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Table 6: Properties of the four-lepton combinations satisfying the baseline selection for the
Higgs boson search.

Event Run # Event # Channel mZ1 mZ2 m4` pT,4` y4`

( GeV/c2) ( GeV/c)
A 146511 504867308 4µ 91.4 92.6 201.2 2.9 0.18
B 147926 368148849 4µ 101.5 40.0 167.8 43.7 1.45
C 163334 286336207 2e2µ 94.5 65.1 162.9 10.4 -0.53
D 163659 344708580 4e 93.3 28.8 139.3 24.9 0.39
E 163795 30998576 2e2µ 91.9 82.3 207.1 5.0 1.84
F 163817 155679852 4µ 91.3 34.8 144.9 24.1 -0.36
G 165633 394010457 2e2µ 91.2 92.8 243.7 11.6 -0.48
H 166408 917379387 2e2µ 88.8 105.3 257.9 29.3 -1.21
I 166438 78213037 4e 94.5 44.6 216.7 22.9 0.04
J 166512 337493970 4µ 91.0 93.2 238.5 22.0 0.26
K 166950 1491724484 2e2µ 92.4 93.9 194.6 14.2 0.82
L 167281 480301165 4µ 90.4 54.8 222.3 42.3 -0.64
M 167284 1038911933 4µ 77.8 29.7 119.0 43.9 0.58
N 167675 876658967 4e 92.6 27.1 125.7 15.3 0.07
O 167807 966824024 2e2µ 90.2 93.4 323.0 40.9 -0.43

the method relying on mass shapes.391

The observed and mean expected 95% CL upper limits on Higgs σ(pp → H + X)× B(ZZ →392

4`) in a shape analysis method, obtained for Higgs masses in the range 110-600 GeV/c2 are393

shown in Fig. 5. The limits are made using a CLs approach, for the expected ratios to the394

SM, and in the context of a SM extension by a sequential fourth family of fermions with very395

high masses (SM4) [56–59]. The bands represent the 1σ and 2σ probability intervals around396

the expected limit. The expected background yield is small hence the 1σ range of expected397

outcomes includes pseudo-experiments with zero observed events. The lower edge of the 1σ398

band therefore corresponds already to the most stringent limit on the signal cross section, as399

fluctuations below that value are not possible. We account for systematic uncertainties in the400

form of nuisance parameters with a log-normal probability density function. The exclusion401

limits extend at high mass beyond the sensitivity of previous collider experiments.402

In the current study the exclusion limit is compared to the cross section for on-shell Higgs403

production and decay in the zero-width approximation, and acceptance estimates are obtained404

with Monte Carlo simulations that are based on ad-hoc Breit-Wigner distributions for describ-405

ing the Higgs-boson propagation. Recent analyses show that the use of a QFT-consistent Higgs406

propagator, allowing also for the off-shellness of the Higgs-boson, dynamical QCD scales and407

interference effects between Higgs signal and backgrounds will result, at Higgs masses above408

∼300 GeV/c2, in a sizeable effect on conventionally defined but theoretically consistent param-409

eters (mass and width) that describe the propagation of an unstable Higgs boson [27, 57, 60].410

In this work these effects are not included in the limits calculations, but they are estimated411

to amount to an additional uncertainty on the theoretical cross section of 10–30% for 400–600412

GeV/c2 Higgs masses.413

7 Conclusions414

The results of a search for a standard model Higgs boson produced in pp collisions at
√

s =415

7 TeV and decaying in ZZ(∗) have been presented for the first time by the CMS Collaboration416


