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Why...?

e Z = utuT

® Adequate number of signal events with low background

@ Muons efficiently reconstructable and identifiable

.. Triple Differential
® Transverse momentum of dimuon-system pZ%
® information about momentum transfer of the hard
interaction
1
a Vb = E|yZ +yjetl|
@ boost of center-of-mass system
® information about the initial state

parton-momentum-fractions

a y* — %‘yz_yjetll

& | orentz-invariant “scattering angle”
a information about contributing parton luminosities
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Z+Jet Production Channels at LO

q Z

g VA g VA
q g 7 7 7 g
(a) quark-gluon (b) antiquark-gluon (c) quark-antiquark
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Variations of Parton Lumis in the Analysis Phase-Space

NNLO

2.0<yp <2.5,0.0<y *<0.5 i quark-antiquark
gluon-antiquark

NNLO

0.0<yp <0.5,2.0<y*<2.5 i quark-antiquark
gluon-antiquark

15 [ gluon-quark 15 [ gluon-quark 1
[ gluon-gluon [ gluon-gluon
B quark-quark B quark-quark

I antiquark-antiquark

I antiquark-antiquark

1.0

0.5

Subprocess decomposition
Subprocess decomposition
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T. Berger 2019 [1]
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Event Selections and Corrections A“(IT
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& Muon events selected with single muon trigger,
corrected for L1 Prefiring

® Two muons passing tight ID and ISO above trigger
threshold inside muon system coverage, dressed
— Compatible with Z-boson

® At least one jet passing tight ID inside roughly

same detector coverage il paron
p——— > /—p

@ |epton veto in Jet ID and muon-jet-overlap

7
removal g

Detailed selections and corrections in Backup s
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Event Selections and Corrections

& Muon events selected with single muon trigger,
corrected for L1 Prefiring

® Two muons passing tight ID and ISO above trigger
threshold inside muon system coverage, dressed
— Compatible with Z-boson

® At least one jet passing tight ID inside roughly
same detector coverage

@ |epton veto in Jet ID and muon-jet-overlap
removal

® Reduced sensitivity to PU with PUJetID and
Jet-pr cut

Detailed selections and corrections in Backup ¢
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Detector Level Comparison of MC and Data ﬂ IT

100 CMS Private Work 2018 (L=59.8fb"")
y*inclusive + Data
-inclusi Bl DY+Jets
107| wrinclusive o )
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@ Data and MC in good agreement within
uncertainties

@ Dominated by signal events

@ MC overshoots by a small constant factor

® [nclusive NNLO cross-section
FEWZ NNLO from 2019: 6077.22 pb
FEWZ NNLO from 2017: 5818.37 pb
® Theory cross section NNLO for inclusive Z
production
— NLO for Z+Jet
a Dependent on y*-y,-bins
— Results may help improve theory predictions

Institute of Experimental Particle Physics


https://twiki.cern.ch/twiki/bin/viewauth/CMS/StandardModelCrossSectionsat13TeV
https://indico.cern.ch/event/673253/contributions/2756806/attachments/1541203/2416962/20171016_VJetsXsecsUpdate_PH-GEN.pdf
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Framework Validation
CMS private work 2018UL
® Updated code to UL 5 F
® Complete code review g
— Found and fixed some bugs L
® Framework cross check with Brussels for E s s ‘ ‘ ‘ ‘ ‘
70 75 80 85 90 95 100 105 110
2018 data m; (GeV)
® Further updates on unfolding, uncertainty £ wE
handling, ... 3 e N
2 WE
E L
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Combination of Inclusive and Nje-Exclusive MC

Inclusive DYJetsToLL
@ Systematic uncertainties through limited number of 1o CMS Private Work 2018 (L=593%"")
events in MC samples aepc2s 4 paw

2<y¥<25 Data
0<% <05 DY+Jets
T

= Gather as much MC as available

@ DYJetsToLL signal MC ~3.9M events after selection

#Events per GeV

<pjen
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Combination of Inclusive and Nje-Exclusive MC IT

@ Systematic uncertainties through limited number of
events in MC samples

= Gather as much MC as available

@ DYJetsToLL signal MC ~3.9M events after selection

@ Add jet-binned “high-stat.” samples DYJetsToLL_0J,
DYJetsToLL_1J, DYJetsToLL_2J (0.2M + 4.7M + 2.7M
events after selection)

® Reweight each exclusive sample to corresponding
contribution in inclusive
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Jet-binned DYJetsTolLL

CMS Private Work 2018 (L=59.8f"")

2<y* <25 + Data
0<y,<05 DY+Jets
T

#Events per GeV
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Combination of Inclusive and Nje-Exclusive MC IT

& Systematic uncertainties through limited number of
events in MC samples

= Gather as much MC as available

@ DYJetsToLL signal MC ~3.9M events after selection

@ Add jet-binned “high-stat.” samples DYJetsToLL_0J,
DYJetsToLL_1J, DYJetsToLL_2J (0.2M + 4.7M + 2.7M
events after selection)

® Reweight each exclusive sample to corresponding
contribution in inclusive

® Reweight exclusive and inclusive samples according to
effective number of events

— Reduced statistical uncertainty on MC
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Combined signal samples

100 CMS Private Work 2018 (L=598f"")
108f 2sxf<25 + Data
0<y, <05 mm DY+Jets
107 T
4

10° . ZZ

s . ST
10 - WW
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Parenthesis - Bin unraveling
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Unfolding Basics

@ Unfolding for detector effects of observation y to true
spectrum x
® Detector resolution —Migration between generator and
reconstruction bins
@ Detector efficiency —Less events on reconstruction
level than generator level
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Statistical fluctuations y and X of true spectrum
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Unfolding Basics

@ Unfolding for detector effects of observation y to true
spectrum x
® Detector resolution —Migration between generator and
reconstruction bins
@ Detector efficiency —Less events on reconstruction
level than generator level
@ Usually discretized observations and predictions in
histograms — “invert” response matrix A (i.e. TUnfold)
® |ll-conditioned matrix — Regularize “unphysical”
high-frequency oscillations
® Estimate response matrix from MC — Systematic and
statistical uncertainties
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Statistical fluctuations y and X of true spectrum
We have: y; = ZA,,)"(, + b;
i

We want: x; — TUnfold
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Response Matrix

Global reco. bin number (y*, ys, p?)

12/21

) It e

CMS Private Work _ condition number: 2.62 2018 100

Event fraction

07.11.2022
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® Low condition number < 10
— Regularization not necessary

® Stat. uncertainty on data propagated through
unfolding

@ Unfolding uncertainties from limited MC precision
propagated internally by Tunfold

@& Systematic uncertainty propagated separately by
new unfolding for each variation

Institute of Experimental Particle Physics
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Response Matrix

Global reco. bin number (y*, ys, p?)

12/21

2018

10°

Event fraction
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Low condition number < 10
Regularization not necessary

Stat. uncertainty on data propagated through
unfolding

Unfolding uncertainties from limited MC precision
propagated internally by Tunfold

Systematic uncertainty propagated separately by
new unfolding for each variation

Similar for all data periods (2018)
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Response Matrix

2017
CMS Frivate Work  Condition number: 2.79 2017 100
—~ — T v - o c
N&zso’_/‘j/;_f/ o s 2
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P g
-g 3 107 W
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Low condition number < 10
Regularization not necessary

Stat. uncertainty on data propagated through
unfolding

Unfolding uncertainties from limited MC precision
propagated internally by Tunfold

Systematic uncertainty propagated separately by
new unfolding for each variation

Similar for all data periods (2017)
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Response Matrix
2016postVFP
< CMS Private Work _ Condition number: 2.73 — ;o;gp:ftvip 100 <
2 # E ® | ow condition number < 10
g § — Regularization not necessary
§ o ® Stat. uncertainty on data propagated through
5 unfolding
g ® Unfolding uncertainties from limited MC precision
3 h propagated internally by Tunfold
s @& Systematic uncertainty propagated separately by
i 7 W AN new unfolding for each variation
I Rl L ® Similar for all data periods (2016postVFP)
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Response Matrix
2016preVFP

— 100 o

R )

3 g ® Low condition number < 10

> = -

g g — Regularization not necessary

§ . ® Stat. uncertainty on data propagated through

5 unfolding

§ & Unfolding uncertainties from limited MC precision

3 o propagated internally by Tunfold

s @& Systematic uncertainty propagated separately by

new unfolding for each variation

s 15 G045 o7 a Similar for all data periods (2016preVFP)
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Unfolded Result

#Events per GeV

13/21

Detector Level

109 CMS Frivate Work 2018 (L=59.8f")
0<y*<0.5 + Data
S 0<w<05 B DY+jets
10 TT 1 ~
. WZ >
. s £|3
10 == ST N4
- WW "
10° >
0 ® g‘
CIR
5
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pt | GeV
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Unfolded
CMS Private Work 2018 (L=59.8"")
0<y*<0.5 4 Data
F 0<y<05 #=== aMC@NLO + P8 -
50 100 200 500 1000
p?/ GeV
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Unfolding - Statistical Uncertainty

@ Derived through uncertainty propagation in the

TUnfold method CMS Private Work 2018 (L=59.8f"")
. . L. ‘E‘ 03l 2sr<2s — Stat
& Systematic uncertainty through limited number of e [ osm<os T = {nfolding
events in MC sample g Pl R D
) g i : --= Muon SFs
a DYJetsToLL signal MC ~3.9M events after — LLPrefinng |
selection
— High statistical unfolding uncertainty (pseudo MC
generation?)
50 106 200 500 1000
p¥ | GeV
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Unfolding - Statistical Uncertainty

@ Derived through uncertainty propagation in the

Tunfold method CMS Private Work 2018 (L=59.8f"")
& Systematic uncertainty through limited number of *E 03} 25728 ISR g
events in MC sample £ - — JEC
3 JPEUF}etID
@ DYJetsToLL signal MC ~3.9M events after 5 - [";gpegf;g
selection Lumi
— High statistical unfolding uncertainty (pseudo MC
generation?)
® Add jet-binned “high-stat.” samples
DYJetsToLL_0J, DYJetsToLL _1J, DYJetsToLL 2J
(0.2M + 4.7M + 2.7M events after selection) 50 100 200 500 1000
p? | GeV

— Significant improvement in statistical unfolding
uncertainty (no pseudo generation needed)
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Systematic Uncertainties
CMS Private Work 2018 (L=59.8%"")
>
® Various systematic uncertainty sources, e.g. £ osp 02T - E’,Et%;.ding
luminosity, JEC, trigger & muon scale factors, . .. £ JER
] PUJetID
& Uncertainty propagation by creating new response 5 o [AlugPeﬁffng
matrices for each uncertainty variation and repeat Lumi
unfolding
— JEC dominant in low, statistical uncertainty in high
p4-region
@ Crucial: Waiting for SHERPA DY-MC for estimation
Of mOdelllng blas' 50 100 200 500 1000
p? | GeVv
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Unfolded Cross-Sections 2018: Central Region

16/21

07.11.2022

CMS Private Work 2018 (L=59.8fb"")
~ 107 T T
e|3 0<y*<0.5 + Data
= 105} 0<p<05 == aMC@NLO + P8
.
o2 10
IR
LY 10!
107t
1073
1.50 Data Stat.

#== Data Stat. @ Syst.

=

theory/data ratio
o -
3 8

o
wn
o

50 100 200 500 1000
p?/ GeV

& Gen level at kyn.o xXNLO (0,1,2 jets)
® [nclusive XS too high, shape okay
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uncertainty

KIT

Karlsruhe Institute of Technology

CMS Private Work 2018 (L=50.8fb"")

0<y<05
0<y,<05

— Stat
—:= Unfolding
— JEC

- JER
PUJetID
-== Muon SFs
—— L1 Prefiring
Lumi

50

100 200 500 1000
pt/ GeV

® JEC uncertainty dominant at low p%

@ Stat. + unfolding uncertainty dominant

at high p%
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Unfolded Cross-Sections 2018: Forward-Backward
107 CMS Private Work 2018 (L=59.8f6")
o3 2<y<25 + Data
= 10°f o<p<0s R aMC@NLO + P8 CMS Private Work 2018 (L=598fb"")
3 z << _
3|3 10° £ 03 i;ﬁ«f? - atnafglding
§ 10 -—‘_\—\_\_\_\_ 5 —
E PUJetID
10-1 S _ rlug?e?ifisng
Lumi
1073
_g 1.50 Data Stat.
E #== Data Stat. @ Syst.
© 1.25
©
T 1.00
>
O 0.75 §
g 50 100 200 500 1000
+ 0.50 p? | GeV
50 100 200 500 1000
pt | GeV . . .
& Gen level at kyno xNLO (0,1,2 jets) @ JEC uncertainty dominant at low pf,
® No significant deviation, XS slightly too stat. + unfolding at high pf
low @ High uncertainties: high 7, low stats
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Unfolded Cross-Sections 2018: High Boost ﬂIT

107 CMS Private Work 2018 (L=59.8f6")
e@ 0<y*<0.5 + Data
= 10°f 25p<25 R aMC@NLO + P8 CMS Private Work 2018 (L=59.8fb"")
3 z < —_
53 @ £ 03 2emars Z Unfolding
S 10 \\_\‘ 5 R
E 0.2 PUJetID
5 | e
01 Al mmm=m Lumi_.
1073 - L f
L o T
~ 5 1.50 ~ Data Stat.
e —& Data Stat. @ Syst.
© 1.25 3 . |
- N X
©
E‘ -0.2
O 0.75
g 50 100 200 500 1000
+ 0.50 p? | GeV
50 100 200 500 1000
pf/ GeV . . .
@ Gen level at kyn.o xNLO (0,1,2 jets) @ JEC uncertainty dominant at low pf,
® No significant deviation, XS slightly too stat. + unfolding at high pf
high @ Higher uncertainties: high n
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Compatibility between Years

2016preVFP/2017 UL

| H‘

| L |l b1l
™ *Jl flf

Global gen. bin number (y“ &, &, pf&"

CMS Frivate Work

<+ Cross Section Ratio with stat. unc.
total unc

=
2]

@ QOverall cross-section for
2017 data
~ 5.0 & 2.4 (Lumi.) %
significantly higher than for
2016preVFP data

14

D “

i B
PN

2016preVFP/2017 Cross Section Ratio
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Compatibility between Years

® Qverall cross-section for

19/21

2017 data
~5.0+24(Lumi)%
significantly higher than for
2016preVFP data
Discrepancy between 2017
and 2018 data

(~ 2.0 £+ 2.8 (Lumi.) %)
insignificant

Similar observations in
independent analyses
(Z-Counting, Brussels)

07.11.2022

-
IS

2018/2017 Cross Section Ratio

CMS Private Work

2018/2017 UL
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total unc.

4 Cross Section Ratio with stat. unc.
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Compatibility of 2016 Data

@ Qverall cross-section for 2016preVFP/2017 UL

201 7 data CMS Private Work

~ 5.0 :l: 23 (Luml) % + {Zor?aslsuiect.:tion Ratio with stat. unc.
significantly higher than for

2016preVFP data

=
o

=
>

I

Ak

".,"lmé.;wm‘wul{w Wit

-
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- -
N W
_—
P —

=
o

o
©

2016preVFP/2017 Cross Section Ratio
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e
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o
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Compatibility of 2016 Data

@ Qverall cross-section for

20/21

2017 data

CMS Private Work

KIT
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2016postVFP/2017 UL

-
«

~5.0+2.3(Lumi.) %
significantly higher than for
2016preVFP data

Less discrepancy in

total unc.

-
IS

-
W

-
N

4 Cross Section Ratio with stat. unc.

-
-

normalization of
2016postVFP compared to
2017 data

|
ALY ,,l.ﬂ"l |
""’n‘! WH”’f'aillﬂ

-
o

o
©

Weird p%-dependent trend
in 2016postVFP data
(compared to 2017)

2016postVFP/2017 Cross Section Ratio

o
3

o
o
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Compatibility of 2016 Data

@ Qverall cross-section for 2016preVFP/2017 UL

2017 data s CMS Private work

2016postVFP compared to
2017 data

® Weird p%-dependent trend

~ 5.0 :l: 23 (Luml) % § Y + Eor?aslsuieci:tion Ratio with stat. unc.
significantly higher than for S,
2016preVFP data 3 H
® Less discrepancy in gl | Lol L
normalization of 5.b ' b \| 77777777 i Al
E_ il '&";“ |

i BB
il *rw‘l i
in 2016postVFP data |

(compared to 2017) 06 5 160 150 260 -
® Saw-tooth pattern less Global gen. bin number (y"«, £, pr*”
pronounced in
2016preVFP data
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Conclusions and Outlook

21/21

® First 3D Z+Jet cross section measurement of full
Run |l data presented

@ Software framework updated to UL and validated
with ULB

@ Discrepancies of 2016 data confirmed and made
CMS Collaboration aware of it

® By now also seen in independent analyses:

® DY in a wide mass range by Brussels (ULB)
a Z counting by LumiPOG

& Aiming for publication by the end of 2023

® I'm excited to stay at ETP for my PhD starting in
January!
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CMS Private Work 2018 (L=59.87"")
05<y*<1 + Data
[ 0<y<05 &= aMC@NLO + P8 -
Data Stat. )
#== Data Stat. @ Syst.

50 100 200 500 1000
p?/ GeV
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Backup
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Datasets

Data 2016preVFP: /SingleMuon/Run2016[B-verl,B-ver2,C-F]_HIPM UL2016_MiniAODv2-v2/MINIAOD
Data 2016postVFP: /SingleMuon/Run2016[F-H]_UL2016_MiniAODv2-v2/MINIAOD

Data 2017: /SingleMuon/Run2017[B-F]-UL2017_MiniAODv2-v1/MINIAQOD

Data 2018: /SingleMuon/Run2018[A-D]-UL2018_MiniAODv2-v[2,3]/MINIAOD

MC

DYJetsToLL M-50_TuneCP5_13TeV-amcatnloFXFX-pythia8
TTTo2L2Nu_TuneCP5_13TeV-powheg-pythia8
ST_t-channel_(anti)?top_4f_InclusiveDecays_TuneCP5_13TeV-powheg-madspin-pythia8
ST_tW_(anti)?top_5f_inclusiveDecays_TuneCP5_13TeV-powheg-pythia8
® [WW,WZ,ZZ]_TuneCP5_13TeV-pythia8
Global Tags
® Data: 106X_dataRun2_v35
MC 2016preVFP: 106X_mcRun2_asymptotic_preVFP_v11
MC 2016postVFP: 166X_mcRun2_asymptotic_v17
MC 2017: 106X_mc2017_realistic_v9
MC 2018: 106X_upgrade2018_realistic_v16_L1vl
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Detailed Event Selection

One Z — uu candidate with the following criteria

Selection Value . ) o
At least one Jet with the following criteria

Trigger 2016: HLT_lsoMu24 or HLT_TkMu24 Selection ‘ Value

2017: HLT_IsoMu27

2018: HLT_IsoMu24 Jet ID Tight + Lepveto
Muon 1D Tight PUJetID Tight

: AR(uz,Jet) > 0.4
Muon PF ISO Tight
Jet pr > 20 GeV
Muon pr > 29 GeV
Muon |7] <24 Jet |y <24
N : Jet Veto Maps v

Z mass mz + 20 GeV
Zpr > 25GeV
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Corrections
Correction/SF \ 2016preVFP  2016postVFP 2017 2018
Muon RECO SFs 4 4 v v
Muon ISO SFs v v/ v/ v
Muon ID SFs v v v v
Muon Trigger SFs v v v v

Muon Rochester
Muon Dressing

Data (kScaleDT) + MC (kSpreadMC)
Data + MC with AR(,~) < 0.1

Muon L1Prefiring v v v v
ECAL L1Prefiring v v v not needed
METFilters Data + MC (All recommended for each year)
PuJetlD SFs v v v v
JEC V7 V7 V5 V5
JER (hybrid) V3 V3 V2 V2
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Analysis Overview

& Measurement of the jet associated Z-boson production
cross-section differentially in three obervables p%, Vbs
y* for full Run 2 data

@ Z(— pp) + Jet analysis for 2016 and 2017 with
preliminary data (T. Berger 2019 [1] and M. Schnepf
2022 [2])
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Updates Compared to pre-UL Analysis

Updated code/inputs to UL (IDs, SFs, corrections, .. .)
Extensive code review of all modules
— Found and fixed some minor bugs, no significant effects

Framework cross check with Brussels with 2018 data — Conclude agreement withn numerical
uncertainties
Updated home-brewed unfolding and uncertainty handling to CMS (UL-)recommendations

— Preparation for the paper

Verified higher event count per lumi in 2017 for UL data, as previously observed
a Talk at the SMP Meeting during CMS week (28.06.2022) https://indico.cern.ch/event/1171502/
& Similar results by Lumi POG
® Confirmed by Brussels group (Z — ee results still pending)
® However, effect almost within uncertainties — No show stopper for the publication
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Unfolded Cross-Sections 2017
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Unfolded Cross-Sections Legacy EOY 2017
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Unfolded Cross-Sections 2016postVFP
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Unfolded Cross-Sections 2016preVFP
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Unfolded Cross-Sections Legacy EOY 2016
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Previous Results - Reco level

@ Comparison of Run 11 2016 and 2017 end-of-year data at reconstruction level

N 5CMSdala
4= stat. unc. 2016 & 2017
+ mean 2017 *
L4F +  stat. + uncor. sys. unc. 2016&2017
® Expectation: Lol i bne. 3016 333
2016 and 2017 data yield 12
same cross-sections within 11 o

|Lr \Iy.' m 4'"."’ hlm i

uncertainties

@ Observation:
Systematic shift in 2017
data towards higher
cross-sections

=
©
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>

50 100 150 200 250
Global gen. bin (y", y, p?)

2017 / 2016 ratio of events per bin and lumi (fb)

Taken from Matthias Schnepf [2]
first presented in SMP V+Jet Meeting 23.07.2021

— If effect is understood in MC, unfolded cross-sections expected to be clean
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Previous Results - 2017/2016 Unfolded

@ Comparison of Run 11 2016 and 2017 end-of-year unfolded data

CMS data
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@ Expectation:
Same cross-section for 2016 and 2017
within uncertainties

@ QObservation:
Systematic shift in 2017 data towards
higher cross-section

2017/2016 cross section ratio
& 5 5 &

<4
o

50 100 150 200 250
Global bin number (y*, y, p?)

)

From Matthias Schnepf
first presented in SMP V+Jet Meeting 23.07.2021

— Detailed Ultra-Legacy reevaluation of full Run 2 data (— this Thesis)
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