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Introduction

m H — Z7Z — 41 decay — large signal-to-background

m Measurements from this decay channel: mass, spin, and parity of H
boson, width, and the inclusive and differential fiducial cross section

m Data analysis performed on LHC Run—2 data by the CMS detector.
With integrated luminosities of 35.9, 41.5, and 59.7 fb! in the years
2016, 2017, and 2018. Total integrated luminosity of 137 fb!

m Measurement of the H boson cross section within the Simplified
Template Cross Section (STXS) framework; implements stage 1.2 bins in
H — 41 decay channel
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Figure 1: Higgs production channels: (a)gluon-gluon fusion, ggH (b)Vector Boson
Fusion, VBF (c)Vector-Higgs, VH (WH or ZH) (d)ttH 1/23



CMS detector

m Superconducting solenoid of 6 m internal diameter providing a magnetic
field of 3.8 T

Silicon pixel and strip tracker

Lead tungstate crystal in ECAL

Brass and scintillator HCAL

Forward calorimeters extend the pseudorapidity n coverage

m Muons detected in gas-ionization chambers outside the solenoid

Data acquisition ‘

m Events of interest selected using a two-tiered trigger system

m First level selects events around 100 kHz rate

m Second level (high-level trigger) reduces event rate to 1 kHz before data
storage

On measurement ‘

m Momentum resolution for electrons ranges from 1.7% to 4.5%
m Muons measured in the pseudorapidity range |n| < 2.4
m Efficiency to reconstruct and identify muons exceed 96%
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Event reconstruction and selection

m Particle-flow algorithm to reconstruct and identify each individual
particle, optimized combination from various elements of the CMS
detector

m An isolation requirement of Z# < 0.35 to discriminate between prompt
muons from Z decay and those arising from electroweak decay in jets

m Electrons are identified using a multivariate discriminant analysis

m Hadronic jets reconstructed using infrared and collinear-safe anti-kr
algorithm

m Tracks identified originating from pileup vertices are discarded and an
offset correction is applied

T = Z charged + max 0 aneutral + ZPT IMPU /pT

A good rule of thumb to remember

Jet energy resolution amounts typically to 16% at 30 GeV, 8% at 100 GeV,
and 4% at 1 TeV
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m Event selection designed to extract signal candidates from events
containing at least four well-identified and isolated leptons
m ZZ candidates (12 < my+;- < 120 GeV) as:

m 7; with an invariant mass close to the nominal Z boson
m Zo as the other one

Events are further selected based on kinematic discriminants and then
categorized based on STXS frameworks

7/23



Event categorization

m Organized in two steps with increasing granularity of the categories
m Step 1: separate ggH, VBF, VH, and tH processes

m Step 2: subdivision of the above category using recommended binning of
STXS framework

STXS stands for Standard Template Cross Section. It is adopted by LHC
experiments as a common framework for Higgs measurements.

STXS framework

m To reduce the theoretical uncertainties that are directly folded into the
measurements as much as possible

m At the same time, allowing for combination of the measurements between
different decay channels as well as different experiments

m Evolved from stage 0 to the-present stage 1.2
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First categorization step
m VBF-2jet-tagged
m VH-hadronic-tagged

m VH-leptonic-tagged
m t¢H-hadronic-tagged
m ttH-leptonic-tagged
m VBF-ljet-tagged

Untagged category for the remaining events

Each of these categories requires certain number of jets and/or leptons in the
final state. Additionally, they have certain constraint on their respective
kinematic discriminant value.

In the second categorization step, they use stage 1.2 of STXS framework
followed by merging of bins to finally obtain 22 reconstructed event categories
(higher granularity).
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Reconstructed event category

1*! categorization step  Number of jets

Kinematical requirements ( GeV)

Targeted production bin

Untagged-0j-p7 [0,10] Untagged [ 0<py <10 ggH-0 /pr[0, 10]
Untagged-0j-p3'[10,200] Untagged (] 10 < pi' < 200 geH-03/pr[10,200]
Untagged-1j-pi'[0,60] Untagged 1 0 < pi' <60 ggh-1j/pr[0, 60]
Untagged-1j-p}' [60,120] Untagged 1 60 < pi’ <120 geH-13/pr[60, 120]
Untagged-1j-p{'[120, 200] Untagged 1 120 < pif < 200 gpH-13 /pr(120,200]
Untagged-2j-pi! [0,60] Untagged 2 0 < pif <60, iy < 350 ggh-2j /pr[0, 60]
Untagged-2j-pi'[60,120] Untagged 2 60 < pi' < 120, my; < 350 geH-23/pr[80, 120]
Untagged-2j-p3'[120, 200] Untagged 2 120 < pi' < 200, my < 350 ggH-2j /pr[120,200]
Untagged-p}’ = 200 Untagged — pi =200 geH/py > 200
Untagged-Zj—mii = 350 Untagged 2 my > 350 geH-2j ,/mJ] = 360

VBF-ljet-tagged
VBF-Qjet—tagged—m“ [350, 700]
VBF-Zjet-tagged-nty > 700
VBF—3jEt—tagged—rrijj = 350
VBF-2jet-tagged-p3 = 200
VBF-rest

VH-hadronic-tagged-i;[60, 120]

VH-rest
VH-leptonic-tagged-pi’ [0, 150]
VH-leptonic-tagged-pi’ = 150

tTH-leptonic-tagged
tTH-hadronic-tagged

VBF-ljet-tagged
VBF-2jet-tagged
VBF-Zjet-tagged
VBF-Zjet-tagged
VBF-2jet-tagged
VBF-Zjet-tagged
VH-hadrenic-tagged
VH-hadronic-tagged
VH-leptonic-tagged
VH-leptonic-tagged
{TH-leptonic-tagged
ttH-hadronic-tagged

P < 200, pi¥ < 25,350 < my < 700
P < 200, g < 25, miy = 700
p‘]“' < 200, p*[']' = 25, nry > 350

pi’ = 200, nry = 350
my; < 350
60 <y < 120
< 60 or ;> 120
pif <150
pif = 150

qqH-rest
qqf-2j /m ;[350, 700]
qgh-2j /mjy = 700
qqH-3j/myy > 350
qqH-2j/py > 200
qqH-rest
qali-2j /n;;[60, 120]
qqH-rest
VE-Lep/pt [0, 150]
VH-lep/pr > 150
ttH
ttH

Figure 2: Event categorization criteria targeting stage 1.2 STXS production bins
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Figure 3: Four-lepton mass distribution
m 77 and rare electroweak
m For 4e, 4u, 2e2p events together backgrounds normalized to SM
m Error bars correspond to intervals expectation

of 68% confidence interval m Z+X background to the

estimation from data
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Figure 4: Four-lepton mass distribution; 4e(upper left), 4u(upper right), 2e2u(lower)
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Reconstructed event Signal Background Expected Observed
category ggH VBE WH ZH ttH bbH qH |q@ »ZZ gg—~ZZ EW Z+X signal total
Untagged-0j-pF [0, 10] 277 009 003 003 000 015 000 715 3.06 001 321 | 279201 1060 114
Untagged-0j-p}' 710 200] 962 169 060 077 001 101 000 98.1 116 035 378 | 100%0 248+1 278
Untagged-1j-p¥'[0, 60] 268 151 056 048 001 045 001 | 253 302 064 142 | 298201 729404 74
Untagged-1j-p¥[60,120] 135 131 051 041 002 011 001 | 781 082 062 795 | 159401 331403 20
Untagged-1j-p¥[120,200] 351 060 017 017 001 002 000| 115 019 025 163 | 4484005 7.69:+0.16 11
Untagged-2j-p¥'[0, 60] 345 029 015 014 008 009 002 | 214 032 063 475 | 4204006 12.1+02 14
Untagged-2j-p¥ [60,120] 526 056 024 019 012 004 003 | 219 030 072 414 |643£006 13.8+02 15
Untagged-2j-p#[120,200] 307 040 016 013 007 001 002| 075 0.14 034 119 |386+005 6.28+0.14 7
Untagged-p?-[ > 200 279 062 021 017 007 001 0.02 043 0.21 021 073 | 3.89+£0.04 547+0.11 3
Untagged-zj-mi] > 350 077 016 006 004 005 001 001 0.34 0.06 031 171 | 1.12+£0.02 3.54+0.14 3
VBF-ljet-tagged 155 329 022 016 000 013 001 6.85 1.53 020 244 | 193201 30.340.2 27
VBE-2jet-tagged-;[350, 700] 083 119 001 001 000 001 000 0.19 0.07 011 014 | 205£0.03 2.55+0.05 2
VBE-2jet-tagged-m;; > 700 043 1.96 000 000 0.00 000 0.00 0.07 0.05 012 0.03 | 240£0.02 2.67+0.03 1
VBF-3jet-tagged-m; > 350 252 235 006 006 003 003 005 0.62 0.21 0.64 243 | 511£0.05 9.01£0.17 12
VBF-2jet-tagged-pt > 200 044 079 001 001 001 000 001 0.03 0.03 0.04 006 | 1.26£0.02 1.42:+0.03 0
'VBF-rest 248 094 013 009 004 004 001 098 0.20 039 218 | 3.74+0.05 7.49+0.17 5
VH-had[onic-tagged-m“ [60,120] 4.11 025 109 096 013 006 0.02 1.69 0.22 052 293 | 6.62+0.06 12.0+0.2 12
VH-rest 057 003 009 006 003 001 000 0.16 0.02 006 033 | 0.79£0.02 1.36:+0.06 0
VH-leptonic-tagged-p'[0,150]  0.33 004 085 026 010 003 003 | 216 036 019 111 | 1642002 547+0.13 10
VH-leptonic-tagged-p3 >150 002 001 021 006 004 000 001 0.05 0.01 0.03 0.08 | 0.35+£0.01 0.52+0.03 0
ttH-leptonic-tagged 002 001 002 002 068 000 0.03 0.08 0.01 023 021 | 0.79+£0.01 1.32+0.07 0
ttH-hadronic-tagged 0.18 005 003 005 086 001 003 0.03 0.01 082 106 | 1.22+0.01 3.15+0.14 2
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Figure 5: Distribution of the expected and observed number of events for the
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Figure 6: Distribution of the reconstructed Z1 and Z2
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Figure 7: Likelihood vs Signal strength from the analysis
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Expected

Observed

Menqu 100757 (sta) g3 Gyst)  0.1770 (stat) 553 (syst)
HwH 100718 (stat) 075 (syst)  1.667122 (stat) 05 (syst)
Hzn  LO0THE (stat) Gag syst)  0.0073E (stat) g (syst)
pvse LOOYQR (sta) Qi3 (syst)  0.4870% (stat)*1g (syst)
Pgrppn  1:00 £ 0.10 (stat) {15 (syst)  0.99 = 0.09 (stat) 75 (syst)
r 1007098 (stat) 7000 (syst)  0.94 = 0.07 (stat) ) ps (syst)
Figure 8: Signal strength
(0B)obs () (0B)sp () (0B) s/ (0B)sm
ttH 3416 159+ 14 0.1670%8
VH-lep 4132 259+ 0.8 156719
qqH 61153 122+6 0.50*044
geH 1214718 1192+ 95 1.0251
Inclusive  1318*13) 1369 + 164 0.96+0.30

Figure 9: Measured product of cross sections and branching fraction
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Figure 10: Plot of measured product of cross sections and branching fraction in first
categorization step
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Figure 11: Plot of measured product of cross sections and branching fraction after

using STXS framework
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2e2u (fb) 4y (fb)  4e (fb) Inclusive (tb)
0.38 0.22 0.44 0.68 0.48 0.48
2016 122703 089702 1.07704 319708 = 3.197048 (stat) T35 (syst)
. . . I . 0.41
2017 164705 0827020 056702  3.01704) = 3.01704 (stat) 7§57 (syst)
2018 1177037 0667013 073702 2571032 = 2,570 (stat) T3] (syst)
2016-2018  1.31°0% 078 010 076'018 284193 — 2841023 (stat) T3S (syst)

Figure 12: Inclusive fiducial cross section
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Figure 13: Differential fiducial cross section with bins at fixed Higgs mass of 125.38
GeV
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Conclusions

m Using data samples from an integrated luminosity of 137 fb !, several
measurements of the Higgs boson production in the four-lepton final state

m Measured signal strength modifier,
= 0.94 4 0.07(stat) 70 0% (theo) 70 0% (exp)

m Integrated fiducial cross section, | ogq = 2.847023 (stat)fg'éﬁ' (syst) fb | is

compatible with the standard model prediction of 2.84 + 0.15fb

m New set of measurements designed to quantify Higgs production in
specific kinematical regions of phase space

m Differential cross section as a function of transverse momentum, rapidity
of Higgs, associated jets are determined

All rules are consistent, within their uncertainties, with the expectations for

the standard model Higgs boson.
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