ““ (finite a% contributions)

e remarkable theory with data agreement at the tfew% level
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VV Exp vs. Theory Status
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lalls, tails, talls,.... !

Off-shell I—I|ggs Direct searches
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—Theory precision is key to harness full potential of LHC data!



dO‘/de,V2 [fb/GeV]

K-factor

dO’/dO‘NNLQ QCD — 1[%]

NNLO QCD + NLO EW for dibosons: p V2

[M. Grazzini, S. Kallweit, IML, S. Pozzorini, M. Wiesemann; |91 2.00068]
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do /dpr v, [fb/GeV]

K-factor

dO‘/dO‘NNL() QCD — 1[%]

Glant QCD K-factors and

pp — U T vp Dy
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-\VW corrections: p V|

[M. Grazzini, 5. Kallweit, IML, S. Pozzorini, M. Wiesemann; |91 2.00068]

*NLO QCD/LO=2-5! ("giant K-factor’™)



do /dpr v, [fb/GeV]

K-factor

dO’/dO‘NNLQ QCD — 1[%]

Glant QCD K-factors and EW corrections: p1V |

[M. Grazzini, 5. Kallweit, IML, S. Pozzorini, M. Wiesemann; |91 2.00068]
pp — U T vp Dy

1 1.7

baseline cuts

*NLO QCD/LO=2-5! ("giant K-factor’™)

*at large pIVI1:VV phase-space I1s dominated by V+jet (w/ softV radiation)
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00 200 _— f(%%\/] 1o * Pragmatic solution II: apply jet veto to constrain Vj toplogoies

pT\/\ * Rigorous solution: merge VVj incl. EW corrections with VV retaining NNLO QCD + E\/\//é



do /dpry, [fb/CGeV]

K-factor — 1 [%]

— 1[%)]

Glant QCD K-factors and EW corrections: p1V |

[M. Grazzini, 5. Kallweit, IML, S. Pozzorini, M. Wiesemann; |91 2.00068]

*NLO QCD/LO=~<1.5 (*normal K-factor’)

*very small NNLO / NLO QCD corrections and ~5% NNLO uncert
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MEPS @ NLO QCD + EW

[Bréuer, Denner, Pellen, Schonherr, S5chumann; "20]

*“Rigorous approximate solution™: merge VV| incl. approx. EVV corrections with VV with Sherpa’s MEPS@NLO
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°S MC: NNLO QC

D+

S forVV via MINNLOps

[Lombardi, Wiesemann; Zanderighi "2 ]
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* Latest implementation does not require computationally expensive reweighting required earlier
* Also avallable for 2Yy: - 2010.104/8 [Lombardi, Wiesemann; Zanderighi '20]

* Alternative NNLOPS approach available for ZZ in GENEVA [Alioli, Broggio, Gavardi, Kallwetit, Lim, Nagar, Napoletano ‘2 1]
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https://arxiv.org/abs/2010.10478
https://arxiv.org/abs/2010.10478
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PS5 MC: NLO QCD +

[Chiesa, Re, Oleari "20]
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* Missing: photon-induced channels
* Question: NLO (QCD + EW) PS (QCD + QED) / (NLO QCD PS QCD) x NLO EW ?
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[M. Grazzini, S. Kallwelt, |. Y. Yook, M. Wiesemann, WW. 20, ZZ: "2 | ]

NLO QCDgg

[Alioli, Ferrario Ravasio, ML, Rontsch, "2 1]
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*0oWW/ggZZ @ NLO QCD + PS available!
(VV-cont,, H=VV & interference)

*Very good data agreement with
NNLO OQCD + NLO QCDgg + NLO EW
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NL(I)Oé—l-OAS—'_PS(II,OfS =
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| | | |
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M(ptp~) [GeV]

* Missing: photon-induced channels

* To be investigates: NLO (QCD + EW) PS (QCD + QED) / (NLO QCD PS QCD) x NLO EW

Parton shower Monte Carlos: NLO QCD + EW PS

++++++++++++++++++++++++++++++ ++++++++++++++++++++++++++++++ **************************** NLO (QCD + EW) PS (QCD + QED)/

NLO QCD PSS (QCD + QED)”

NLO (QCD + EW) PS (QCD + QED)/

NLO QCD PS QCD”
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VV+2jets production

Note: severe QCD background to VBS signatures + interference:

L s TE e }<

do = do(aza®) 4+ do(asa®) + do(a

QCD-background interference

B8S-signal

LO
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VV+2jets production

Note: severe QCD background to VBS signatures + interference:

L s TE e %

do = do(aza®) 4+ do(asa®) + do(a . LO
QCD background &terfere@{ VBS-signal

+d0(ozsoz +d0 (a%a”) + do(aga®) + o(a’) NLO

\ NLO QCD” “NLO Ew" “NLO QCD" "NLO EW"
__— han

= separation formally meaningless at NLO
= strictly well defined measurements: fiducial cross sections
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"W ZZ+2jets @ NLO QC

D+

-W

[A. Denner, R. Franken, M. Pellen, 1. S5chmidt; '20]

QCD and EW SS—WWjj at NLO QCD+EW: [Biedermann, Denner, Pellen " 6+ /]
EW WZJJ at NLO QCD+EW: [Denner, Dittmaier, Maierndfer, Pellen, Schwan, ' 9]

LO

— NLOEW
NLO QCD
NLO EW+QCD

e e N o N B

200 400 600 800 1000 1200 1400 1600 1800 2000
M;,j, 1GeV]

*) — 6 particles at NLO EW |

Order O(a®) + O(a’) O(a®) + O(aga®)  O(a®) + O(a’) + O(asab)
%1j2 > 100 GeV
oxtolfb] 0.08211(4) 0.12078(11) 0.10521(11)
5[%] —15.9 23.6 7.7
M, ;, > 500 GeV
Lo D] 0.06069(4) 0.07375(25) 0.06077(25)
6| %0] —17.6 0.1 —17.5

*|In the VBS phase-space EW mode recelves:

pvery small QCD corrections (
» O(20%) EVV corrections

percent level)
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do/dm; ;, [pb/GeV]
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*QCD: negative K-factor (increasing for large mijj),

QCD and EW V+2jets @ NLO QCD + EW.
[IML, 5. Pozzorini, M. Schdnherr,; to appear soon|

QCD-mode

pp — {74~ +2jets at 13 TeV

== LO22 (QCD)
~— LO22 + NLO32 (NLO QCD) —

= LO22 + NLO23 (NLO EW)
— LO22 + NLO32+23 (NLO QCD+EW)

| l l | l l | | | I | | [ [ 11
1000 2000 3000 4000
Mj jp [GeV]

uncertainty ~20-25%

o E\W: up to -10% in multi TeV

pb/GeV]

[
=
O

v

AARRARNRARO RS "'|'[‘['|""| AL AR |

do/dmj;

Ratio
o
o0

eQCD: very small K-factor at large mjj,

-VW-mode

pp — {70~ +2jets at 13 TeV

=== LOo4 (EW)

~— LOo4 + NLO14 (NLO QCD)
= LOo4 + NLOo5 (NLO EW)
— LOo4 + NLO14+05 (NLO QCD+EW)

"

— [
| I
| I—
 E— _'I;: |
—1
!I_Iﬁ;_l_l_
| l l |||||||||||||||
1000 2000 3000 4000

Mj, j, [GeV]

uncertainty ~10%
EW: up to -20% in multi TeV
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V+2jets ratios @ NLO QCD + EW
[IML, 5. Pozzorini, M. Schdnherr,; to appear soon|
QCD-mode -\VW-mode

pp — vi+2jets / pp = £ v, + 2 jets at 13 TeV pp — vi+2jets / pp — £ v, + 2 jets at 13 TeV
NRE — —
— | | | | | | 1T 1T 11 | T 11 ||||||||||||||| TTTTTTTTT |||||||L_L — | | | —
- = 1.5 — —
- — LO E 14 E- —— EWLO 3
= —— NLO QCD s ; = — EW NLO QCD =
— —— NLO QCDPS mu=SMETS . CE E
- = T o112 —
= = ~ - -
= = 1.1 iﬁ—|_|__l_m =
e ey SN o G : 1E e = -
- N 0.9 | —
g T !1dloo! I !Z!dlozoa!aaaa;g@(&)anaxgﬁgngg@g”i 0.82 ! %1O||001 AR %2%0||O%O%%%%‘|%é%()'lok('g%HE!{%)'H(%)H%'%@H@
3 M1, [GeV] " Mj jy GeV}
- —— QCDNLO QCD E 14t — EWNLOQCD E
- —— QCD NLO QCD+EW - - —— EW NLO QCD+EW -
- —— QCD NLO QCDXEW = . P — EWNLOQCDXEW =
5 E § et -
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o ~few 9% correction on the ratio doe to QCD corrections
e~ |-29% corrections on the ratio due to EVV corrections

*tiny QCD+EW vs. QCDxEW uncertainties on ratio
*comprehensive study of theoretical uncertainties on Zww/Wen ratio

(transfer factor) allow for significant improvements in H—invisible searches




Conclusions

* Many exciting new results for nV(+jets) processes pushing theory

V

VV

/ L L Z

Miles
DY D

NLO OC

O (QCD + EW) +
NLO QCD PS via Mi

O QC

Dog PS Is aval

V+jets / VV+jets

e QC

precision to the O(1-10%) level

one N3LO results
recision at the 19 level!

>S (QC

able

D+ Q

NNLO |

s beco

D + NLO EW avallable in MATRIX+OpenlLoops for all massive VV processes

-D) forVV avallable in POWHEG

mMing available for many VV processes

D and EW processes formally overlap at NLO

* EW corrections become dominant in VBF/VBS phase-space
» O(19) uncertainties in VBF-V ratios
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pp = L 0"'vy  LHC /s = 13TeV

| baseline cuts
100 f =3 H' <02 HP

0O 0.1 02 03 04 05 06 0.7 0.8 09 1
21 = PT,V,/PT.V,

pp = L 0'vy  LHC /s = 13TeV

WZ
101? PV, > 1 TeV 1
= | '
i 1 3
(@] F
'2_5 -
~_ 107!
3
102
1073 |
e E. ]

0O 0.1 02 03 04 05 06 0.7 0.8 09 1
21 = PTV,/PT.V,

ﬁ"‘iﬁﬁ

Glant K-factors and effect of jet veto

*at r2| = |: hard-VV topologies f@ii

/
*at r2| —0: hard-V] topologies T

efor pI'VI > | TeV: hard-V] topologies dominate over hard-VV

*Jet veto H%?t < Eveto H,ll?p corresponds to

pT7V1 — _pT,Vl for Sveto — 02

(violated by off-shell topologies)

* Jet veto results In phase-space dominated by hard-VV
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bkgd, 13 TV 1.0 |
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ucecC

WWV anc

// proc

uction

¢ |nterference with H—=VV

do/dmy, [fb/10 GeV]
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myy [GeV]

do/dmy, [fb/10 GeV]

do™™ /dmy, [fb/10 GeV]

160 180 200 220 240 260 280 300 320
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—ormally same order as NNLO QCD
e Enhanced due to gg flux

e Sizeable QCD corrections (formally N3LO QCD)
e For m4l < 340 GeV 1/Mt expansion reliable

0 | I
o -__‘_l_l—_'
—0.0005 - ﬁq 1o
—0.001 | LHC13, pt = mag/2 -
: Massive-Fmassless
—0.0015 ] Massless |
Massive
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