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Chapter 5

Higgs boson observation and measurements of its

properties in the H → ZZ → 4` decay mode

Andrey Korytov1 and Konstantinos Nikolopoulos2

1 University of Florida, Gainesville, FL 32611 USA
2 University of Birmingham, Birmingham, B15 2TT, UK

In their searches for the Standard Model (SM) Higgs boson in the mass
range 115-1000 GeV, both ATLAS and CMS Collaborations observed
a narrow four-lepton resonance with a mass near 125 GeV with local
significances in excess of 5σ. In the combination of the ATLAS and CMS
H → ZZ → 4` measurements, the mass of the observed boson was found
to be 125.15± 0.37 (stat)± 0.15 (syst) GeV. The event rates attributed
to the signal and the studied differential cross sections were compatible
with the SM Higgs boson hypothesis. Kinematic properties of leptons in
signal candidate events agreed with those expected for a state with spin-
parity quantum numbers of the SM Higgs boson (JP = 0+) and strongly
disfavoured states with alternative quantum numbers or 0+ states with
non SM-like tensor structures of their couplings to Z bosons. The yield
and kinematic properties of events in the high four-lepton mass region
allowed one to probe off-shell production of the discovered boson and set
model-dependent upper limits on its total width.

1. Introduction

The H → ZZ → 4` channel∗, where ` denotes electrons and muons, pro-

vides excellent sensitivity to the SM Higgs boson in a broad mass range and

is often referred to as the “golden channel”. The H → ZZ → 4` channel

was one of the key benchmarks that defined the designs of the ATLAS and

CMS experiments. The main virtues of this channel are the fully recon-

structed final state of four leptons; the excellent, experimentally attainable

four-lepton mass resolution; and the outstanding signal-to-background ra-

tio. Despite the small expected branching fraction, this channel was the

∗In this chapter, intermediate on-shell and off-shell Z bosons as well as γ∗, when allowed,

are commonly referred to as Z, unless explicitly stated otherwise.
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most sensitive for discovering a SM Higgs boson in the mass ranges 120−150

and above 180 GeV [1,2]†.
The number of H → ZZ → 4` events expected to be produced in the

LHC Run 1 ranged from a few to about two hundred, depending on the

assumed Higgs boson mass, mH . The branching fraction, B (H → 4`), for

a SM Higgs boson with mH = 125 GeV is 1.25 × 10−4 [3], implying fewer

than 70 four-lepton events per experiment. This is the lowest signal event

yield among all decay channels presented in this book. After accounting for

detector acceptance, lepton reconstruction and event selection efficiencies,

the expected number of detectable signal events was reduced to about 20.

Thanks to the narrow intrinsic width of the SM Higgs boson in the low

mass range and the excellent electron and muon momentum reconstruction

of the ATLAS and CMS experiments, such a signal would manifest itself as

a narrow peak in the four-lepton mass distribution. For a SM Higgs boson

with a mass below 300 GeV, the instrumental four-lepton mass resolution of

about 1-2% was expected to dominate over the Higgs boson natural width.

The final state with four prompt leptons also ensured small background

since such a signature was not characteristic of QCD processes. The main

background in this search was electroweak non-resonant di-boson produc-

tion (qq̄ → ZZ → 4`) with a relatively small and well-understood cross

section. The narrow signal peak over the continuous distribution of the

low-rate background gave rise to a good signal-to-background ratio, 2:1 or

higher, for the entire mass range considered in the search. The signal-to-

background ratio for the H → ZZ → 4` channel is the best among all

SM Higgs boson decay modes. Moreover, angular and dilepton mass dis-

tributions of four well-reconstructed leptons provided rich information on

physics underlying four-lepton production processes, which allowed ATLAS

and CMS to enhance the signal-vs-background separation even further.

Finally, this channel provided excellent means for studying the prop-

erties of the discovered boson. The narrow mass peak and high signal-

to-background ratio facilitated precise mass measurements and studies of

production-related properties, such as the Higgs boson’s transverse mo-

mentum, multiplicities of jets produced in association with the Higgs bo-

son, etc.. The kinematics of the four final state leptons, being sensitive

to helicity amplitudes of Z bosons produced in X → ZZ decays, allowed

for detailed studies of the spin-parity properties of the discovered boson.

The relative production rates of off-shell H∗ → ZZ → 4` and on-peak

†In the mass ranges below 120 and 150 − 200 GeV, the branching fraction for the SM

Higgs boson is impractically small, as discussed in Chapter ??.
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H → ZZ → 4` events was used for probing, albeit with some model-

dependent assumptions, the natural width of the observed boson.

Unless stated otherwise, the experimental results presented in this chap-

ter are based on Refs. [4–13].

2. Physics objects used in the analysis

The physics objects used in the H → ZZ → 4` analyses are leptons, pho-

tons, and jets. The reconstruction specifics relevant to this channel are

discussed below, while the general description of physics object reconstruc-

tion can be found in Chapter ??.

2.1. Electrons and muons

With at least four leptons in the final state, the search for a Higgs boson

in the H → 4` decay mode and measurements of the discovered boson’s

properties demanded a high pseudorapidity acceptance and a high recon-

struction efficiency for leptons.

Figure 5.1 (a) shows the pseudorapidity, η, distribution for the highest-

pseudorapidity lepton originating from decays of Higgs boson with mH =

125 GeV, produced via gluon fusion at
√
s = 8 TeV. The probability that all

four leptons would have pseudorapidity |η| < 2.4 (muon detector acceptance

in CMS) is only 66%. Acceptance for muons in ATLAS was |η| < 2.7.

Electrons in ATLAS and CMS were reconstructed within |η| < 2.5.

Efficient reconstruction of low-pT leptons (pT <10 GeV) was of a par-

ticular importance. In the low Higgs boson mass range (mH < 2mZ), at

least one Z boson originating from the H → ZZ decay is off-shell and gives

rise to relatively low-pT leptons. For mH = 125 GeV, the typical invariant

mass of such off-shell Z bosons is only about 35 GeV. Figure 5.1 (b) shows

the pT distribution of leptons for mH = 125 GeV, ordered by their pT, for

events with all four leptons within the detector acceptance. Less than 80%

(40%) of these events would have all leptons with pT > 5 (10) GeV.

Thus, both ATLAS and CMS made sure that their detector designs

and lepton reconstruction algorithms allowed for reconstructing muons and

electrons with transverse momenta as low as 5-7 GeV. No other Higgs bo-

son analysis described in this book had to face the experimental challenges

associated with using so low-pT leptons. The “turn-on” of the muon recon-

struction efficiency, shown on example of ATLAS in Fig. 5.2 (a), was near

pT ∼ 3 GeV. The efficiency “turn-on” for electrons was at pT ∼ 7 GeV.
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(a) (b)

Fig. 5.1. Kinematic distributions of leptons in the H → ZZ → 4` decays of a Higgs

boson, mH = 125 GeV: (a) pseudo-rapidity of the highest-|η| lepton (the highlighted
area corresponds to |η| < 2.4); (b) transverse momenta of leptons, ranked by their

pT, in events with all four leptons having |η| < 2.4 (the hatched areas correspond to
pT > 5 GeV). These distributions do not include experimental reconstruction efficiencies.

It was also important to achieve a high lepton-pT resolution, which

defined the observable four-lepton mass peak width and, hence, had a direct

impact on the Higgs boson discovery sensitivity and on measurements of

the discovered boson’s properties. Typical lepton-pT resolutions achieved

by ATLAS and CMS were around 1–2% for pT . 100 GeV. Such resolutions

implied that the width of the observable four-lepton mass peak for a SM

Higgs boson with mH < 300 GeV would be still defined by the instrumental

resolution, while for larger masses by the Higgs boson’s natural width. As

an example, Fig. 5.2 (b) shows the electron ET resolution achieved by CMS.

2.2. Photons

A few percent of the four-lepton events were expected to have a recon-

structible final-state radiation (FSR) photon emitted by one of the leptons.

When identified, such photons were included in the calculation of the Higgs

boson candidate mass.

Generally, an FSR photon is expected to be soft and nearly collinear

to the emitting lepton. Reconstruction of photons with ET in the 1 −
4 GeV range and with small angular separation to leptons was yet another
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Fig. 5.2. (a) Muon reconstruction efficiency as a function of pT obtained with the

tag-and-probe method applied to the J/ψ and Z resonances (ATLAS). (b) Electron

relative ET resolution as a function of the electron’s energy as predicted by simulation
(CMS). Contributions of the track’s momentum end electromagnetic cluster’s energy

measurements are also indicated.

feature specific to this analysis. Such low ET thresholds were driven by the

experimental four-lepton invariant mass resolution: not accounting for an

FSR photon with ET of few GeV would result in mismeasuring the mass of

a Higgs boson candidate by more than 1− 2% and, consequently, removing

it from the signal peak.

The main challenge in FSR photon recovery was to keep a high efficiency

of recovering genuine FSR photons and a high rejection factor for abundant

unwanted photons mostly coming from π0 decays. Since only a small frac-

tion of events had reconstructible FSR, the net gain in sensitivity from the

FSR photon recovery was O(1%). Nevertheless, given the small expected

signal yield, both ATLAS and CMS opted for recovering FSR photons in

order to make the best use of every single event.

2.3. Jets

Both ATLAS and CMS used jets to gain sensitivities to vector boson fusion

(VBF) and associated (VH) production. Jets were reconstructed using the

anti-kT algorithm, discussed in Chapter ??, with the clustering distance

parameter D = 0.4 for ATLAS and 0.5 for CMS. In the case of ATLAS,

jets were considered in the analysis only if they had pseudorapdity |η| < 2.5

and pT > 25 GeV or pseudorapdity 2.5 < |η| < 4.5 and pT > 30 GeV. CMS

considered jets with pT > 30 GeV in the pseudorapdity range of |η| < 4.7.
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3. Background processes

Broadly speaking, all four-lepton backgrounds can be classified as either

“irreducible” with four prompt leptons not directly associated with jets

(hence, very similar to leptons from Higgs boson decays) or “reducible”

with one or more leptons, real or fake, closely associated with jets. This

association of leptons with jets allows one to suppress, or reduce, the latter

backgrounds by very large factors, hence the name “reducible”.

Feynman diagrams for the main contributions to “irreducible” back-

ground are shown in Fig. 5.3. Figure 5.4 presents the four-lepton mass

distributions for each of these contributions.

ℓ+

ℓ−

ℓ+

ℓ−

(a) qq̄ → ZZ → 4`

ℓ+

ℓ−

ℓ+

ℓ−

(b) qq̄ → Z → 4`

ℓ+

ℓ−

ℓ+

ℓ−

(c) gg → ZZ → 4`

Fig. 5.3. The main production modes of “irreducible” background pp→ 4` search: (a)

and (b) show LO diagrams for qq̄ → 4`, while (c) shows NNLO diagram of gg → 4`.
NLO processes are not shown.

The mass distribution for events produced via t-channel qq̄ → ZZ →
4`, shown in light blue in Fig. 5.4, has three characteristic regions. For

m4` �100 GeV, both propagators shown in Fig. 5.3(a), are predominantly

γ∗ (qq̄ → γ∗γ∗ → 4`) and the cross section nearly diverges as m4` goes to

zero. For m4` ≈ 100 GeV, the cross section exhibits a step increase as one of

the two propagators becomes predominantly an on-shell Z boson, while the

other one still has to be γ∗: qq̄ → Zγ∗ → 4`. Near 200 GeV, there is another

step increase in cross section as both propagators become predominantly on-

shell Z bosons: qq̄ → ZZ → 4`. The s-channel qq̄ → Z → 4` decays, shown

in Fig. 5.3(b), form a m4` peak at the Z boson mass (dark blue in Fig. 5.4)

with negligible spillover into the search region with m4` > 110 GeV.

The NLO corrections to the t- and s-channels include qq̄ → 4` + g,

qg → 4`+ q, and interference of NNLO qq̄ → ZZ with LO qq̄ → ZZ. They

add about 30% to the LO cross section and are shown in yellow in Fig. 5.4

(mind the logarithmic scale). The NNLO gg → ZZ → 4` process, shown
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Fig. 5.4. Four-lepton mass distribution for events associated with “irreducible” back-
ground pp→ 4`, obtained at generator-level. Leptons are required to have pT > 5 GeV

and |η| < 2.5, while the invariant mass of opposite-sign dileptons has to be greater than

12 GeV. The following contributions are identified by color and stacked on the plot: LO
processes qq̄ → ZZ → 4` (t-channel) and qq̄ → Z → 4` (s-channel); NLO correction to

these two LO processes; NNLO process gg → ZZ → 4`.

in (Fig. 5.3(c)), contributes about 10% with respect to the NLO pp → 4`

production for m4` > 200 GeV. However, for four-lepton mass near 125

GeV, this process has a negligible contribution, since diagrams with various

quarks in the loop of the gg → box → Zγ∗ process have many partial

cancellations arising from sign flips of Z boson and γ couplings to left/right

and up/down-type quarks. For gg → box → ZZ and gg → box → γ∗γ∗,
there are no such cancellations as the Z boson and γ∗ couplings to the

quarks in the loop are effectively squared.

The main sources of the so-called “reducible” background are Z + jets

(including heavy flavour quark jets) and tt̄→WW + 2 b−jets, both giving

rise to two prompt and two non-prompt leptons. There is also a contri-

bution from backgrounds with three prompt and one non-prompt leptons:

WZ+jets and Zγ+jets (where the photon converts in an electron-positron

pair in the detector volume and is misidentified as a prompt electron). After

applying all selection requirements, the sum of all “reducible” backgrounds

was assessed by ATLAS and CMS from data and found to contribute about

30− 40% with respect to “irreducible” background in the four-lepton mass

range 100− 180 GeV and much less at higher masses.
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4. Event selection and categorization

ATLAS datasets certified as taken during periods of nominal detector op-

eration and usable for the H → ZZ → 4` analyses corresponded to an inte-

grated luminosity of 20.3 fb−1 at
√
s = 8 TeV and 4.5 fb−1 at

√
s = 7 TeV.

The corresponding numbers for CMS were 19.6 and 5.1 fb−1.

Both single-lepton and di-lepton triggers were used for online event se-

lection by ATLAS and CMS. CMS also used a tri-electron trigger for the

4e case. The trigger efficiency for a signal with respect to the offline selec-

tion, described below, was 97− 100%, depending on the final state and the

assumed Higgs boson mass in the range 100− 1000 GeV.

4.1. Event selection

For an event to be selected in the offline analysis, it had to contain at

least two pairs of same-flavour and opposite-charge leptons: e+e−e+e−,

µ+µ−µ+µ− or e+e−µ+µ−. The leptons had to satisfy the criteria listed

in Table 5.1, which were defined through simulation-based optimizations

maximising the expected search sensitivity (exclusion limits). ATLAS and

CMS, in general, arrived to very similar requirements; however, there were

some variations as well. In some cases, these variations were a result of

differences in the detector designs and performance, while in other cases

the optimal selection criteria had fairly broad ranges so that seemingly

different values of requirements resulted in nearly identical expected search

sensitivities. Also, as often happens, the same ultimate objectives could be

achieved by somewhat different means.

The pseudorapidity requirements on leptons, |η|max, were set by the

detectors’ geometrical acceptance. The minimal pT requirements on lep-

tons, pmin
T , were a matter of careful optimization. As discussed in Sec. 2,

reconstruction of low-pT leptons was crucial for gaining signal efficiency

for a low-mass Higgs boson. However, one also had to worry about the

quickly rising rate of “reducible” backgrounds with low-pT “fake” leptons

and, also, about reliable measurements of lepton reconstruction efficiencies

quickly falling below pT ∼ 5 GeV for muons and 10 GeV for electrons.

The isolation requirements on the amount of hadronic energy flow-

ing around leptons were the primary tool for suppressing the reducible

backgrounds with non-prompt leptons originating from jets (see Sec 3).

ATLAS used tracker-based and calorimeter-based isolations, which were

partially correlated as charged hadrons contributed to both. The relative
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Table 5.1. Four-lepton event selection criteria in the ATLAS and CMS analyses. SF and DF

stand for same-flavour (ee or µµ) and different-flavour (eµ) lepton pairings, respectively. The
mmin

Z2 cut in ATLAS is 12 GeV for mH<140 GeV, rose linearly to 50 GeV at mH>190 GeV,

and then stayed constant for searches of a Higgs boson with higher masses.

Observables ATLAS CMS

Leptons:

electron |η|max 2.47 2.5

muon |η|max 2.7 2.4
electron pmin

T (GeV) 7 7

muon pmin
T (GeV) 6 5

maximum relative isolation energy (see text) 0.2–0.3 (∆R = 0.2) 0.4 (∆R = 0.4)
maximum impact parameter significance |d|/σ 3.5(µ), 6.5(e) 4.0

1st/2nd/3rd leading lepton pmin
T (GeV) 20/15/10 20/10/-

Di-leptons:
∆Rmin (SF/DF) 0.1/0.2 0.02/0.05

invariant mass of Z1 pair, mZ1
(GeV) 50–106 40–120

invariant mass of Z2 pair, mZ2 (GeV) mmin
Z2

–115 12–120

mmin
`+`−

(GeV) 5 (SF) 4

tracker-based isolation, defined as the sum of the transverse momenta of all

tracks, excluding those associated with leptons of interest, inside a cone of

∆R =
√

∆φ2 + ∆η2 < 0.2 around a lepton, divided by the lepton’s ET, had

to be smaller than 0.15. The relative calorimeter-based isolation, defined

as a sum of energy deposits in the electromagnetic and hadronic calorime-

ters, excluding the lepton’s calorimetric footprint, in a cone of ∆R < 0.2

around the lepton, divided by lepton’s ET, was required to be smaller

than 0.3 for muons and 0.2 (0.3) for electrons in 8 TeV (7 TeV) datasets.

CMS used a particle flow algorithm,14 in which all tracks and all elec-

tromagnetic/hadronic calorimeter deposits were grouped to form mutually

exclusive “particles” of five kinds: electrons, muons, photons, charged and

neutral hadrons. To quantify the amount of energy flowing around a given

lepton, the transverse energy of all such particles in a cone ∆R < 0.4 around

a lepton was calculated and the ratio of this energy over the lepton’s ET

was required to be less than 0.4. To maintain the same isolation require-

ment efficiency for different pileup conditions (and hence minimize potential

systematic uncertainties), both ATLAS and CMS used isolation energy cor-

rections calculated on the per-event basis as a function of the number of

vertices found and the average amount of transverse energy flowing in the

event.

Rejecting leptons not pointing to the primary vertex was another han-

dle to suppress non-prompt leptons originating from long-lived hadrons,



September 10, 2016 16:42 World Scientific Review Volume - 9in x 6in ws-higgs

10 A. Korytov and K. Nikolopoulos

such as B mesons, or electrons originating from photon conversions in the

beam pipe and detector material. ATLAS discarded muons (electrons), if

their impact parameter in the transverse plane divided by its estimated

measurement uncertainty, |d|/σ, was greater than 3.5 (6.5). CMS used a

3D-impact parameter, the closest distance between the track helix and the

event primary vertex, and discarded leptons with |d|/σ > 4.

Requirements on the transverse momentum, pT of the two leading lep-

tons (20 and 15 GeV for ATLAS, 20 and 10 GeV for CMS) ensured that

selected events had a high trigger efficiency and, hence, known with small

uncertainties.

Leptons were required to be separated from each-other by a minimum

∆Rmin distance. The primary purpose of this requirement was to reject

rare occasions of duplicates when one lepton was reconstructed as two.

Whenever this happened, the original and “fake” leptons would tend to be

nearly collinear.

In the decays of a Higgs boson with a mass in the range 110–180 GeV,

one Z boson is expected to be mostly on-shell, while the other off-shell.

Therefore, between four leptons in an event, the pair of opposite-sign same-

flavour leptons with its invariant mass closest to the Z boson mass, to

be denoted henceforth as Z1, was required to have its mass in the range

50–106 GeV for ATLAS and 40–120 GeV for CMS. The mZ1 cuts had a

very high efficiency for a signal and helped reduce backgrounds without Z

bosons, such as tt̄ and WW + jets. The low-end cut on mZ1
was as low

as 40 or 50 GeV in order to keep a high acceptance for a low-mass Higgs

boson occasionally decaying into two off-shell Z bosons: H → Z∗Z∗ → 4`.

The low-end cut on the invariant mass of the remaining pair‡, denoted

as Z2, was a subject of detailed optimizations. Lowering this requirement

would naturally increase the signal efficiency for a low-mass Higgs boson.

However, the rate of backgrounds, including the “irreducible” background

qq̄ → Z(Z∗/γ∗) → 4` would grow as well. Both ATLAS and CMS arrived

to a conclusion that the cut near 12 GeV would be close to optimal for the

low-mass Higgs boson searches (mH < 140 GeV). In a search for a Higgs

boson of higher masses, the cut could be raised, as was done by ATLAS

(see Table 5.1). CMS refrained from varying the cut value, as the expected

sensitivity gains were considered to be small. The upper cut on mZ2 , 115

or 120 GeV, was not consequential and was added as a safe-guard against

non-ZZ background.

‡The subtleties of selecting a Z2 pair in rare events with more than four leptons can be

found in the original papers.
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Finally, the cut mmin
`+`− > 5/4 GeV (ATLAS/CMS) on all same-flavour

lepton pairs helped suppress background qq̄ → γ∗γ∗ → (`+`−)(`+`−). The

cross section for this background rises fast as mγ∗ decreases. The poten-

tial danger was that such events with two γ∗’s of low mass and high pT

might nevertheless pass the selection criteria should the Z1 and Z2 pairs

be formed from leptons associated with different γ∗’s. CMS decided to

extend the mmin
`+`− cut to include lepton pairs of different flavour, moti-

vated by considering backgrounds with 2 b-quark jets, e.g.: pp → bb̄ →
(e+µ− + X)(e−µ+ + X). Again, same-flavour lepton pairs might pass the

mZ1
and mZ2

cuts, but would fail the mmin
e±µ∓ cut as e±µ∓ pairs in such

events would come from B mesons with a mass of about 5 GeV.

The signal efficiency, which includes the detector acceptance, lepton

reconstruction efficiency, and efficiency of event selection requirements, is

shown in Fig. 5.5. The difference between efficiencies for the three final state

was due to the lower reconstruction efficiency for electrons in comparison

to muons. The overall decline of efficiency at lower Higgs boson masses was

due to smaller efficiency for low pT leptons (acceptance, reconstruction, and

isolation) and falling efficiency of the low-end mZ2 cut.

Fig. 5.5. Four-lepton event acceptance times reconstruction/selection efficiency as a
function of the Higgs boson mass for CMS in the 8 TeV dataset. Efficiencies for different
final states are shown separately.

Table 5.2 shows the expected and observed event yields after all selec-

tion requirements in the wide range of four-lepton masses as well as for a

narrow range around 125 GeV. For simplicity, all four-lepton final states

are summed.
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Table 5.2. Expected and observed numbers of events in two four-lepton mass ranges:

m4` > 100 GeV and in 10/9 GeV windows near 125 GeV. The assumed SM Higgs boson
mass is 125 GeV. The numbers in parentheses are not given in the original publications;

they are estimates made by the authors of this chapter.

ATLAS CMS

>110 GeV 120–130 GeV >100 GeV 121.5–130.5 GeV

“irreducible” background 381± 20 7.41± 0.40 387± 31 6.8± 0.3

“reducible” background 18.9± 2.4 2.95± 0.33 22.6± 3.6 2.6± 0.4
H → ZZ → 4` 18.2± 1.8 16.2± 1.6 (19) 17.3± 1.3

total expected 418± 20 26.5± 1.7 (429± 31) 26.7± 1.4

observed 466 37 470 25

4.2. Recovery of final state radiation

Both ATLAS and CMS searched for FSR photons (see Sec. 2.2) and, when

identified, included them in the Higgs boson candidate mass calculation.

FSR photons have a spectrum dN/dEγ ∼ 1/Eγ and tend to be emitted

along leptons. Considering this, ATLAS defined “collinear” FSR candi-

dates (∆R`γ < 0.15 and EγT > 1.5 GeV) and “non-collinear” FSR candi-

dates (∆R`γ > 0.15 and EγT > 10 GeV). CMS definitions for FSR candi-

dates were as follows: “collinear”, if ∆R`γ < 0.07 and EγT > 2 GeV, and

“non-collinear”, if 0.07 < ∆R`γ < 0.5 and EγT > 4 GeV. To be included in

calculation of the mass, an FSR photon candidate had to be isolated and

was required to bring the invariant mass of `+`−γ closer to the Z boson

mass in comparison to the `+`− mass. In ATLAS, the FSR recovery proce-

dure was applied to leptons in the leading Z1 pair only, while in CMS—for

all leptons.

On average, about 5% of four-lepton events were FSR-corrected. The

estimated efficiency of the procedure was about 50–70%, with respect to

the number of true FSR photons with the same ∆R and EγT requirements.

The purity was estimated to be between 80–95%, i.e. 5–20% of photons

identified as FSR were actually not FSR photons. The FSR recovery pro-

cedure was validated by applying it to Z → `+`− decay. FSR photons were

found in a few percent of Z boson decays, in agreement with expectations,

and the reconstructed invariant mass of the `+`−γ system for such events

formed a much improved peak around the Z boson mass.
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4.3. Event categorization

Selected events were classified into categories, aiming to improve search and

measurement sensitivities, to facilitate studies of various signal properties,

and help with analysis flow book-keeping.

4.3.1. Categorization by centre-of-mass energy

Both ATLAS and CMS treated events from the
√
s =7 and 8 TeV datasets

separately. This simplified the basic analysis bookkeeping (run conditions,

calibrations, simulation samples, etc.).

4.3.2. Categorization by flavour of the four-lepton system

CMS used three lepton-flavour-dependent event categories: 4e, 4µ, 2e2µ.

Keeping events of different expected signal-to-background ratio in separate

groups helped to maximise the overall search and measurement sensitivities.

In comparison to the 4e final state, 4µ events were expected to have a

higher signal-to-background ratio due to better four-lepton mass resolution

(see Figs. 5.6 and 5.7) and smaller “reducible” backgrounds (see Sec. 6).

In terms of the signal-to-background ratio, the 2e2µ event category was in

between.

4e 2e2µ/2µ2e 4µ

ATLAS 2.2 1.8 1.6
CMS 2.0 1.6 1.2

Fig. 5.6. Four-lepton mass resolution

in GeV (σ of the Gaussian core) for a
125 GeV Higgs boson.
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Fig. 5.7. Simulated four-muon invari-

ant mass distributions for H → ZZ →
4µ (ATLAS).

ATLAS divided 2e2µ events further into two separate categories, 2e2µ

and 2µ2e, depending on whether 2e or 2µ pair would be counted as Z1.

For events with m4` < 2mZ , the Z1 pair would contribute the most to the

four-lepton mass and, hence, 2µ2e events were expected to have a better

average mass resolution than 2e2µ events. On the other hand, 2µ2e events
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with low pT electrons associated with the Z2 pair were expected to have

a higher relative contribution of “reducible” background in comparison to

2e2µ events, since soft electrons are easier to fake. The two trends, however,

had opposite effects on the signal-to-background ratio and largely compen-

sated each other so that the net gain in sensitivities from splitting events

with dilepton pairs of different flavours into 2e2µ and 2µ2e categories was

found to be relatively small.

4.3.3. Categorization by production mechanism signatures

To probe different Higgs boson production mechanisms, ATLAS and CMS

introduced production-mechanism-sensitive categories. ATLAS used four

categories (dijet VBF, dijet VH, leptonic VH, and untagged), while CMS

used only two categories (dijet and untagged).

The categorisation employed by ATLAS was as follows. If an event had

at least two jets and the two highest pT jets (two “leading” jets) had an

invariant mass mjj > 130 GeV, the event was assigned to the VBF-tagged

category. If 40 < mjj < 130 GeV and a dedicated multivariate-observable

trained using a Boosted Decision Tree algorithm (BDT - see Appendix ??)

BDTVH > −0.4, such an event would be assigned to the dijet VH-tagged

category. The BDTVH was trained to separate VH from gluon-gluon fusion

production using the following five inputs: mjj , pT of each of the two

leading jets, pseudorapidity of the highest pT jet, and absolute value of

the difference between two leading-jet pseudorapidities |∆ηjj |. From the

remaining events, those with at least one additional (i.e. fifth) lepton with

pT > 8 GeV would form the leptonic VH category. The untagged category

comprised all remaining events.

In the CMS categorisation scheme, events with two or more jets were

assigned to the dijet category and all other events to the untagged category.

Table 5.3 lists the expected and observed event counts in each of the

production mechanism categories. Note that VBF and VH categories are

expected to contain a substantial fraction of signal events produced via

gluon-gluon fusion. In comparison to the untagged category, VBF and VH

categories were expected to have better signal-to-background ratio, albeit

with considerably smaller event yields.
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Table 5.3. Expected and observed event counts in each of the production mechanism tag cat-

egories. ATLAS (CMS) results are for four-lepton mass range 120–130 (121.5-130.5) GeV and
for an assumed Higgs boson mass of 125 (126) GeV.

gF+ttH+bbH VBF VH total H total bkg observed

ATLAS untagged 12.8 0.57 0.35 13.7 9.8 34

dijet VBF 1.18 0.75 0.10 2.03 0.42 3

dijet VH 0.40 0.03 0.21 0.64 0.18 0
leptonic VH 0.013 <0.001 0.069 0.082 0.031 0

CMS untagged 15.4 0.70 0.49 16.6 8.5 20

dijet 1.7 0.87 0.37 3.0 0.9 5

5. Continuous observables

The four-lepton events were further characterised by introducing observ-

ables that helped enhance search and measurement sensitivities, but were

not used for explicit cuts. Instead, the analyses took into account entire

shapes of their distributions, which allowed for using maximally the dis-

criminating information carried by these observables. In this section, we

describe such observables that were selectively used in different sub-analyses

to be presented in Sections 7 – 11. Observables specific to measurements

of the discovered boson’s mass, total width via its far off-shell production,

and studies of spin-parity properties are described in the corresponding

sections.

5.1. Four-lepton invariant mass

The four-lepton invariant mass was the prime shape observable. The SM

Higgs boson events were expected to form a distinct resonance peak not

characteristic of any background. As mentioned earlier, for mH < 300 GeV,

the intrinsic width of the SM Higgs boson is smaller than the instrumental

four-lepton mass resolution. Whenever an FSR photon was identified, it

was added to the calculation of the mass. ATLAS improved the average

m4` resolution by about 15% by refitting the invariant mass of each four-

lepton event with Z-mass constraints, on the Z1-pair mass for events with

m4` < 190 GeV and both Z1 and Z2 pair masses for events with m4` >

190 GeV, in which both Z bosons would tend to be produced on-shell.

The fit was taking into account the Z boson line-shape, the reconstructed

dilepton mass and its instrumental uncertainty.

Figure 5.8 shows the four-lepton invariant mass distributions (separately
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Fig. 5.8. Four-lepton invariant mass distributions for ATLAS (top) and CMS (bottom)
data in the full mass range (left) and the low-mass range (right). Data are shown as

points. The background contributions along with the expectation for the SM Higgs boson
production are shown as histograms. For ATLAS, the expectations for SM Higgs boson

with mH = 125 GeV are scaled up by factor 1.51, the best-fit signal strength obtained

in data.

for the full and the low-mass ranges) for all events passing the selection cri-

teria. In this and following figures, events of all four-lepton final states and

data from the 7 TeV and 8 TeV runs are shown together, although, in the

actual analyses, events of different event categories were always analysed

separately. In the low-mass range, signal-like peaks near 125 GeV are visu-

ally evident in both ATLAS and CMS data without any formal statistical

analysis. Outside the 125 GeV peak region, the distributions were consis-

tent with the expected background. The peak at m4` ∼ mZ corresponds

to Z → 4` decays (Fig. 5.3(b)); it is more pronounced in CMS data owing

to the lower pT cuts.
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5.2. Four-lepton kinematic discriminants

To help separate signal from background, ATLAS and CMS made use of

kinematic discriminants calculated for each four-lepton event as the ratio

of leading-order matrix elements, AH(P) for the gg → H → 4` signal, and

AZZ(P) for the prevailing qq̄ → ZZ → 4` background:

d =
|AH(P)|2

|AZZ(P)|2
, (5.1)

where P stands for momenta of the four final-state leptons. The signal ma-

trix element AH was calculated assuming mH = m4`; hence, the observable

d discriminated on the basis of a kinematic configuration of four leptons

in an event, rather than on the four-lepton invariant mass. Matrix ele-

ments were calculated and cross-validated by using a number of tools,15–22

including various event generators, exact for any four-lepton final state,

and explicit analytic formulas, which were available for the 2e2µ final state

only§.
In the mass range near 125 GeV, using the matrix-element-based dis-

criminant boosted the Higgs boson search sensitivity by about 20%. This

discrimination power arises mostly from the mZ2 mass distribution differ-

ences:18 for a signal, the Z2 pair is always produced via off-shell Z boson

and tends to “prefer” the highest possible mass, while for background, dom-

inated in the low four-lepton mass range by qq̄ → Zγ∗ → (`+`−)(`+`−),

this lepton pair is expected to “prefer” lower invariant masses. Also, the

low mass tail of the mZ1 distribution is expected to be less suppressed for

Higgs boson events. When Z1 goes off-shell (mZ1
< mZ), the suppression

is partially compensated by allowing for mZ2 to get closer to mZ . Fig-

ure 5.9 shows the mZ1
and mZ2

distributions for events in the 125 GeV

peak. Indeed, the excess events revealed the expected pattern.

For the purposes of technical convenience, the discriminant d was mono-

tonically transformed¶. ATLAS simply used DZZ∗ = log(d). CMS trans-

formed the discriminant d so that the new one, denoted as Dkin
bkg, would

range between 0 and 1: Dkin
bkg = [1 + cm4`

· d]
−1

, where an ad-hoc constant

cm4`
was adjusted for each bin of m4` in order to prevent distributions from

being too compressed against 0 or 1.

§The case of the 4e and 4µ states is more complicated due to interference associated

with permutations of identical leptons, which is particularly pronounced for events with
off-shell Z bosons.
¶Monotonic transformations do not change the discrimination power of observables as

they do not change relative ranking of events.
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(a) (b)

Fig. 5.9. Dilepton mass distributions for events with 121.5 < m4` < 130.5 GeV, as
obtained by CMS: (a) mZ1

for the pair of leptons of same flavour and opposite charge

with their invariant mass closest to mZ , (b) mZ2
for the remaining pair.

Matrix elements calculated at LO are oblivious of the four-lepton event

transverse momentum p4`
T (NLO effect) or its rapidity y4` (PDF and NLO

effects). However, these observables carry some signal-vs-background sep-

aration. Since the initial state radiation from gluons is more prolific than

from quarks, the four-lepton system tends to have higher transverse momen-

tum for signal (gg → H → 4`) than for ZZ background (qq̄ → ZZ → 4`).

Also, the four-lepton system produced in qq̄ → ZZ → 4` process tends

to be more boosted along the beam line due to very different quark and

anti-quark parton density functions. ATLAS exploited these features by in-

troducing a multivariate observable, BDTZZ∗ , trained using three inputs:

matrix-element discriminant DZZ∗ , four-lepton transverse momentum p4`
T ,

and four-lepton pseudorapidity η4`. CMS also used p4`
T , but kept it as an

independent observable, aiming both to help separate signal from ZZ back-

ground as described above and to attain some sensitivity to the VBF+VH

production component of the untagged event category. A Higgs boson pro-

duced in VBF or VH processes recoils already at LO against either two

quarks or a W/Z boson, which leads to higher Higgs boson transverse mo-

menta in comparison to the case of gluon-gluon fusion process. However,

quantitative studies showed that gains in Higgs boson discovery sensitivity

from using the four-lepton transverse momentum and rapidity observables

were rather small, at the level of O(1%).

Figures 5.10(a) and 5.10(b) show the BDTZZ∗ (ATLAS) and Dkin
bkg
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(CMS) distributions for events with m4` near 125 GeV. The expected dis-

tributions, shown by histograms, demonstrate a clear separation between

the SM Higgs boson and the dominant qq̄ → ZZ background. Also, one can

see that the observed events are skewed to the right, as one would expect

in a presence of a Higgs boson signal.

(a) (b)

Fig. 5.10. (a) Discriminant BDTZZ∗ distribution for events with four-lepton invariant
mass in the range 120–130 GeV (ATLAS). (b) Discriminant Dkin

bkg distribution for events

with four-lepton invariant mass in the range 121.5–130.5 GeV (CMS).

5.3. Di-jet discriminant

The di-jet tagged category was enriched in signal events; nevertheless, it

still contained a large fraction of gg → H signal events and background

as well. The large rapidity distance between two leading jets |∆ηjj | and

their invariant mass mjj were both used to help distinguish signal events

produced via VBF mechanism from gluon-gluon fusion. However, these

two observables had a strong correlation. CMS consolidated them into one

VBF discriminant Djet = α |∆ηjj |+β mjj , where α and β coefficients were

optimised to provide the maximum discrimination power between VBF and

gluon fusion production mechanisms. Such a linear construct is known as

a Fisher discriminant. ATLAS trained an MVA-observable BDTVBF using

the following five inputs: mjj , |∆ηjj |, pT of each of the two leading jets,

and the pseudorapidity of the leading jet. The VBF discriminants were

also efficient in separating the VBF produced Higgs boson signal events in

the VBF di-jet category from the background, thus improving the overall



September 10, 2016 16:42 World Scientific Review Volume - 9in x 6in ws-higgs

20 A. Korytov and K. Nikolopoulos

signal sensitivity.

ATLAS and CMS observed three and five events, respectively, in their

VBF di-jet categories with m4` ∼ 125 GeV. One ATLAS event had Higgs

signal to ZZ background ratio of about 6, and 60% probability to arise

from VBF production, still very modest for any affirmative claims. The

VBF purity of all five CMS events was smaller.

6. Signal and background modelling

The signal and background modelling, including the assessment of asso-

ciated systematic uncertainties, was evolving over time. The description

presented in this chapter is based on the final analyses published with the

full Run 1 dataset. The tools and methods used by ATLAS and CMS in

setting up their models were very similar.

6.1. Processes with four prompt leptons

The processes with four prompt leptons were modelled using simulation.

Particle-level events were simulated using appropriate event generators as

shown in Table 5.4. The best-known cross sections were used to normal-

ize simulated events to represent the expected event yields for the given

integrated luminosity. Signal cross sections were taken from Refs. [3,23]

(see Chapter ?? for details). The particle-level events were then processed

through the ATLAS and CMS detector simulation, which propagated the

generated particles through the detector volume and emulated detector’s

response. Pile-up pp interactions were added with their multiplicity distri-

butions matched to those observed in data. Then, the simulated detector

response was used to reconstruct events with the same algorithms that were

used with the data. Finally, the simulation-based signal and background

models were corrected for differences between simulated and actual detec-

tor performance (lepton reconstruction efficiency, lepton pT scale, lepton

pT resolution, jet energy scale, etc.), where the actual detector performance

was obtained from dedicated analyses of data, relying on data-driven tech-

niques such as the tag-and-probe method.

Some of the simulated samples were corrected to improve the theoretical

accuracy of models implemented in corresponding generators. For example,

the Powheg-generated gluon fusion events were given additional weights

so the pT distribution of reweighted events would match the one calculated

at the NLO+NNLL level.
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Table 5.4. Simulated processes with four prompt leptons. Parton showering and

hadronization, including the underlying event, are simulated with Pythia for all listed
processes. Processes gg/qq̄ → X stand for production of a particle with spin-parity prop-

erties different from the SM Higgs boson. Processes marked with “Yes” had additional
theory-based corrections applied, as described in the text.

Process ME generator Corrections Cross section

gg → H Powheg (NLO) Yes (NNLO + NNLL)QCD + NLOEW

VBF Powheg (NLO) Yes NNLOQCD + NLOEW

WH and ZH Pythia (LO) NNLOQCD + NLOEW

tt̄H Pythia (LO) NLOQCD

bb̄H (ATLAS) see text NLOQCD(4FS) + NNLOQCD(5FS)

gg/qq̄ → X JHUGen (LO) Yes normalized to data

qq̄ → ZZ Powheg (NLO) NLOQCD

gg → ZZ GG2ZZ (LO) LO and (LO)×K-factor
DPI (qq̄ → Z)× 2 Pythia phenomenological

For a SM Higgs boson with mH & 400 GeV, the narrow-width approx-

imation implemented in Powheg was not adequate. Also, for gluon-gluon

fusion the effect of interference between gg → H → ZZ and non-resonant

gg → ZZ needed to be accounted for. CMS reweighted the Powheg sam-

ples (gg → H and VBF) in this mass range to match the Higgs boson mass

lineshape calculated in a complex-pole scheme.24

Neither Powheg nor Pythia simulated the effects of interference as-

sociated with permutations of identical leptons in H → ZZ → 4e and 4µ

decays, which was important in spin-parity studies.18 CMS opted to keep

Higgs bosons stable in Powheg gg → H and VBF samples and perform

Higgs bosons’ decays with JHUgen,15–17 which treated the interference

properly. For simulation of gg → H, ATLAS used JHUgen and reweighted

the simulated events to match their pT distribution to the NLO+NNLL cal-

culation.

The small contributions from WH, ZH, and tt̄H processes were sim-

ulated with Pythia. The SM bb̄H production is expected to contribute

less than 1% of the total cross-section. ATLAS included and treated it as

a small correction to gluon fusion, while CMS chose to neglect it.

Production of bosons with exotic spin-parity properties was simulated

with JHUgen. In absence of established contender models for such exotic

bosons that would predict definitive production cross sections, event yields

in those models were set to the number of observed signal events.

Background qq̄ → ZZ → 4` was generated with NLO Powheg, which
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was also used for assessing the process cross section. Background gg →
ZZ → 4` was simulated with GG2ZZ at LO. In analyses probing the

Higgs boson off-shell production, where gg → ZZ background was of high

importance, the gg → H → ZZ K-factor was used as a proxy25 for the

gg → ZZ background.

Double-parton interactions (DPI) with two “independent” qq̄ → Z in-

teractions taking place within the same proton-proton collision was simu-

lated with Pythia. The overall cross section was assessed from a general

phenomenological formula σDPI = σ1σ2/σeff , where σ1 and σ2 are cross

sections for two single parton-parton processes of interest (qq̄ → Z1 and

qq̄ → Z2), and σeff is a universal phenomenological parameter measured to

be about 15 mb for pp collisions at
√
s = 7 TeV [26]. The DPI background

was found to be negligible.

6.2. Reducible background

In the mass range 100-180 GeV, “reducible” backgrounds consisting of

events with one or two leptons of non-prompt origin were estimated to

contribute as much as 30–40% in addition to the “irreducible” background

(see Table 5.2). Although the primary processes contributing to “reducible”

backgrounds were well known (see Sec. 3), accurate simulation of rare in-

stances of reconstructing objects of non-prompt origin as “tight” leptons

was challenging. Here, “tight” refers to the final lepton selection criteria.

Objects of non-prompt origin could be a lepton from B hadron decays, an

electron originating from a photon conversion, a muon from a pion in-flight

decay π → µν, a charged pion faking an electron via the charge-exchange

interaction (e.g., π−p→ π0n) in the electromagnetic calorimeter, etc. Prob-

abilities of reconstructing such objects as “tight” leptons, being very small,

depended strongly in relative terms on various subtleties of jet fragmenta-

tion and particle interactions with the detector, whose accurate modelling

was not guaranteed.

Therefore, to predict the net “reducible” background in the signal re-

gion, ATLAS and CMS opted for data-driven methods. The method used

by ATLAS was based on unravelling the background composition and deal-

ing with each contribution separately, while CMS treated all background

sources more inclusively. In the following, we briefly describe the CMS

method and then highlight the distinct features of the ATLAS approach.

The CMS method assumed that there were two distinct groups of “re-

ducible” background processes with either two or three prompt leptons,
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with the unknown number of events X2 and X3 respectively, and that the

probability of reconstructing an object of non-prompt origin as a lepton

with “tight” and “loose” selection criteria were εT and εL, respectively.

“Loose” selection did not include isolation requirements and certain recon-

struction quality criteria. The number of observed events Nobs
CR2 and Nobs

CR3

in two control regions—CR2 with two “tight” leptons and two “loose”

leptons, failing the “tight” selection criteria, and CR3 with three “tight”

leptons and one “loose-but-not-tight” lepton—were related to X2, X3, εT,

and εL as follows:

Nobs
CR2 = X2 · (εL − εT)2

Nobs
CR3 = X3 · (εL − εT) +X2 · 2εT(εL − εT) .

From these two equations, the predicted expected number of “reducible”

background events in the signal region (NSR = X2 · ε2T + X3 · εT) was

obtained:

NSR = Nobs
CR3 ·

ε

1− ε
− Nobs

CR2 ·
(

ε

1− ε

)2

, (5.2)

where ε is the “tight-to-loose” ratio of two probabilities, ε = εT/εL, also

referred to as a transfer factor. This ratio was measured in control regions

of Z(`+`−) + e/µ events with low missing transverse momentum required

in order to suppress WZ events. The non-Z lepton in such events provided

a clean source of reconstructed leptons of non-prompt origin.

Potential systematic biases arising from differences in ε for different non-

prompt objects were minimized by using isolation as the prime difference

between “loose” and “tight” leptons and by measuring “tight-to-loose” ra-

tios for electron and muons in bins of pT and η. The validity of this method

was confirmed by simulation. With ε being a function of pT and η, the two

terms in Eq. (5.2) then represent sums of CR2 and CR3 events reweighted

by measured probabilities on an event-by-event basis. The predictions of

Eq. (5.2) were obtained in bins of various four-lepton observables used in

the H → ZZ → 4` analyses. The method was validated on data using

events with four leptons of wrong charge/flavour combinations (µ+µ−µ+e−,

µ+µ−e+e+, etc), as shown in Fig. 5.11(a).

In the ATLAS approach, separate analysis schemes were developed for

``+µµ and ``+ee events, motivated by the fact that leptons of non-prompt

origin were most likely to end up in the Z2 dilepton pair and that processes

leading to “fake” muons and electrons were notably different. Using physics

considerations, “reducible” background processes were classified in a few
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(a) (b)

Fig. 5.11. (a) CMS: Predicted and observed “reducible” background in the control

region with four leptons of wrong charge/flavour combinations and passing all “tight”
selection requirements (validation of the method). (b) ATLAS: Observed mZ2

mass

distribution in one of the four ``+µµ control regions (see text). The fitted contributions

from tt̄, Zbb̄, and Z + jets are also shown.

groups. Then, a simultaneous fit to observations in several control regions

with one or two “loose” leptons, enriched differently by each process, was

used to extract the number of events of each type and extrapolated to the

signal region, by applying transfer factors tuned for each process.

For ``+ µµ, the processes considered were tt̄, Zbb, and Z + jets (light

quarks and gluons). Four control regions were defined and the fit was

performed for the mZ1
distribution in each of them. Figure 5.11(b) shows

such a fit in a control region, where both muons from the Z2 pair were

not required to pass isolation cuts and at least one of them had to fail

the impact parameter requirement. This control region was expected to be

enriched with tt̄ and Zbb̄, as the fit results indeed confirmed.

For `` + ee, there was one control region with considerably relaxed re-

quirements on the sub-leading pT electron from the Z2 pair. The processes

considered were classified according to the origin of an object potentially

faking the “loose” electron: (``+e) plus a light-flavour hadron, (``+e)+γ,

and (``+e)+b. The three contributions were disentangled in a fit of events

in the 2D-distribution of two observables: the number of track hits in the

innermost layer of the pixel detector (electrons induced by conversions of-

ten originated past the innermost layers), and the ratio of the number of

high-threshold and low-threshold hits in the Transition Radiation Tracker
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(for charged hadrons, this ratio tended to be low).

The simulation-based transfer factors for each process were vali-

dated/corrected in the analysis of the Z(`+`−)+` data, again with selection

adjustments enhancing different sources of non-prompt leptons. Results

obtained in data agreed well with simulation for all processes with one ex-

ception: rates with which charged light hadrons were faking electrons had

to be corrected by a pT-dependent factor of ∼2.

6.3. Uncertainties

Thanks to the narrow Higgs boson width, most of uncertainties in the signal

and background models could be effectively treated as uncertainties on the

yield of four-lepton events with m4` ≈ mH . The only important exception

is the shape of the four-lepton mass distribution for the signal. Overall,

the impact of systematic uncertainties on the final results obtained in the

H → ZZ → 4` channel in Run 1 was marginal.

6.3.1. Normalization uncertainties

The normalization uncertainties were assessed as a function of four-lepton

mass and separately for each exclusive event category. Uncertainties in

different exclusive categories arising from the same source were treated as

correlated.

Theoretical uncertainties on the overall signal and irreducible back-

ground event yields were of the order of 10% and 5%, respectively. These

uncertainties – assessed separately for each contributing process – were

either taken explicitly from phenomenological papers or were obtained

by following the commonly accepted phenomenological prescriptions: the

PDF4LHC recommendation27 for assessing PDF+αs related uncertainties,

varying QCD renormalisation and factorisation scales by a factor of two,

and the Stewart-Tackmann prescription28 for jet-based categorizations.

The main sources of instrumental uncertainties on the expected event

yields for simulated samples (signal and irreducible background) were as-

sociated with lepton reconstruction/selection efficiencies. These efficiencies

were evaluated using the “tag-and-probe” technique exercised on Z → ``

and J/ψ → `` events in bins of the probe lepton’s pT and η. The fi-

nite statistics of events in each (pT, η)-bin and the differences with respect

to simulation were used to define the corresponding uncertainties. It is

worthwhile noting that with four leptons in the final state, single-lepton

efficiency uncertainties could have as large as a four-fold effect on the final
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event yields. The range of uncertainties on event rates was from 4% (4µ)

to 10% (4e). The integrated luminosity uncertainty was less than 3%.

Systematic uncertainties on the “reducible” background yields, coming

from the limited number of events in the control regions and from the

imperfect knowledge of transfer factors, were in the 20− 40% range.

6.3.2. Shape uncertainties

For a low-mass Higgs boson (mH < 300 GeV), the shape of the signal four-

lepton mass distribution could be affected by uncertainties on the absolute

electron/muon momentum scales and on the electron/muon momentum

resolution. These uncertainties were particularly important in the mea-

surements of the mass and width of the discovered boson and are described

in detail in Sec. 8, where these measurements are presented.

For a high-mass Higgs boson (mH > 300 GeV), the observable four-

lepton mass distribution was defined by the intrinsic Higgs boson mass

shape, which was subject to substantial theoretical uncertainties. In the

earlier ATLAS and CMS searches, the narrow-width approximation en-

coded in Powheg was used. To account for the poor description of the

four-lepton mass lineshape for a heavy Higgs boson by the narrow-width ap-

proximation, a large ad hoc systematic uncertainty23 on signal event yield,

parametrised as 150%×(mH/TeV)3, was used. In the more recent analy-

ses, Powheg samples were reweighted by using the predictions for the mass

lineshape calculated in the complex-pole scheme,24 which also provided a

more coherent treatment of the lineshape uncertainties.

Various sources of uncertainties on distribution shapes of other variables

used in different analyses (e.g., four-lepton kinematic discriminants, VBF

discriminants, etc.) were studied and found to have a negligible impact on

the relevant results.

7. Observation of a new boson in the SM Higgs boson search

The SM Higgs boson was searched for in the mass range 110–1000 GeV.

To quantify the search results, both ATLAS and CMS used the profile-

likelihood-ratio test statistics, given by Eqs. (??) and (??) with unbinned

likelihoods. A simplified view of the full likelihood is:
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L(data | b+ µs) =
∏
k

Lk(data | b+ µs) , (5.3)

with Lk(data | b+ µs) = e−Bk−µSk · (Bk + µSk)Nk

Nk!
·
∏
i

Fk(Oi | b+ µs) ,

where the index k enumerates different event categories, each with Nk
observed events and the total expected background events Bk and signal

events µSk. The factor µ is a signal strength modifier common for all event

categories. Index i runs over all events in each category, and Fk(O | b+µs)

is the probability density function (pdf) of a set of observables O for an

event in category k under the “b+µs” hypothesis, i.e. the nominal expected

background plus the SM Higgs boson signal, whose event yields were scaled

by the factor µ.

In the search for the Higgs boson, ATLAS used 8 categories (two centre-

of-mass energies times four final-state flavours). The categorization by

production mechanism was not used. As far as the observables O are

concerned, the statistical analysis was performed in each of the 8 cate-

gories using 2D-pdf ’s: F(m4`,BDTZZ∗). CMS used 12 event categories

(two centre-of-mass energies, three final state flavours, two production tag

categories) and 3D-pdf ’s in each category: F(m4`, D
kin
bkg, Djet) for dijet-

tagged events; F(m4`, D
kin
bkg, p

4`
T ) for untagged events.

In comparison to using four-lepton mass alone, adding the four-lepton

kinematic discriminants against the ZZ background, BDTZZ∗ (ATLAS)

and Dkin
bkg (CMS), helped increase the Higgs boson search sensitivity by as

much as 20-30% in the explored range of possible Higgs boson masses.

Adding the dijet categorization in combination with using observables

sensitive to vector-boson-fusion (VBF) Higgs boson production improved

the search sensitivity by as much as 40% for a 1-TeV Higgs boson. How-

ever, in the low mass range, the VBF event yield relative to gluon fusion

was expected to be very small and the gain in the search sensitivity from in-

cluding these observables was less than 2% near mH ∼ 125 GeV. The dijet

categorization, of course, was important for probing processes responsible

for production of the discovered boson, as described in Sec. 9.

The number of events in simulation and control regions for “reducible”

backgrounds were sufficient to populate 2D distributions and, hence, build

2D-pdfs, but too low to build statistically accurate 3D-pdfs. Hence, the 3D

probability density functions used by CMS were constructed in a factor-

ized form as a product of a 2D-pdf F(m4`, D
kin
bkg) and conditional 1D-pdf
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p(z |m4`), where z would stand for either Djet or p4`
T . Using simulation,

it was checked that neither Djet nor p4`
T correlated with the kinematic

discriminant Dkin
bkg. This was expected since the kinematic discriminant de-

pended on properties of four leptons in their centre-of-mass frame where

there would be no information on jets or four-lepton system p4`
T observed in

the lab frame. The correlation, which might arise only from second-order

acceptance effects, was found to be negligibly small.

Using the example of CMS results, Fig. 5.12 presents the 95% CL upper

limits on the signal-strength modifier, µ = σ/σSM, as a function of mH .

In the mass range where µ < 1 (114.5–119 and 129.5–832 GeV), the SM

Higgs boson was excluded at 95% CL.

Fig. 5.12. Signal strength µ = σH/σ
SM
H excluded by CMS experiments at 95% CL as a

function of the hypothesised Higgs boson mass mH .

The oscillations of the observed 95% CL upper limits around the me-

dian expected limits, assuming the background-only hypothesis, is a direct

consequence of the high mass resolution, which results in observations for

hypothesised Higgs bosons with nearby masses to be statistically indepen-

dent. The sensitivity to a heavier SM Higgs boson is reduced owing to

the the lower expected production rate in combination with the increas-

ing natural width of the resonance. The steep loss of sensitivity at the

lower end of the mass range is due to the diminishing branching fraction
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B(H → ZZ∗) channel and reduced reconstruction and selection efficiency

for low-pT leptons. For 2mW < mH < 2mZ , B(H → ZZ∗) is very small,

which propagates into a considerable loss of sensitivity in this mass range

as well.

In most of the explored Higgs boson mass range, the observed limits were

generally within the 68% or 95% bands around the median expected values

and, hence, statistically compatible with the background-only hypothesis.

However, in the range 119 < mH < 129.5 GeV, the limits were considerably

weaker than expected in the absence of the SM Higgs boson. Despite having

reached the SM Higgs boson sensitivity in this low-mass range, neither

experiment could exclude the SM Higgs boson there, due to the excesses of

events observed near 125 GeV.

To quantify the inconsistency of the observed excesses near 125 GeV

with the background-only hypothesis, Fig. 5.13 shows a scan of the local

p-value as a function of mH, as obtained by ATLAS and CMS experiments.

The probabilities for background fluctuating near that mass at least as

high as observed were ∼ 10−14 (ATLAS) and 5× 10−12 (CMS), which cor-

responded to statistical significances of 8.2σ and 6.8σ, respectively. The

very low probability for the excesses to arise from statistical fluctuations

of background implied that both ATLAS and CMS observed a new boson‖

with a mass near 125 GeV and decaying to four leptons.

(a) (b)

Fig. 5.13. Local p-value p0 for (a) ATLAS and (b) CMS searches for the SM Higg boson
as a function of the hypothesised Higgs boson mass.

‖A particle decaying to even number of fermions must be a boson.
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The dashed lines in Fig. 5.13 indicate the expected significances at differ-

ent values of mH , should the SM Higgs boson at those masses have existed.

ATLAS observed an excess larger than expected for a SM Higgs boson with

a mass near 125 GeV, while CMS observed an excess with about the ex-

pected significance. The statistical compatibility of the observed excesses

with the expectations for the SM Higgs boson are discussed in Sec. 9.

Figure 5.14 shows an event display of a representative four-electron

Higgs boson candidate. No other high momentum tracks or high energy

deposits in calorimeters are seen next to the electrons, which implies that

all four electrons in the event are isolated.

8. Mass and total width of the new boson

8.1. Mass

The mass of the observed boson was measured from a mH-scan of the

unbinned negative log-likelihood ratio, −2 ∆ lnL(data |mH). In this fit,

the overall signal strength was allowed to float, while the relative event

yields in the 4e, 4µ, and 2e2µ final states were assumed to be the same as

for the SM Higgs boson.

With all nuisance parameters refit to maximise the likelihood at each

mH , the scan provided the total uncertainty of the measurement, as de-

scribed in Appendix ??. Statistical uncertainties on the measured masses

were evaluated by performing the scan with all nuisance parameters, except

for the overall signal strength, fixed at their best-fit values. The systematic

uncertainty was evaluated as the difference in quadrature between the to-

tal and statistical uncertainties: σ2
syst = σ2

tot − σ2
stat. The likelihood scans

corresponding to the ATLAS, CMS, and combined ATLAS+CMS12 data

are shown in Fig. 5.15(a), while the numerical results obtained from these

scans are presented in Table 5.5.

Table 5.5. Mass measurements for the observed boson by ATLAS, CMS, and

ATLAS+CMS combination. The 95% CL limits on the intrinsic total width Γtot

from the four-lepton resonance peak fit, as obtained by ATLAS and CMS, are also
reported.

dataset used measured mass 95% CL limit on Γtot

ATLAS 124.51± 0.52 (stat)± 0.04 (syst) GeV <2.6 GeV
CMS 125.59± 0.42 (stat)± 0.17 (syst) GeV <3.4 GeV

ATLAS+CMS 125.15± 0.37 (stat)± 0.15 (syst) GeV
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Fig. 5.15. (a) Scan of the negative log-likelihood ratio as a function of the hypothesised

mass of the new boson obtained for the ATLAS (red), CMS (blue), and combined AT-
LAS+CMS (black) data. The solid (dashed) lines correspond to scans with (without)

systematic uncertainties. (b) Scan of the negative log-likelihood ratio for the different
four-lepton final states as a function of the hypothesised mass of the new boson, as

obtained by ATLAS.

ATLAS performed the measurement using two observables: the four-

lepton invariant mass m4` and the kinematic discriminant BDTZZ∗ (see

Sec. 5), whose role in the mass fit was to give more weight to events that

were moreH → ZZ signal-like than qq̄ → ZZ background-like. Using of the

kinematic discriminant in the fit helped improve the statistical uncertainty

of the mass measurement by about 4%. Event categorizations based on the

production-specific tags was not used in the mass measurements.

Even though events with four leptons of different flavours were treated

as separate categories, individual events in the same final state could have

different mass resolutions varying by as much as a factor of three, depend-

ing on leptons’ pT , η, and the overall reconstruction quality of leptons in a

given event. Therefore, in addition to the four-lepton mass and kinematic

discriminant, CMS added to the mass fit a third observable: an estimated

per-event four-lepton mass uncertainty, σm4`
, whose purpose was to give

more weight to events that had smaller uncertainties on the measured four-

lepton mass. Including per-event four-lepton mass uncertainties improved

the expected mass resolution by about 8%. It also allowed one to assign

a more accurate uncertainty on the measured mass, given the four-lepton

mass uncertainties for the observed events (instead of the expected average

uncertainties). The latter was particularly important since the measure-

ment was based on a small number of events. ATLAS used per-event four-
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lepton uncertainties in a cross-check analysis of the main mass measurement

result and in the direct measurements of the width of the discovered boson.

The main systematic uncertainties affecting the mass measurements

were associated with the absolute electron/muon momentum scale cali-

bration affecting the position of the peak, and on the electron/muon mo-

mentum resolution affecting the peak width. The scale of such potential

biases could be evaluated by analysing the reconstructed peak position and

width of Z, J/ψ, and Υ resonances for events sorted in bins of lepton’s

(pT, η). In CMS, the differences in resonance mass peak positions between

data and simulation in different data subsets was well covered by conserva-

tive envelopes of ±0.1% and ±0.3% uncertainties on the muon and electron

momentum scales, respectively. ATLAS produced a more detailed map of

uncertainties, as a function of lepton’s pT and η (e.g., see Fig. 5.16(a)).

Using the detailed maps of uncertainties, the net systematic uncertainty

on the mass measurement of the Higgs boson in 4e and 4µ final states was

assessed to be of the order of ±0.04%. The data-simulation differences

in the widths of the Z, J/ψ, and Υ peaks were found to be well covered

by assigning 20% uncertainties on the simulated muon/electron momen-

tum measurement resolutions. The impact of this uncertainty on the mass

measurement was negligible.

The ability to predict per-event mass resolutions was validated using

Z → `` events, as shown in Fig. 5.16(b). It was found that a 20% un-

certainty covers all observed differences between data and simulation. To

use per-event four-lepton mass uncertainties, one had to extend the sig-

nal and background models to include appropriate F(σm4`
|m4`) pdfs. The

F(σm4`
|m4`) distributions for Higgs boson and irreducible ZZ background

were obtained from simulation and validated with data using Z → 4`

events and ZZ → 4` events with m4` > 200 GeV, where the “reducible”

background contribution was negligible. For the “reducible” background,

F(σm4`
|m4`) was obtained directly from data using events from the control

region with two “tight” leptons and two “loose-but-not-tight” leptons (see

Sec. 6).

Table 5.5 shows that the ATLAS and CMS mass measurements were

compatible, which was a necessary prerequisite for the combination of the

two results. The reason why CMS result was statistically more accurate,

despite of a fewer number of observed events in the peak, was due to a

somewhat better average four-lepton mass resolution (see Table 5.6) and

due to using per-event four-lepton mass uncertainties. In dedicated studies

preceding the combination, the dominant systematic uncertainties on lepton
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momentum scales and resolutions were found to be uncorrelated between

the two experiments.
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Fig. 5.16. (a) Relative difference between the measured and the nominal electron energy

scales, as a function of ET for J/ψ and Z events in |η| < 0.6. The uncertainty on
the nominal energy scale is shown by the shaded band. (b) Measured-versus-predicted

relative dilepton mass resolution for Z → e+e−/µ+µ− events in data. The dashed lines

represent the ±20% systematic uncertainty assigned to predictions of per-event mass
resolutions.

8.2. Total width

The spread of events in the four-lepton mass peak serves as a direct, model-

independent, probe of the total intrinsic width Γtot of the observed reso-

nance. Although the expected sensitivity, δΓtot ∼ O(1) GeV, was by far

larger than the expected SM Higgs boson width of 4.2 MeV, the measure-

ment was important in the context of models beyond the standard model.

For example, an observation of a non-zero width might imply the existence

of more than one Higgs boson with a mass split comparable to the instru-

mental resolution. Both ATLAS and CMS observed that the excess near

125 GeV was consistent with the hypothesis of a single boson of a small total

width. The obtained 95% CL upper bounds on the total width are shown

in Table 5.5. Limits on the total width of the observed boson obtained

in studies of the high-mass four-lepton events, where the observed boson

was expected to contribute via its far off-shell production, are discussed in

Sec. 12.
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8.3. Cross-checks

By exploiting the independence of the electron and muon momentum scales

one could perform a cross-check of the mass measurement results by com-

paring measurements in the different final states. Figure 5.15(b) shows the

ATLAS mass likelihood scans for the four channels used in the analysis.

The results obtained by ATLAS and CMS in different channels did not

display any statistically significant biases.

In addition, the four-lepton mass peak near 91 GeV (see Fig. 5.8) arising

from rare Z → 4` decays29,30 (see Fig. 5.3(b)) could be used as a “standard

candle” for a direct validation of the mass and width reconstruction of the

newly discovered boson. The Z boson mass and width measured by CMS

using Z → 4` events were 91.16± 0.23 GeV and 2.98+0.54
−0.50 GeV, respectively,

in a good agreement with the world average values.31 Note that the Z boson

mass measurement uncertainty was lower than the uncertainty on the Higgs

boson mass.

9. Signal strength

The signal strength modifier, µ, acts as a common scale factor on the num-

ber of events predicted by the SM for each Higgs boson signal process, or,

equivalently, it scales the SM predicted cross section times branching frac-

tion, σSM · BSM. The signal strength values measured by ATLAS and CMS

are shown in Table 5.6. The ATLAS and CMS results were statistically

compatible with each other and with the expectations for the SM Higgs

boson, i.e. with µ = 1.

When comparing the obtained µ values, one needs to keep in mind the

assumed Higgs boson masses at which they were evaluated. The expected

signal event yield for the SM H → ZZ → 4` channel increases at a rate of

7.2%/GeV as a function of the assumed Higgs boson mass near 125 GeV.

Table 5.6. Measurements of the overall (µ) as well as fermionic and bosonic (µF

and µV) signal strengths. The ATLAS result is evaluated at the ATLAS combined
Higgs boson mass.6 The CMS results are at the best-fit mass measured in the

four-lepton channel alone.

µ µF µV

ATLAS at mH = 125.4 GeV 1.44+0.34
−0.31(stat)+0.21

−0.11(syst) 1.7+0.5
−0.4 0.3+1.6

−0.9

CMS at mH = 125.6 GeV 0.93+0.26
−0.23(stat)+0.13

−0.09(syst) 0.80+0.46
−0.36 1.7+2.2

−2.1
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These measurements were extended to probe signal strength factors for

specific production modes. In this analysis, the production mechanisms

were grouped into “fermionic” and “bosonic”. The “fermionic” group con-

sisted of the gluon-gluon fusion, tt̄H, and bb̄H modes. The “bosonic” group

comprised VBF, WH, and ZH production. Respective signal strength

modifiers, µF and µV , were introduced to scale the expected SM Higgs bo-

son event yields in each group and then fitted to the data in the production-

tagged categories. The fit results are presented in Fig. 5.17. The best fit

values for (µF , µV ), shown in Table 5.6, were found to be consistent with

the SM Higgs boson expectation, i.e. (µF , µV ) = (1, 1).

(a) ATLAS (b) CMS

Fig. 5.17. Simultaneous fit for signal strengths µF (x-axis) and µV (y-axis) by (a)
ATLAS and (b) CMS. The best-fit values and the 68% (95%) CL contours are shown.

The point (1,1), indicated by +, corresponds to the SM Higgs boson expectations.

Since the line µF = 0 lies outside the 95% CL contour, the measurement

established a non-zero fermionic coupling for the observed boson in the

context of the tested two-parameter model. With the current amount of

data, the H → ZZ → 4` analysis did not yet reach sufficient sensitivity

to establish explicitly the presence of VBF+V H production. As seen from

Fig. 5.17, for µV = 0 there was a range of µF values statistically compatible

with the data.∗∗ However, the observed decays to the ZZ final state imply

∗∗Technically, pdfs used in construction of unbinned likelihoods to describe the overall
event probability density are checked to be positive definite, where data events are ob-

served. This effectively limits the magnitude of possible negative values of µV for a given
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a non-zero coupling of the discovered boson to Z bosons.

10. Fiducial total and differential cross sections

The extrapolation of event rates, measured within the detector acceptance,

towards a total cross section can vary by a large factor, depending on the

assumed production mechanism (e.g. by a factor of two for gg → H vs

qq̄ → H). Also, some signal selection efficiencies have a strong model-

dependence (e.g. the lepton isolation efficiency is about 40% smaller for

gg → ttH in comparison to gg → H). To minimize model-dependence of

the obtained results, measurements of inclusive and differential cross sec-

tions32,33 were performed within a carefully selected fiducial volume, defined

at the generator level, for which theoretical predictions could be made. The

fiducial volume was closely matched to the four-lepton event selection cri-

teria summarised in Table 5.1. ATLAS did not include the lepton isolation

in the fiducial volume definition, while CMS did. Hence, ATLAS results

are valid for models with jet activity similar to that expected for the SM

Higgs boson production. CMS results do not have such a limitation.

The inclusive cross section for a resonance to produce four leptons at

8 TeV within the fiducial volume defined by ATLAS was measured to be

2.11+0.53
−0.47(stat) ± 0.08(syst) fb, while the expected value for the SM Higgs

boson was 1.30± 0.13 fb. The CMS results, obtained in the tighter fiducial

volume, are shown in Fig. 5.18 (a). The measured fiducial cross section at

8 TeV was 1.11 +0.41
−0.35(stat) +0.14

−0.10(syst) fb, with the expectation for the SM

Higgs boson being 1.15± 0.13 fb.

The differential cross section measurements were performed in several

production related observables, including: Higgs boson’s transverse momen-

tum and rapidity, associated jet multiplicity, transverse momentum of the

leading jet, etc. Differential cross sections related to decay-related observ-

ables were also studied. As an example, Fig. 5.18 (b) shows the differential

cross section measurements for the Higgs boson’s transverse momentum,

pT,H . The results were found to be consistent with predictions, while the

statistical precision of the measurements was not yet accurate enough to

distinguish between different theoretical calculations for the SM Higgs bo-

son.

µF and vice versa. The clipping of the ATLAS contours at the bottom was due to an

event with a relatively high VBF-like purity.
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Fig. 5.18. (a) Fiducial cross sections measured at 7 and 8 TeV and theoretical predic-
tions in the 7–14 TeV range. (b) Differential fiducial cross section for the transverse

momentum pT,H of the observed boson. Several theoretical calculations are presented,

along with their uncertainties, as hatched blocks.

11. Determination of the spin-parity quantum numbers

After the discovery of the 125 GeV boson and establishing its mass and

signal strength with respect to the expectations for the SM Higgs boson

of that mass, it was important to test the compatibility of its spin-parity

quantum numbers with those expected for the SM Higgs boson (JP = 0+).

The charge conjugation parity of the observed boson was set to C = +1 by

the observation of γγ decays, which also excluded J = 1 by the Landau-

Yang theorem, as described in Chapter ??, Sec. ??. A boson with generic

spin-parity quantum numbers is henceforth denoted as X.

Before presenting the spin-parity analyses carried out with the four-

lepton final state, a brief phenomenological preamble is given in Sec. 11.1.

It is followed by Sec. 11.2 describing results of pair-wise tests of data com-

patibility with the SM Higgs boson versus various alternative (exotic) boson

models. Analyses aiming to detect admixtures of anomalous non-SM like

amplitudes in the four-lepton decays of the observed boson are described

in Sec. 11.3. The presented results are based on Refs. [4,5,9,13].

11.1. Phenomenological considerations

The X → ZZ → 4` and X →WW → 2`2ν four-body decay modes are well

suited for probing all possible JP spin-parity states, albeit with different

levels of sensitivities. The diphoton decays cannot be used for probing
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alternative J = 0 amplitudes. Two photons emerging from a spin-zero

state decays are back-to-back in the boson’s rest frame, with the diphoton

axis direction uniformly distributed in stereo angle, and, unless one can

measure the two photons’ polarisations, provide no handles for studying

the different possible decay amplitudes that can be associated with a J = 0

state. For a boson with J = 2, distribution of the diphoton axis direction

with respect to the beam line, however, is not uniform and depends on the

underlying structures in both production and decay amplitudes.

11.1.1. Spin zero

The Effective Field Theory (EFT) Lagrangian up to dimension-five opera-

tors for a spin-zero state decaying to two vector bosons, X → V V , is given

by Eq. (??) in Chapter ??, Sec. ??. The first dimension-three operator

corresponds to the SM Higgs boson. The other three α-, β-, γ-terms are

dimension-five operators and can be thought of as effective operators for

loop-induced decays. In this convention the “effective couplings” α, β, γ

absorb actual couplings, mass scales of particles in the loops (relative to

the vacuum expectation value of the Higgs field), loop factors, etc. The α-

and β-terms are even-parity scalars, kinematically distinguishable from the

SM Higgs boson, while the γ-term corresponds to a pseudo-scalar. In fact,

SM particles contribute to all three terms, but at a very small level:15,34

α ∼ β ∼ O(αEW) ∼ 10−2 and γ ∼ O(10−11). In SM, it takes at least three

loops to generate a pseudoscalar-like term.

11.1.2. Spin one

The spin-one hypothesis was studied using X → ZZ and/or X → WW

decays. One can consider those studies either as a test carried out indepen-

dently of the observation of di-photon decays, prohibiting spin-one states,

or as a test for a possible conspiracy of multiple nearly mass-degenerate

states with different quantum numbers. In the case of the spin-one reso-

nance, there are two distinct decay amplitudes corresponding to a vector

(1−) and a pseudo-vector (1+),35 both of which correspond to dim-four

operators. Note that production of spin-one state via gluon fusion must be

strongly suppressed; for on-shell gluons, production amplitude A(gg → X)

must be zero by the very same Landau-Yang theorem that forbids decays

to diphoton final states.
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11.1.3. Spin two

As mentioned in Chapter ??, there is not a self-consistent quantum field

theory of elementary spin-two massive states. Moreover, within the EFT

framework, one can write out a large number of XV V and Xff Lagrangian

terms, associated with kinematically distinguishable spin-two states. All

this ensures complications for experimental analyses aiming to assess the

relative odds of the observed boson being an exotic—perhaps, composite—

spin-two state or a SM-like Higgs boson.

For a colour-, weak- and electromagnetic-singlet spin-two resonance

(henceforth denoted as 2+
m, following notations introduced in Ref. [15]),

the Lagrangian is unique:36

L ∼ − 1

Λ

∑
i

κiT
i
µνX

µν , (5.4)

where i runs over all SM particles and T iµν is the energy-momentum tensor

of particle i. This Lagrangian can be associated with the RS graviton,37

in which case couplings κi to all SM particles are universal. However, the

premise of universal couplings is obviously in a strong contradiction with

the observed relative decay rates of the discovered boson (see Chapter ??).

Therefore, one is compelled to consider a 2+
m state with non-universal

couplings. This, however, creates new problems. First, distributions of

the production-related observables would strongly depend on the assumed

relative couplings of X to quarks and gluons (assuming that the dominant

production mechanism is qq̄/gg → X). Second, should the quark and

gluon couplings be different, the X boson would acquire unitarity-violating

behaviour manifesting itself in substantial X-boson’s pT-boosts at NLO.36

On the other hand, one can assume that the unitarity problems are

resolved by yet-to-be-discovered new physics at higher energy scales and use

the abnormal pT (X) distributions as yet another observable discriminating

between 2+
m and the SM Higgs boson for the case when κq 6= κg. The

observed pT(X) distributions in the γγ and ZZ decay modes (Sec. ?? in

Chapter ??, and Sec. 10 in this chapter, respectively), constrain the allowed

range of non-universality to 0 ≤ κq . 2κg, see Ref. [13]. Finally, one should

beware that, if a spin-two boson is produced in association with jets, its

production-related observables are considerably modified with respect to

those at LO (the effect does not exist for J = 0 and is expected to be

negligible for J = 1 bosons).36

As stated at the beginning of this sub-section, from the EFT stand

point, one can write many more Lagrangian terms associated with XV V
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vertex. Ref. [15] defines 10 such terms, going up to dimension seven. In this

context, the 2+
m state is a combination of two out of these terms, the lowest

dimension of which is denoted as 2+
b . Notations for the alternative eight

possibilities, consisting of dimension-five and dimension-seven operators,

are: 2+
h , 2−h , 2+

h2, 2+
h3, 2+

h6, 2+
h7, 2−h9, 2−h10,.9

11.2. Pair-wise tests: SM Higgs vs. alternative JP states

To test alternative JP signal (X) hypotheses against the SM Higgs boson

(H), both ATLAS and CMS opted for matrix-element discriminants. Cross

checks using multivariate-observables trained using Boosted Decision Trees

were also performed. The event categorizations by production mechanism

were not used.

Probability density functions for an event to come from a given process

could be written as follows:

F(P |process) ∼ |Aprocess(P)|2 · ε(P) · F(m4`|process) . (5.5)

In this equation, P stands for momenta of four leptons in the final state,

Aprocess(P) is the LO matrix elements calculated in the same manner

as described in Sec. 5.2, ε(P) is the four-lepton reconstruction efficiency,

F(m4`|process) is the four-lepton mass probability distribution function.††

With three main processes relevant to this analysis (SM Higgs boson H,

exotic boson X, and background dominated by qq̄ → ZZ), there were only

two independent ratios that could be formed; the two actually used were:

dX =
F(P |X)

F(P |H)
=
|AX|2

|AH|2
, (5.6)

dbkg =
F(P |bkg)

F(P |H)
=
|AZZ|2

|AH|2
· F(m4`|bkg)

F(m4`|H)
. (5.7)

The first one separated the alternative signal hypothesis from the SM Higgs

boson, while the second discriminated against backgrounds. In these ratios

the lepton reconstruction efficiencies, to a good approximation, cancel out.

For convenience, the discriminants were monotonically transformed to be

constrained between 0 and 1, and the analyses were performed by build-

ing likelihoods of the observed events in the space of the two transformed

observables, DX and Dbkg.

By using the 2D probability density functions pdf(Dbkg, DX) and taking

into account the expected event yields for backgrounds, the observed test
††ATLAS used events only in a narrow mass-window around the peak and did not include

F(m4`|process) in their spin-parity studies.
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statistic values were calculated as follows:

q = −2 ln
Lmax( data | µ̂X ·X + bkg, θ̂X )

Lmax( data | µ̂H ·H + bkg, θ̂H )
. (5.8)

The H and X signal event yields were not constrained by any external

assumptions and treated on par with all other nuisance parameters (θ) in

the fits maximizing the likelihoods in the numerator and denominator.

The observed value of test statistic, qobs, were compared to the expecta-

tions obtained by simulating pseudo-observations generated using the same

pdfs. Numbers of signal events in pseudo-experiments were drawn from the

Poisson distributions with the best-fit rates as obtained in the data. Fig-

ure 5.19 shows ATLAS and CMS results of testing the pseudoscalar against

the SM Higgs boson hypotheses. The expected tests statistic distributions

for the two hypotheses were well separated, indicating that both exper-

iments had reached fair sensitivities to distinguish between pure 0− and

SM-like Higgs boson states. The observed test statistic values were in the

core of the distributions expected for the SM Higgs boson (and, hence, con-

sistent with the SM Higgs boson hypothesis) and were far in the tails of the

distributions expected for a pure pseudoscalar, thus strongly disfavouring

this hypothesis.
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Fig. 5.19. Test statistic distributions for the SM Higgs boson and the pseudo-scalar

hypotheses for (a) ATLAS and (b) CMS. The observed values of the test statistic are
also shown.

Quantitatively, deviations of qobs from the expected medians were char-

acterized by p-values, converted then into a number of standard deviations.
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On the example of ATLAS, the deviation of observed qobs from the median-

expected for the SM Higgs boson had a p-value of 88% (area of the blue

histogram on the left side from the observation), which would correspond

to −1.2 standard deviations (∆q = −1.2σ). Following the statistical con-

vention, deviations ∆q from medians away from an alternative hypothesis

distribution were counted as negative. The p-value for the pseudoscalar

hypothesis (area of the red histogram on the right side from the observa-

tion) comprised 1.2× 10−5, corresponding to ∆q = +4.2σ. The CLs values

for ATLAS and CMS were 0.01% and 0.05%, respectively, which implied

that the hypothesis of a psedoscalar was excluded by each experiment with

more than 99.9% CL. ATLAS and CMS limits were somewhat tighter than

expected due to the “lucky” statistical fluctuations of data in both exper-

iments: the observed value of the test statistic was on the right from the

median value expected for the SM Higgs boson, which made the observa-

tions particularly unlikely for a pseudoscalar.

Table 5.7 shows the ATLAS and CMS results of all alternative JP states

tested by both collaborations. CMS also tested nine other, more exotic,

amplitude tensor structures for spin-two boson decays X → V V , corre-

sponding to higher-dimension operators (2+
b , 2+

h , 2−h , 2+
h2, 2+

h3, 2+
h6, 2+

h7,

2−h9, 2−h10). All tested exotic boson models were excluded at 99% CL or

higher, while the data agreed well with the SM Higgs boson in each of the

nine tests.

Table 5.7. Results of testing alternative JP state hypotheses against the SM Higgs

boson (H). See text for explanations.

JP ATLAS CMS (any production)
xx→ X ∆q(H) ∆q(JP) CLs ∆q(H) ∆q(JP) CLs

0− −1.2σ +4.2σ 0.01% −1.0σ +3.8σ 0.05%

0+
h −0.8σ +3.4σ 0.18% −0.3σ +2.1σ 4.5%

1− qq̄ → 1− +1.0σ +1.6σ 6.0% −2.0σ > 5.0σ <0.001%

1+ qq̄ → 1+ −0.1σ +3.1σ 0.2% −2.3σ > 5.0σ <0.001%

2+
m (qq̄, gg)→ 2+

m −0.4σ +2.7σ 0.97% −1.6σ +3.4σ 0.71%

Note that spin-zero hypothesis tests are not sensitive to the mechanism

responsible for production of the observed boson, as a spin-zero state has

no information on its production history in its center of mass frame. For

other spins, kinematical properties of decay products are not completely
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decoupled from the particles participating in the production.

ATLAS analyses assumed specific production mechanisms in their spin-

one and spin-two tests. A spin-one particle cannot be produced via fusion

of on-shell gluons (see Sec. 11.1); hence, the spin-one tests were performed

assuming quark-antiquark annihilation. For the spin-two case, ATLAS

probed various mixtures of quark-antiquark annihilation and gluon-gluon

fusion; the most conservative limit among all of the tested mixtures is shown

in the table.

CMS made their analyses nearly independent of an assumed produc-

tion mechanism by integrating matrix elements for xx → X → 4` over

degrees of freedom connecting final state leptons and particles participat-

ing in production of X. This is equivalent to using 1→ 4 matrix elements

A(X → 4`) instead of 2→ 1→ 4 matrix elements A(xx→ X → 4`). The

loss of sensitivity from such a generalization was typically less than 10%.

11.3. Search for presence of anomalous decay amplitudes

In addition to excluding hypotheses of pure non-SM like states, ATLAS

and CMS probed the phenomenological possibility of a SM-like Higgs boson

being mixed with α-, β-, and γ-terms in the spin-zero Lagrangian, given

by Eq. (??). Testing for an admixture of a pseudoscalar (γ-term) was and

will remain of a particular interest: should it be observed, it would open

one more portal for CP-violating processes.

The analysis was performed in a variety of technical ways (all giving

compatible results), one of which was identical to what was described above,

with the only difference that in the discriminant given by Eq. (5.6), X would

stand for a mixed state. Since absolute cross sections were not used in the

discrimination (as in the case of pure states), the only relevant variables in

these analyses were ratios of couplings. Table 5.8 summarizes the allowed

95% CL intervals for alternative spin-zero state admixtures.

Table 5.8. Obtained 95% CL intervals on the allowed cou-
plings of alternative, not SM-like, spin-zero states with re-

spect to those of the SM scalar state.

α/κ β/κ γ/κ

ATLAS not tested [−2.45, 0.75] [−0.95, 2.85]

CMS [−1.2, 1.5] [−∞, 0.69] [1.9, 2.3] [−2.2, 2.1]



September 10, 2016 16:42 World Scientific Review Volume - 9in x 6in ws-higgs

Higgs boson observation and measurements of its properties in the H → ZZ → 4` decay mode45

12. Total width determination via off-shell production

The total width for a SM Higgs boson with 125 GeV mass, ΓSM = 4.2 MeV,

is approximately three orders of magnitude below the sensitivity of the di-

rect measurements described in Sec. 8. As discussed in Chapter ??, the

yield and properties of high-mass ZZ events are sensitive to the width of

the 125-GeV boson, with an important caveat that the actual numerical

relationship is model-dependent. Following these considerations, both AT-

LAS and CMS pursued studies of high-mass ZZ events.10,11 Events with

m4` > 220 GeV were used in both analyses. In this section, X refers to a

resonance of 125 GeV with spin-parity quantum numbers identical to the

SM Higgs boson and total width Γ 6= ΓSM.

To improve the measurement sensitivity, ATLAS and CMS introduced

ME-based discriminants. With multiple distinct underlying physics pro-

cesses involved (qq̄ → ZZ (Fig. 5.3(a)), gg → “box” → ZZ (Fig. 5.3(c)),

gg → H → ZZ, gg → X → ZZ, and the signal-background interference

between gg → “box” → ZZ and gg → H/X → ZZ, it was not surpris-

ing that discriminant implementations chosen by the two experiments were

somewhat different.

CMS used the following discriminant:

dgg =
|A(gg → (X10/“box” )→ ZZ)|2

|A(qq̄ → ZZ)|2
, (5.9)

Here, X10 denotes a boson with width Γ10 = 10 ΓSM . The factor of 10 was

picked based on the expected experimental sensitivity to the width with

the Run 1 data set. By construction, this discriminant helped separate the

gg-induced processes from the qq̄ → ZZ background. Moreover, its shape

was also sensitive to the boson’s width Γ, as can be seen in Fig. 5.20 (a).

For models with an X boson of a different width, this discriminant was

somewhat sub-optimal. To get the maximum sensitivity, CMS performed

its analysis in a 2D plane of two observables: four-lepton mass and the

ME-based discriminant.

ATLAS defined its discriminant as follows:

d =
|A(gg → H → ZZ)|2

|A(gg → (H/“box” )→ ZZ)|2 + c · |A(qq̄ → ZZ)|2
, (5.10)

where c is an empirical constant, chosen to be 0.1, to approximately balance

the two contributions in the denominator. The analysis was performed

using the ME discriminant alone with a simple cut on four-lepton mass

m4` > 220 GeV. As seen from Fig. 5.20 (b), in addition to the overall
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(a) CMS (b) ATLAS

Fig. 5.20. Distributions of events for matrix-element based observables used by (a)
CMS and (b) ATLAS in the analyses probing the amount of off-shell Higgs boson pro-

duction. The observables shown are monotonic transformations of the primary discrimi-

nants given by Eqs. (5.9) and (5.10). The CMS and ATLAS distributions are shown for
m4` > 330 and >220 GeV, respectively.

event yield, the distribution of the ATLAS ME-discriminant had a clear

sensitivity to the width of the underlying boson.

The CMS scan of likelihood L(data |Γ), shown in Fig. 5.21(a), reveals

that the best-fit width was close to zero and the upper bound on the total

width could be set at 8.0 × ΓSM, or 33 MeV, at 95% CL. When the H →
ZZ → 4` analysis was combined with an analysis assessing the off-shell

signal event rate in the ZZ → 2`2ν channel,11 the limit at 95% CL on the

width of the discovered boson became 5.4× ΓSM, or 22 MeV.

Figure 5.21(b) shows the expected and observed results obtained by AT-

LAS in the 4` analysis for the off-shell signal strength, µoff−shell, a parame-

ter defined as the ratio of the number of off-shell signal events to the number

expected for the SM Higgs boson. Interference with gg → “box” → ZZ

plays no role in the definition of µoff−shell. The figure explicitly shows that

the inferred limit on µoff−shell has a non-negligible dependence on the as-

sumed K-factor for gg → “box” → ZZ background, expressed in units of

the K-factor for gg → H∗: RBH∗ = K(gg → “box”→ ZZ) /K(gg → H∗).‡‡

To reinterpret the obtained results in the context of the observed boson’s

width, limits on µoff−shell need to be combined with measurements of the

on-shell signal strength µon−shell. ATLAS did this exercise in the combi-

‡‡The CMS results were obtained in assumption of RB
H∗ = 1 with a 10% systematic

uncertainty.
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(a) (b)

Fig. 5.21. (a) Likelihood scan as a function of the total width of the observed boson
from CMS. The solid line correspond to the observation, the dashed line to the expec-

tation, while the dash-dotted line is the expectation neglecting systematic uncertainties.

(b) The observed and expected 95% CLs upper limits on the off-shell signal strength,
µoff−shell, as a function of RB

H∗ (see text) from ATLAS.

nation of the H → ZZ → 4`, ZZ → 2`2ν, and WW → eνµν analyses.11

Assuming RBH∗ = 1, the obtained 95% CL limit was Γ < 5.5 × ΓSM, or

23 MeV.

13. Summary and outlook

The ATLAS and CMS experiments searched for a Standard Model Higgs

boson with a mass in the range 110–1000 GeV and decaying to the ZZ → 4`

final state. Both experiments observed a narrow four-lepton resonance with

a mass near 125 GeV with local statistical significances of 8.2σ and 6.8σ,

respectively. This unambiguously established the existence of a new boson

decaying to four leptons. The mass of the discovered boson was measured

to be 124.5±0.5 GeV (ATLAS), 125.6±0.5 GeV (CMS), giving a combined

mass measurement of 125.15± 0.37 (stat)± 0.15 (syst) GeV. The best-fit

signal signal strengths with respect to the expected event yield for the

SM Higgs boson were 1.44+0.40
−0.33 (ATLAS) and 0.93+0.29

−0.25 (CMS). The Run

1 dataset was not yet sufficient to establish the presence of sub-leading

production mechanisms such as VBF, VH, and tt̄H. Inclusive differential

distributions for a number of observables, such as transverse momentum

and rapidity of the discovered boson, number of jets produced in association
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with the boson and leading jet ET, were found to be consistent with those

expected for the SM Higgs boson, albeit with limited statistical accuracy.

The angular distributions of leptons were statistically consistent with the

new boson having spin-parity quantum numbers JP = 0+, as expected

for the SM Higgs boson, and were inconsistent at 95% CL or higher with

alternative JP hypotheses, which included pseudo-scalar, vector, pseudo-

vector, and ten distinct spin-two tensor hypotheses. By comparing the

on-shell event yield in the four-lepton final state to the ZZ and WW event

rates at high masses, where the new boson would contribute via off-shell

production, ATLAS and CMS set model-dependent upper limits on the

total Breit-Wigner width of the resonance at 23 and 22 MeV at 95% CL .

Within the experimental uncertainties, the ATLAS and CMS measurements

were compatible with each other and, also, consistent with the expectations

for the SM Higgs boson.

Over the next two decades, LHC is expected to deliver about 3000 fb−1

at a centre-of-mass energy near 14 TeV. The production cross section for

the 125 GeV Standard Model Higgs boson at
√
s = 14 TeV increases by

a factor of 2.6 with respect to 8 TeV. Therefore, the ultimate Higgs boson

dataset will be about 300 times larger than the Run 1 dataset, which will

allow for much more precise measurements than those described in this

chapter and, also, provide opportunities for conducting completely new

searches and measurements. The statistical uncertainty on the mass mea-

surement will decrease to (0.4 GeV)/
√

300 ∼ 25 MeV, or 0.02%. Reducing

the corresponding systematic uncertainties to levels much lower than 0.02%

will be challenging. Fiducial cross sections σ(pp→ H → ZZ → 4`) can po-

tentially be measured with about (30%)/
√

300 ∼ 2% statistical precision,

challenging the accuracy of theoretical predictions, while differential mea-

surements will provide a wealth of information on the dynamics associated

with the Higgs boson production. All main Higgs boson production modes

should become detectable and the prevailing ones will be studied in detail.

With such a large dataset, the expected 2σ-sensitivity of a search for an

admixture of a CP-odd component in the HZZ coupling is estimated to be

about γ/κ ∼ 0.517 and ∼ 0.25.38 The decay mode H → γ∗γ∗ → 4` is

expected to be observed and will allow one to probe the tensor structure of

the Hγγ coupling as well.39 Studies assessing the ultimate precision of off-

shell production measurements at LHC and the associated inference of the

total Higgs boson width are under way. And, of course, searches for exotic

4` decays of the 125 GeV Higgs boson (e.g. H → ZZdark → 4`40) and for

additional heavier or lighter bosons decaying to the 4` final state41,42 will
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continue and, one may hope, bear fruit.
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