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Introduction

« W and Z bosons are produced at high rate at the LHC
— very large range of cross sections to study

 Important part of the LHC physics program:
* Precision tests of the SM

To “tune” our simulation and improve perturbative
calculations

QCD modelling
Tool for understanding our detectors
Irreducible background to BSM and Higgs analyses

« W and Z bosons are typically reconstructed via leptonic
final states
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Outline

In today’s talk: selected results from LHC Run 2

Differential measurement of Z + jets (SMP-19-009, accepted by PRD)

Azimuthal correlations in Z + jets events (Eur.Phys.J.C 83 (2023) 8, 722)

Collinear Z emission (JHEP 05 (2021) 285)

Measurement of Z(— vv) + jets (JHEP 05 (2021) 205)

Measurement of invisible Z width (Phys. Lett. 8842 (2023) 137563)

Full list of CMS Standard Model Physics publication is available here
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https://cms-results.web.cern.ch/cms-results/public-results/publications/SMP/index.html

SMP-19-009, accepted by PRD

Differential measurement of Z + jets

Measurement of several observables of Z + jets 10 B T | eaoros o)
. CMS AARA> 0.8<ly(Z)I<1.2 (x10%)
Based on 2016 dataset @ras.

B B 1.2<ly(Z)<1.6 (x107)
Z — ee and Z — uu channel

5 LLE L 1 B<ly(Z)1<2.0 (x107)

107 ALEA, 2.0<ly(Z)1<2.4 (x10°)

—+— MG5_aMC + PY8 (< 2 NLO + PS)
——}— MG5_aMC + PY8 (< 4j LO + PS)
10°— ——— GE + PY8 (NNLL' +NNLO,) 0,,=0.118

Differential cross section:

« Double differential pt and |y|of Z and jets
pt and |y|of 5 leading jets
Inclusive & exclusive jet multiplicity: up to 8 jets
Angular variables 1o
Dijet invariant mass

T

10%]

&’ /dp_(2) dly(Z)! [pb/GeV]

Unfolded to particle level

Precise measurements performed with very fine binning 10721

-4
10 —1‘ \\\HH‘ \\\HH‘ \WH‘

1 10 10° 10°
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Differential measurement of Z + jets

Good agreement for NLO and
LO MG5_aMC prediction with
Niets < 4 jets due to ME
accuracy

Geneva model corresponds to
Z + upto 2 jets
« Expected fall of for events
with higher jet multiplicity

In general, measured differential
cross sections agree with the
MC prediction within the
experimental and theoretical
uncertainties
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SMP-19-009, accepted by PRD
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Eur.Phys.J.C 83 (2023) 8, 722

Azimuthal correlations in Z + jets
pr(Z) <10 GeV pr(Z) > 100 GeV

. I\/Ieasur.ement of azimuthal o (1o Tev) | temmemen = 3313 Tey) [ Mesmomen
correlation between Z boson and S | cms o MGs_aMC+CA3 ZHNLO) 12 | S oL CMS ~6- MG5_aMC + CA3 (Z+ NLO) * 1.2
jetS: A(f) — | B MG5_aMC + CA3 (Z+jNLO)* 12 |+ [ 8" MG5_aMC + CA3 (Z+j NLO) * 1.2

N —*— GE + PY8 (NNLL' +NNLO,) N T —— GE+PY8 (NNLL'+NNLO,)
. . . = B N _ : : 2 = 10°E anti-k; (R =0.4) jets
* 3 different Z pr regions: S R e 3| e E
° pT(Z) < 10 GeV g L pi <10 GeV M_X__é_—ﬁ——é— _8 1ok pi> 100 GeV $':BZ‘
+ 30 < pp(Z) < 50 GeV — _*
= X ) 1?
« pp(2) > 100 GeV ; B : e
- 107 2

* A¢p mostly flat for pr(Z2) < 10 GeV

Stat @ theo unc.

— no correlation
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* Forpr(Z) > 100 GeV: Z boson and
jet are typically back-to-back

Stat @ theo unc.
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e = s = T HD
« Geneva model describes data well 05 ° e *%F 1 satm o theo une
* MG5_aMC + Cascade 3 (Z +2j NLO) ¢ 's- 7o I —
in good agreement where MPI is B8 o5t ~ TR AR ost o e x X
negllglble 0 0.5 1 15 2 25 3 0 05 i 5 2 25 3
AY(Z ) ANZ])
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Collinear Z emission JHEP 05 (2021) 285

* First study of collinear region for Z+jet events at the CMS 35.9 fb™ (13 TeV)

LHC El T T | L | T T 17T | T T 17T | T T 17T | T T 17T | T T T | T T 17T |

) . ] ] Q " lead jet P> 300 GeV ]

» Measure differential cross section of Z+jet as ~ o4 Data _
. . N

B Stat + syst unc .

functlon Of AR (Z' closest ]et) %‘/ i Sherpa + OpenLoops _(s 4j@NLO QCD+EW) i

« Complex admixture of Z+1 and 2 jets processes S 008 MGS MG + PY8 (- 4GLOSPO K —

« Particularly sensitive to higher order QCD and © i s -

EWK corrections oo~ — -

« Leading jet pr > 300GeV, 500GeV [ . i

q vodl R B

jet ! : N \\\_O_ _D_ﬁm :

. 0.02\— T —

P -

—0— ==

z/ ; § g d e
q S ae
’ At LO, Z and jet are back to back ! 1 1 | 111 1 | 111 1 | 111 1 | 111 1 | 1111 | 111 1 | I T |
o z S /' g %65 1 15 =2 25 3 35 4
~ B ARZJ‘
q q )

At NLO, contribution from events where Z is
emitted collinear with jet
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Collinear Z emission

* Low AR region is dominated by collinear
Z emission

* AR~m region is dominated by back-to-
back topology

« Unfolded data compared to LO and NLO
predictions

No single MC generator can accurately
describe data across the entire range
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Measurement of Z(— vv) + jets JHEP 05 (2021) 205

CMS 35.9 b (13 TeV)
« Measurement of the total and differential cross > T T T T
section of Z— vv %’5)10 Signal region T oo |
*GE) 0 [ ] wiv)+ets ]
: i . >10 WW/ZZIWZ 3
« Events are selected with p7''*°® > 250 GeV and jets W % o]
10 (0] uar
pr > 100 GeV, and a lepton veto ™ aco
10 [ zay+ets 3
« Control regions with single lepton to constrain the W ) .
background (the largest background, ~85%) 10
107
| I | | 1 1 | I | | |
] . . 21-4 N I B
* Perform a simultaneous fit in a signal and W—- v I
control regions to obtain Z(— vv) signal cross Bos|
section and W background rates R R IS L A
5|50
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Measurement of Z(— vv) + jets

« Differential cross section up to Z boson pp~1400
GeV

« Systematic uncertainties < 5%

« Uncertainties are dominated by the by the jet
energy scale and data statistical uncertainties at
high Z pr

« Data are compared to various MC predictions

» Predictions overestimate data at high Z pt except
MGS aMC@NLO (NLO QCD + NLO EW)

* Improve statistical uncertainty at high Z pt by
combining results from Z(— vv) & Z(— ll) analyses

— most precise measurement up to date

« Z— vv,ll at high pt is important background for
many searches
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i o ] Phys. Lett. B842 (2023) 137563
Measurement of invisible Z width __

36.3 b~ (13 TeV)
T I T T T T I T T T T T T T I T T T I T T T T I T

. _ . 10° piss 4 jets | - pp+jets | [0 ee + jets 7 .-I-- SDI\&;[ta i
* Measurement of the Z invisible width at hadron _ I 1L 13 S
collider S L JE i 5\{((:1/;))1]'],
. % | L _ inor 1/r
« Indirect measurement g QD et
i i Z/y* (=) +j
_ o(Z+jets) B(Z — vv T e e
F(Z — VV) — ( ] ) ( )F(Z — 66) ° 1'255 b o 'E T 1T + [ 'E T L 'E
U(Z‘HetS)B(Z — Kf) = 1,00 omsemet : ==Sai _E-.mIﬁI-HI Sl S
~ N L 13E It
0.75 E=— N :
. . . . . 3
- Zinvisible width extracted from the ratio of = 1l e
measured Z(— Il) + jets and Z(— vv) + jets e u
using LEP’s measured Z(— [I) partial width 200 1000 ) 1000 500 1000
(GeV)
Nt —
- SM :
 Comparable precision w.r.t. LEP combination ALEPHE i oMY
L3 | H——H 498 + 17 MeV
OPAL :— H———-~H —:539j:31 MeV

* I = 523 £ 3(stat) & 16(syst) MeV S R :
« muon/electron ID: 2%(1%) - E

* jet energy scale: 1.8% oMs [ o] 1503 + 16 Mev
C (13 TeV 36.3 fb1)
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Conclusion

* Presented wide range of the V + jets measurements from CMS
« Extended to extreme phase spaces in Z + jets
— High and low Z pt region
— Collinear Z emission
— Invisible Z boson decay

* Run 2 statistics allows for precise measurements allowing to better probe MC generator
performances

* In general, overall good agreement over NLO predictions
— especially for state-of-the-art predictions
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