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Motivation

* In Higgs offshell/MonoZ/High mass ZZ analyses, comparing to 41 channel, ££vv has high statistical
power, but highly depends on MET and recoil selections at reconstruction level.

* Experimental signal regions are not simply inclusive ZZ phase space. Dedicated high-order predictions
in analysis-like phase space can reduce theory ambiguity and improve interpretation.
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Current baseline and proposed upgrade
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For dominant irreducible qqZZ background, Run 2 CMS and ATLAS analyses typically use
NLO qqZZ samples.
Goal:

Provide high-precision differential qq —» ZZ — 212v prediction including NNLO QCD & NLO EW correction,
considering typical analysis-like phase space. Could be a standard theory prescription for LHC Run-3 llvv analyses.



Machinery setup

« MATRIX v2.1.0 calculates qq = ZZ — 212v up to NNLO QCD accuracy
* We validated our setup by perfectly reproducing reference results at 13 Te'V.
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Fixed-order alone 1s not enough

MET-like selections probe the recoil system

« Atreconstruction level, MET acts as a proxy for the neutrino system and overall recoil.

« Fixed-order predictions become unreliable when selections depend strongly on small-recoil variables. Calculations diverge
at pT,ZZ—0 due to soft/collinear gluon radiation, and suffer from infrared divergence.
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NNLO+NNLL with MATRIX+RadISH

Resummation sums these logs to all orders, replacing the divergence with a physical Sudakov Peak

« RadISH extracts the infinite-order log terms that diverge at small pT,ZZ , and rewrites them as an exponential
Sudakov Form Factor, with the precision up to NNLO+NNLL

ppeexnmnmx04(inclusive) ppeexnmnmx04(inclusive)
NLO_QCD NLO+NLL
< NLO+NLL 71 —— NNLO+NNLL
150 A —=== NNLO QCD
6,
100 A
S S
& 507 K .
g g4 As pT,ZZ -> 0, resummation
N o] =i N . . .
§ §, suppress the mfrareq divergence in
3 s 5 3 fixed-order calculations
1 2
—100 A B
1_
—150 A
D,
0.0 2:5 5.T0 7:5 16.0 li.S 15I.0 17:.5 20.0 6 2IO 4‘0 6b Sb 160

pr,zz [GeV] pr.zz [GeV]



Selected phase space

« Calculations are done in 1 inclusive & 2 analysis-inspired fiducial cuts.
* Inclusive:

* pr; > 2GeV,AR; > 0.05,AR,; > 0.05,mz; < 1000GeV

e Medium:
* pru > 20GeV,pry; > 15GeV, ARy > 0.05,AR,; > 0.05,mz; < 1000GeV

. my—m,(91.1876GeV)| < 15GeV
° MET > 80 Ge\/, Pru -~ 60 GeV

« Tight:
* pr; > 20GeV,pr; > 15GeV, 0.05 < ARy < 1.8,AR,; > 0.05,mz; < 1000GeV
« |my—m,(91.1876GeV)|< 15GeV
*  MET > 100 GeV, pry > 90 GeV, APprpiss > 2.4 7



Inclusive PS: XS comparison

LO NLO QCD NNLO QCD
113.0 b +/- 0.24 fb 151.1 fb +/- 0.44 fb 167.9 fb +/- 0.93 tb
(muR, muF unc.: +7.2% -8.3%) | (muR, muF unc.: +3.0% -3.1%) | (muR, muF unc.: +1.9% -1.8%)
NLO+NLL NNLO+NNLL
151.1268 tb 167.9504 b
(muR, muF unc.: +12.9% / -12.8%) (muR, muF unc.: +5.9% / -5.8%)

« Resummation does not create new events but redistributes kinematics across the spectrum, and smooths the soft
radiation correctly.

« Total XS should stays stable with fixed order calculations => Confirmed. NNLO/NLO total k-factor ~ 1.11



Inclusive PS: Distribution and NNLO/NLO k-factor
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In the inclusive phase space, k-factor remains stable and steadily increases, indicating a reliable QCD 9

perturbative expansion.



Medium PS: XS comparison

LO NLO QCD NNLO QCD
8.824 fb +/- 0.0023 tb 12.33 tb +/- 0.0068 fb 13.11 fb +/- 0.057 tb
(muR, muF unc.: +2.6% -3.6%) | (muR, muF unc.: +3.3% -2.7%) | (muR, muF unc.: +1.9% -1.7%)
NLO+NLL NNLO+NNLL
12.1170 fb 13.0800 fb
(muR, muF unc.: +9.6% / -9.6%) (muR, muF unc.: +3.9% / -5.0%)

NNLO/NLO total k-factor ~ 1.08
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Medium PS: Distribution and NNLO/NLO k-factor

ppeexnmnmx04(Cut 2) @ 13.6TeV ppeexnmnmx04(Cut 2)
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Tight PS: XS comparison

LO NLO QCD NNLO QCD

4.201 fb +/- 0.0011 fb 5.115 b +/- 0.0025 fb 5.090 b +/- 0.071 fb
(muR, muF unc.: +1.6% -2.6%) | (muR, muF unc.: +2.3% -1.7%) | (muR, muF unc.: +0.2% -0.3%)

NLO+NLL NNLO+NNLL
5.0452 tb 5.1148 tb
(muR, muF unc.: +8.2% /-9.3%) (muR, muF unc.: +3.3% / -4.6%)
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NNLO/NLO total k-factor ~ 1.01



Tight PS: Distribution and NNLO/NLO k-factor
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NLO EW correction

«  NLO EW corrections are also calculated consistently in fiducial selections using MATRIX v2.1.0

e (Corrections are calculated with MET and mT

« The correction can be delivered as differential k-factors and uncertainty variations.
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Inclusive PS: EW correction
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Medium PS: EW correction
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Tight PS: EW correction
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Summary and next steps:

= Summary:
»  Matrix+RadISH successfully resolves the infrared instabilities of fixed-order QCD in the 212v channel.
m  The NNLO+NNLL results provide the practical and reliable theoretical baseline for analysis.
m  Proposed scheme:
= We could develop a dynamic NNLO+NNLL xs as a function of pT,ZZ for a differential reweighting:
= Achieve NNLO accuracy in both the hard-scale normalization and the recoil kinematics.
= NLO EW correction is also provided matching selected phase space
= To-do towards the final QCD +/X EW corrections:
= [mprove calculation precision + necessary smoothing

= PDF uncertainty evaluation
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