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Off-shell Production and the Higgs Boson Width 

• Higgs peak in the H→ZZ→4μ channel


• Best achievable resolution is still >1 GeV


• It is challenging to measure ΓH of 4.1 MeV 
at ATLAS from the on-shell lineshape


• But it can be measured using off-shell 
production, which does not depend on ΓH
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Off-shell Production in H→ZZ
• The H→ZZ channel is a good candidate for measuring 

the width using off-shell production

- Decays in this channel are enhanced when both Z bosons are 

on-shell


• On-shell, production ~ 1/ΓH 


• But in the ZZ channel, as mZZ approaches 2mZ, the 
Higgs line-shape is no longer a BW

- The additional decay phase space dominates over the dropoff 

due to the q2 dependence of the propagator


• Above 2mZ, the production cross-section is no longer 
dependent on the width


• Therefore ΓH can be obtained from a ratio of on-shell 
and off-shell production
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Figure 2. The NNLO ZZ (black) and WW (red) invariant mass distributions in gg → V V for
µH = 125GeV.

mass distribution is shown in Fig. 2. It confirms that, above the peak, the distribution is

decreasing until the effects of the V V threshold become effective with a visible increase

followed by a plateau, by another jump at the tt̄-threshold, beyond which the signal distri-

bution decreases almost linearly (on a logarithmic scale). For gg → H → γγ the effect is

drastically reduced and confined to the region Mγγ between 157GeV and 168GeV, where

the distribution is already five orders of magnitude below the peak.

What is the net effect on the total cross-section? We show it for ZZ in Table 1 where

the contribution above the ZZ -threshold amounts to 7.6%. We have checked that the effect

does not depend on the propagator function, complex-pole propagator or Breit-Wigner

distribution. The size of the effect is related to the shape of the distribution function. The

complex-mass scheme can be translated into a more familiar language by introducing the

Bar-scheme [54]. Performing the well-known transformation

M
2
H = µ2

H + γ2H , µH ΓH = MH γH . (2.10)
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• The H→VV channel is a good candidate for measuring 
the width using off-shell production


• On-shell, lineshape is Breit-Wigner, hence σon-shell ~ 1/ΓH 


• But in the ZZ channel, as mZZ approaches 2mZ, the 
Higgs line-shape is no longer a BW

- The additional decay phase space dominates over the dropoff 

due to the q2 dependence of the propagator


• Above 2mZ, the production cross-section is no longer 
dependent on the width


• Therefore ΓH can be obtained from a ratio of on-shell 
and off-shell production100
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the contribution above the ZZ -threshold amounts to 7.6%. We have checked that the effect
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Off-shell Production in H→ZZ
Higgs-continuum interference effects are again included. Conclusions are given in Section

4.

2 Inclusive analysis

In the SM, the common belief is that for a light Higgs boson the product of on-shell pro-

duction cross-section (say in gluon-gluon fusion, gg → H) and branching ratios reproduces

the correct result to great accuracy. The expectation is based on the well-known result

DH(q2) =
1

(

q2 −M2
H

)2
+ Γ2

H M2
H

=
π

MH ΓH
δ
(

q2 −M2
H

)

+ PV
[ 1
(

q2 −M2
H

)2

]

+
N
∑

n=0

cn(α) δn
(

q2 −M2
H

)

(2.1)

where q2 is the virtuality of the Higgs boson, MH and ΓH are the on-shell Higgs mass and

width and PV denotes the principal value (understood as a distribution). Furthermore,

δn(x) is connected to the nth derivative of the delta-function by δn(x) = (−1)n/n ! δ(n)(x)

and the expansion is in terms of the coupling constant, up to a given order N .

In general, the ZWA can be applied to predict the probability for resonant scattering

processes when the total decay width Γ of the resonant particle is much smaller than its

mass M . Note that both concepts, on-shell mass and width, are ill-defined for an unstable

particle and should be replaced with the complex pole, which is a property of the S -matrix,

gauge-parameter independent to all orders of perturbation theory. Nevertheless, let us

continue with our qualitative argument: in the limit Γ → 0, the mod-squared propagator

D(q2) =
[

(

q2 −M2
)2

+ (MΓ)2
]−1

(2.2)

with 4-momentum q approaches the delta-function limit of Eq. (2.1), i.e.

D(q2) ∼ K δ(q2 −M2), K =
π

MΓ
=

∫ +∞

−∞
dq2D(q2). (2.3)

The scattering cross-section σ thus approximately decouples into on-shell production (σp)

and decay as shown in Eqs. (2.4)–(2.6), where s is the total 4-momentum squared, argument

based on the scalar nature of the resonance. Based on the scales occurring in D(q2), the

conventional error estimate is O(Γ/M). This will not be accurate when the q2 dependence

of |Mp|2 or |Md|2 is strong enough to compete with the q2 dependence of D. An interesting

example is gg → H → V V , where
∑

|Md(q2)|2 ∼ (q2)2 above 2MV . We note that similar

effects have been observed for processes in SM extensions [56–59].

σ =
1

2s

[

∫ q2max

q2
min

dq2

2π

(
∫

dφp|Mp(q
2)|2D(q2)

∫

dφd|Md(q
2)|2

)

]

(2.4)

σZWA =
1

2s

(
∫

dφp|Mp(M
2)|2

)(
∫ ∞

−∞

dq2

2π
D(q2)

)(
∫

dφd|Md(M
2)|2

)

(2.5)

σZWA =
1

2s

(
∫

dφp|Mp|2
)

1

2MΓ

(
∫

dφd|Md|2
)
∣

∣

∣

∣

q2=M2

(2.6)
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• Solution: move away from the mass peak


• On-shell, production ~ 1/ΓH 


• But at higher masses, this is no longer the case


• In the ZZ channel, there is an increase in the cross-
section as mZZ approaches 2mZ

- There is a dropoff due to the q2 dependence of the propagator

- But the increase in decay phase space is much larger


• Above 2mZ, the production cross-section is no longer 
dependent on the width


• Therefore ΓH can be obtained from a ratio of on-shell 
and off-shell production
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Figure 2. The NNLO ZZ (black) and WW (red) invariant mass distributions in gg → V V for
µH = 125GeV.

mass distribution is shown in Fig. 2. It confirms that, above the peak, the distribution is

decreasing until the effects of the V V threshold become effective with a visible increase

followed by a plateau, by another jump at the tt̄-threshold, beyond which the signal distri-

bution decreases almost linearly (on a logarithmic scale). For gg → H → γγ the effect is

drastically reduced and confined to the region Mγγ between 157GeV and 168GeV, where

the distribution is already five orders of magnitude below the peak.

What is the net effect on the total cross-section? We show it for ZZ in Table 1 where

the contribution above the ZZ -threshold amounts to 7.6%. We have checked that the effect

does not depend on the propagator function, complex-pole propagator or Breit-Wigner

distribution. The size of the effect is related to the shape of the distribution function. The

complex-mass scheme can be translated into a more familiar language by introducing the

Bar-scheme [54]. Performing the well-known transformation

M
2
H = µ2

H + γ2H , µH ΓH = MH γH . (2.10)
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• Requires the assumption that 
all couplings follow SM 
predictions 

• In particular, the effective 
coupling gggH 

• → No new particles enter the 
quark loop, so on-shell and off-
shell production are the same

ATLAS DRAFT

�

6

6

/

/

(a) 6

6

/

/

(b)

Figure 1: The leading-order Feynman diagrams for the ggZZ signal (a) and background (b) processes. Note that in
the signal process the quark loop is dominated by top and bottom, while for the continuum background it is mainly
light quarks.
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Figure 2: The leading-order Feynman diagrams for (a) the resonant B-channel vector boson fusion signal, (b) the
non-resonant C-channel vector boson fusion signal, (c) the vector-boson associated production signal, and (d) the
vector boson scattering background.

are separately analysed and then combined to obtain the final results. Events with a pair of / bosons are57

categorised into several signal regions (SRs) to probe o�-shell contributions from the two leading production58

modes, gluon-gluon fusion (ggF) and electroweak production (EW), and their respective interference with59

the continuum background 66 ! // and electroweak @@ ! // + 2 9 processes. Electroweak production60

includes the contributions from vector boson fusion (VBF) and vector-boson associated production (VH),61

since these two processes both interfere with the electroweak @@ ! // + 2 9 background and hence cannot62

be separated. The main irreducible background is / boson pair production via quark-antiquark annihilation63

(@@ ! //): the above-described continuum backgrounds also contribute. In the 4✓ channel, these are the64

only significant backgrounds, with sub-percent-level contributions from the production of / bosons with65

associated jets and CC̄ production. In the 2✓2a channel, background processes from diboson production66

(both ,/ and ,,), CC̄ and single top production, and the production of / bosons with associated jets67

constitute roughly half of the total background. Data control regions (CRs) are defined to ensure control of68

the background modelling. In both channels, the combination of vector boson associated production to a69

top-quark pair and triboson production is a percent-level background. Discriminating variables are fitted70

simultaneously in all SRs to extract the o�-shell contribution by measuring the signal strength `o�-shell,71

the o�-shell production cross-section normalised to the SM prediction, with the CRs also included in the72

fit to constrain the normalisation of the main background processes. In the 4✓ channel, an observable is73

constructed from the output of neural networks that are trained with kinematic variables and matrix-element74

discriminants sensitive to the signal process (see Ref. [33]). The 2✓2a channel uses the transverse mass of75

the // system,76

<
//
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sq
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2
/ +

�
?
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T

�2 +
q
<

2
/ +

�
⇢

miss
T

�2 �2

�
��� Æ?T
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T

���2, (3)

where </ is the world average / boson mass [36], Æ?T
✓✓ and Æ⇢miss

T are the transverse momentum of the77
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Signal-Background Interference in H→ZZ

• The signal gg→H*→ZZ and 
background gg→ZZ process 
interfere

- We measure a deficit wrt the 

background, not a signal


• Signal scales with μoffshell but the 
interference goes as √μoffshell100 2 MZ 2 Mt 1000
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Figure 3. The LO ZZ invariant mass distribution gg → ZZ for µH = 125GeV. The black line
is the total, the red line gives the signal while the cyan line gives signal plus background; the blue
line includes the qq̄ → ZZ contribution.

the signal has nothing to do with ΓH/MH effects; above the ZZ -threshold the distribution

is higher than expected (although tiny w.r.t. the narrow peak) and stays roughly constant

up to the tt̄-threshold after which we observe an almost linear decrease. This is why the

total cross-section is affected (in the ZZ final state) at the 5% level.

To conclude our inclusive analysis, we note that our findings are driven by the inter-

play between the q2-dependence of the Higgs propagator and the decay matrix element.

They should hence not only apply to Higgs production in gluon fusion, but also to Higgs

production in weak boson fusion (WBF). The enhancement for H → V V above MV V may

even be stronger in WBF, because σ(qq̄ → qq̄H) decreases less rapidly than σ(gg → H)

with increasing Higgs invariant mass.5

3 Analysis with experimental selection cuts

In this section, we adopt the common selection cuts definition between ATLAS and CMS

for H → V V processes (V = W,Z) [81, 82] and calculate parton-level gg → H →
V V → leptons cross sections at LO using gg2VV [83] based on Refs. [62, 65, 84–87], with

5Preliminary results for inclusive WBF Higgs production reveal effects similar to gg → H → all, yielding

a deviation of 1% between ZWA and FWBW (but no difference between FWBW and CPS as expected for

MH = 125GeV) [79, 80].
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Signal-Background Interference in H→ZZ

• √μoff-shell dependence means that 
asymptotic approximation does 
not hold

- Introduces double minimum 

- Requires cutoff at μoff-shell=0

- → Confidence intervals have to be 

derived using the Neyman 
construction
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• Standard approach uses histograms of kinematic observables to approximate 
density ratio

- As done in the previous ATLAS result, Phys. Lett. B 846 (2023) 138223

- NN trained to distinguish between signal and background

Neural Simulation Based Inference

10

See talk by J. Sandesara

https://authors.elsevier.com/sd/article/S0370269323005579


Neural Simulation Based-Inference

• Event-by-event approximation of probability density ratios using NSBI offers 
potential for improvement

- Allows building an optimal observable for any value of μoff-shell

11

See talk by J. Sandesara



Results in the 4l Final State

• Improvement compared to histogram analysis


• Observe off-shell Higgs boson production with significance 2.3σ using only the ZZ→4l 
channel

12
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Figure 1: The leading-order Feynman diagrams for the (a) ggZZ signal and (b) background processes. In the signal
process the quark loop is dominated by top and bottom, while for the continuum background it is mainly light quarks.
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Figure 2: The leading-order Feynman diagrams for (a) the B-channel vector-boson fusion signal, (b) the C-channel
vector-boson fusion signal, (c) the vector-boson associated production signal, and (d) the vector-boson scattering
background.

/ bosons are categorised into several signal regions (SRs) to probe o�-shell contributions from the two58

leading production modes, ggF and electroweak production (EW), and their respective interference with59

the continuum background 66 ! // and electroweak @@̄ ! // + 2 9 processes. Electroweak production60

includes the contributions from vector-boson fusion (VBF) and vector-boson associated production (VH),61

since these two processes both interfere with the electroweak @@̄ ! // + 2 9 background and hence cannot62

be separated. The main irreducible background is / boson pair production via quark–antiquark annihilation63

(@@̄ ! //); the continuum backgrounds described above also contribute. In the 4✓ channel, these are the64

only significant backgrounds, with sub-percent-level contributions from the production of / bosons with65

associated jets and CC̄ production. In the 2✓2a channel, background processes from diboson production66

(both ,/ and ,,), CC̄ and single top production, and the production of / bosons with associated jets67

constitute roughly half of the total background. Control regions (CRs) are defined to ensure control of the68

background modelling. In both channels, the background from the combination of vector-boson associated69

production to a top-quark pair (CC̄+V, V=W or Z) and triboson production (ZZZ, WZZ, or WWZ) is at70

the percent level. Discriminating variables are fitted simultaneously in all SRs to extract the o�-shell71

contribution by measuring the signal strength `o�-shell, the o�-shell production cross-section normalised72

to the SM prediction, with the CRs also included in the fit to constrain the normalisation of the main73

background processes. In the 4✓ channel, an observable is constructed from the output of neural networks74

(NN) that are trained with kinematic variables and matrix-element discriminants sensitive to the signal75

process (see Ref. [27]). The 2✓2a channel uses the transverse mass of the // system,76
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where </ is the average / boson mass [30], Æ?T
✓✓ and Æ⇢miss

T are the transverse momentum of the lepton77

pair and the missing transverse momentum with magnitudes of ?✓✓T and ⇢
miss
T , respectively. Finally, the78
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• The analysis in this final state is not 
changed, it remains a histogram analysis


• Observable is transverse mass mTZZ


- The off-shell signal is more significant at higher 
m, mTZZ is a useful proxy 


• Much larger background than 4l, mainly 
from Z+jets events

- These are suppressed by cutting on the ETmiss 

significance

Phys. Lett. B 846 (2023) 138223

2402.05858

https://authors.elsevier.com/sd/article/S0370269323005579
https://arxiv.org/abs/2402.05858


2l2ν Final State
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• SR further divided by Njets, 2-jet SR targets EW (VBF+VH) production, others ggF


• qqZZ production is the dominant background

- Constrained using 4l CRs, 1 per jet bin

- Separate CRs constructed to constrain WZ, Z+jets, and non-resonant backgrounds

Phys. Lett. B 846 (2023) 138223
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Combined HZZ Off-Shell Analysis

• Evidence for off-shell Higgs boson production with 3.7 σ significance


• Can also constrain Higgs-gluon and Higgs-vector boson couplings

- Without any assumption on the total Higgs width

- Precision on κV,off-shell=0.99+.016-0.19 approaches on-shell measurement of 1.02±0.06

15



Width Interpretation

• Combine with previous HZZ on-shell 
analysis to constrain ΓH 


• ΓH =4.3+2.7-1.9 MeV, with 95% CL limits 
of [0.8, 9.8] MeV

- Compare to previous result of 4.5+3.0-2.5  and 

[0.1, 10.2] MeV

- The 2l2ν channel provides ~ half of the 

sensitivity here

16



Couplings Interpretation

• Can also use the combination to constrain the ratio of on-shell and off-shell couplings

- Separately for EW and ggF; RVV=1 for Rgg determination and vice versa


• Assuming the SM width, verify that on-shell and off-shell couplings to vector bosons/
gluons agree: RVV=0.95+0.44-0.34, Rgg=1.19+0.89-0.66

17



A Complementary Approach
• The analysis in the HZZ channel requires assuming no 

changes to the ggH or HVV couplings

- Especially problematic for ggH production which requires 

assuming no new particles that could enter into the quark loop


• Important to try to constrain the width using other 
processes to avoid relying on the same assumptions


• ttH production is the largest cross-section Higgs 
production method that does not involve g or V couplings

- Measurements of off-shell ttH could then be used to constrain ΓH 

without overlapping assumptions

- Use 4t production, recently observed by ATLAS, Eur. Phys. J C 83 

(2023) 496
18
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Figure 1: The leading-order Feynman diagrams for the ggZZ signal (a) and background (b) processes. Note that in
the signal process the quark loop is dominated by top and bottom, while for the continuum background it is mainly
light quarks.
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Figure 2: The leading-order Feynman diagrams for (a) the resonant B-channel vector boson fusion signal, (b) the
non-resonant C-channel vector boson fusion signal, (c) the vector-boson associated production signal, and (d) the
vector boson scattering background.
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includes the contributions from vector boson fusion (VBF) and vector-boson associated production (VH),61

since these two processes both interfere with the electroweak @@ ! // + 2 9 background and hence cannot62

be separated. The main irreducible background is / boson pair production via quark-antiquark annihilation63

(@@ ! //): the above-described continuum backgrounds also contribute. In the 4✓ channel, these are the64

only significant backgrounds, with sub-percent-level contributions from the production of / bosons with65
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(both ,/ and ,,), CC̄ and single top production, and the production of / bosons with associated jets67

constitute roughly half of the total background. Data control regions (CRs) are defined to ensure control of68

the background modelling. In both channels, the combination of vector boson associated production to a69
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simultaneously in all SRs to extract the o�-shell contribution by measuring the signal strength `o�-shell,71

the o�-shell production cross-section normalised to the SM prediction, with the CRs also included in the72

fit to constrain the normalisation of the main background processes. In the 4✓ channel, an observable is73

constructed from the output of neural networks that are trained with kinematic variables and matrix-element74
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where </ is the world average / boson mass [36], Æ?T
✓✓ and Æ⇢miss

T are the transverse momentum of the77
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Higgs boson production at LHC

• A lot of progress on 
cross section and BR 
computation 

• Uncertainties O(10%) in 
ggF, dominated by QCD 
scale and PDF+αS 
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Production Cross section [pb] Order of
process

p
s = 7 TeV

p
s = 8 TeV calculation

ggF 15.0 ± 1.6 19.2 ± 2.0 NNLO(QCD)+NLO(EW)
VBF 1.22 ± 0.03 1.58±0.04 NLO (QCD+EW)/NNLO(QCD)
WH 0.577 ± 0.016 0.703 ± 0.018 NNLO(QCD)+NLO(EW)
ZH 0.357 ± 0.015 0.446 ± 0.019 NNLO(QCD)+NLO(EW)
bb̄H 0.156 ± 0.021 0.203 ± 0.028 5FS + 4FS NLO(QCD)
tt̄H 0.086 ± 0.009 0.129 ± 0.014 NLO(QCD)

[LHC Higgs Cross Section W
G - arXiv:1101.0593, 

arXiv:1201.3084 and arXiv:1307.1347]

2407.10631

https://doi.org/10.1140/epjc/s10052-023-11573-0
https://doi.org/10.1140/epjc/s10052-023-11573-0
https://arxiv.org/abs/2407.10631


A Complementary Approach
• 4top production is a combined signal + background + 

interference process, analogous to the combined HZZ 
off-shell process

- The mediator in 4t production can be a Higgs: signal

- Or g/Z/ɣ*: background

- And the two interfere, of course


• Quartic dependence on κt instead of quadratic on μoff-shell

- Signal ~ κt4, interference ~ κt2, background is constant


• 2L and 3L final states used for the measurement

19



On-Shell Analysis

• Only κt is present in the off-shell production, but other couplings are involved on-shell, 
depending on the decay


• Use other on-shell Higgs measurements to constrain them

- Strength of constraint depends on whether ggH is treated as an effective coupling to gluons or as a quark loop


• Analyses not designed to avoid overlap, so some off-shell contamination in on-shell and vice 
versa

- Drop ttH multilepton final state to try to minimize this

20

Target processes Reference

Off-shell measurement

?? ! CC̄CC̄ [26]

On-shell measurement

Production Decay

ggF, VBF, ,�, /�, CC̄�, C� � ! WW [31]

CC̄� + C� � ! 11̄ [32]

,�, /� � ! 11̄ [33, 34]

VBF � ! 11̄ [35]

ggF, VBF, ,� + /�, CC̄� + C� � ! // [36]

ggF, VBF � ! ,, [37]

,�, /� � ! ,, [38]

ggF, VBF, ,� + /�, CC̄� + C� � ! gg [39]

ggF+ CC̄� + C�, VBF+ ,� + /� � ! `` [40]

Inclusive � ! /W [41]
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Width From ttH
• Observed 95% CL upper limit for ΓH is 450 MeV, with ΓH=86+110-49 MeV


- 2σ tension with SM due to measured 4t cross-section being larger than SM prediction

‣ σ4t=22.5+6.6-5.5 pb, compared to SM 12 pb


- Stronger limits from parameterizing κg as a function of κt

‣ 95% CL upper limit of 160 MeV in this case
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• Observed 95% CL upper limit for ΓH is 450 MeV, with ΓH=86+110-49 MeV

- 2σ tension with SM due to measured 4t cross-section being larger than SM prediction


‣ σ4t=22.5+6.6-5.5 pb, compared to SM 12 pb


- Stronger limits from parameterizing κg as a function of κt

‣ 95% CL upper limit of 160 MeV in this case



Summary and Outlook
• Direct measurement of ΓH is very difficult but indirect measurements using 

off-shell Higgs boson production have been quite successful


• The H→ZZ channel is good for this measurement due to the relatively large 
off-shell cross-section


• New statistical techniques allow us to make the best possible use of our 
limited dataset


• Using 4t provides a complementary measurement reliant on different 
assumptions


• Stay tuned, more results are coming!
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ttH+4t Systematic Uncertainty Impacts

25

Systematic uncertainty Impact on 95% CL upper limit on ��

Expected [%] Observed [%]
Theory 37 33

CC̄CC̄ production 25 13
Higgs boson production/decay 5 6
Other processes 10 16

Experimental 2 2
Jet flavour tagging 2 1
Jet and missing transverse energy < 1 < 1
Leptons and photons < 1 < 1
All other systematic uncertainties < 1 < 1



HZZ Systematic Uncertainty Impacts
ATLAS DRAFT

Table 5: Absolute systematic uncertainties on the measurement of `off-shell in the � ! // ! 4✓ decay channel.
Two methods of estimation are presented: based on the variation of nuisance parameters and on the variation of
global observables. Total uncertainties are given using the global observables methods since it allows variations to be
summed in quadrature. The total uncertainty is independent of the method used to estimate systematic uncertainties.

Uncertainty source Absolute impact on -off-shell

Nuisance Parameter Global Observable
Electron uncertainties (�5%, +6%) (�5%, +6%)

Muon uncertainties (�3%, +3%) (�2%, +3%)

Jet uncertainties (�10%, +10%) (�9%, +11%)

Luminosity (�1%, +1%) (�1%, +1%)

Total experimental - (�11%, +12%)

@@̄ ! // modeling (�6%, +7%) (�6%, +7%)

66 ! // modeling (�8%, +13%) (�7%, +9%)

EW @@̄ ! // + 2 9 modeling (�1%, +1%) (�1%, +1%)

Total modeling - (�9%, +12%)

Systematic uncertainty - (�14%, +17%)

Statistical uncertainty - (�51%, +73%)

Total uncertainty (�53%, +75%)

measurement [92] to provide a measurement of the Higgs boson total width. The joint likelihood model for545

this measurement extends Eq. 15 with a common � ! // coupling modifier \�// and the modifier ^�546

to the Higgs boson width:547

�2 ln_(^� , \�// , \, U) = � 2
’

on-shell 4✓
regions

ln [Pois(#� |a� (\�///^� , U))]

� 2
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off-shell
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� 2
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SR events

ln

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(U< � 0<)
2
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(18)

where \�// = ^
2
6,on-shell^

2
+ ,on-shell = ^

4
+ ,on-shell = ^

2
6,off-shell^

2
+ ,off-shell = ^

4
+ ,off-shell. The NP model for548

common experimental uncertainties follows the approach described in Section 8.1. Theoretical modeling549

uncertainties in the on-shell and off-shell measurements are modeled with separate parameters, given the550

distinctness of the phase space regions, but the measured Higgs boson width is largely insensitive to this551

modeling choice. Background normalization factors are also modeled separately.552

Figure 15 shows the test statistic values as a function of ^� when profiling \�// . The observed (expected)553

value of ^� = 1.05+0.65
�0.46 (1.0+0.84

�0.85) at 68% CL have a reduced uncertainty compared to the previous result554
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Comparison With Histogram Analysis

27

ATLAS DRAFT

Table 8: Summary of the results for the NSBI � ! // ! 4✓ decay channel for �� , as well as '66 and '++ for the
NSBI � ! // ! 4✓ combined with the � ! // ! 2✓2a decay channels from Ref. [17], and the on-shell analysis
from Ref. [92]. These are compared to the corresponding results of the histogram analysis of Ref. [17]. All results
use the full Run 2 dataset with 140 fb�1 of integrated luminosity.

Parameter Observed (expected)
NSBI analysis histogram-based analysis

�� [MeV] (4✓ only) 3.5+2.7
�2.2 (4.1+3.6

�3.8) 3.4+4.4
�3.4 (4.1+4.2

�4.1)

�� [MeV] 4.3+2.7
�1.9 (4.1+3.6

�3.8) 4.3+3.0
�2.3 (4.1+3.7

�3.7)

'66 1.2+0.8
�0.8 (1.0+0.8

�1.0) 1.2+0.9
�1.1 (1.0+0.8

�1.0)

'++ 0.95+0.35
�0.31 (1.00+0.54

�0.60) 0.95+0.40
�0.36 (1.00+0.60

�0.66)
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4l Final State

• Signal region is defined as m4l≥220 GeV

- Mixed (1-jet) and EW (2-jet) SRs are defined targeting EW (VBF+VH) production

- Remaining events form the ggF SR


• qqZZ production is the dominant background

- Constrained using data CRs, 180<m4l<220 GeV, Njets=0,1,≥2

- Other backgrounds are mainly ttV and VVV, fakes from Z+jet and ttbar are negligible


• NNs trained to separate ggF and EW signal from non-interfering qqZZ and interfering gg and qq backgrounds28
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Observables

• Observables do a good job of enhancing S/B at higher values

- For both ggF and EW production


• Interference (dashed) goes opposite to signal (solid)

29

1− 0.5− 0 0.5 1 1.5
ggF
NNO

2−10

1−10

1

10

210

310

410

510

610

Ev
en

ts Data
Systematic uncertainties

 ZZ→qq 
) ZZ→ (H* →gg 

Other Backgrounds
) ZZ+2j→ (H* →qq 

 ZZ→ H* →gg 
 ZZ+2j→ H* →qq 

ATLAS Preliminary
-1 = 13 TeV, 139.0 fbs

ggF Signal Region

1− 0.5− 0 0.5 1 1.5
ggF
NNO

0.5

1

1.5

D
at

a 
/ E

xp
. 

 Data / Exp. 

1 + ggF  I / Exp.
1 + ggF S / Exp.

1 + EW  I / Exp.
1 + EW S / Exp.

0 200 400 600 800 1000 1200 1400 1600
 [GeV]ZZ

Tm

1−10

1

10

210

310

410

510

610

Ev
en

ts Data
Systematic uncertainties
WZ

 ZZ→qq 
) ZZ+2j→ (H* →qq 
) ZZ→ (H* →gg 

+WWtt
Other Backgrounds
Z+jets

 ZZ→ H* →gg 
 ZZ+2j→ H* →qq 

ATLAS Preliminary
-1 = 13 TeV, 139.0 fbs

EW Signal Region

0 200 400 600 800 1000 1200 1400 1600
 [GeV]ZZ

Tm

0
0.5

1
1.5

D
at

a 
/ E

xp
. 

 Data / Exp. 

1 + ggF  I / Exp.
1 + ggF S / Exp.

1 + EW  I / Exp.
1 + EW S / Exp.

4l ggF SR 2l2ν EW SR

CERN-EP-2023-03



4l SR and CR Definitions
EW SR Mixed SR ggH SR 0-jet 4l CR 1-jet 4l CR 2-jet 4l CR

Njets≥2 Njets=1
Njets=0 or (Njets=1 
and |ηj|<2.2) or 

(Njets≥2 and Δηjj<4)
Njets=0 Njets=1 Njets≥2

Δηjj>4 |ηj|>2.2 180<m4l<220 GeV 180<m4l<220 GeV 180<m4l<220 GeV

m4l>220 GeV m4l>220 GeV m4l>220 GeV

• Unprescaled single-lepton triggers


• 3 leading lepton pT thresholds are 20, 15, and 10 GeV


• ΔR(l,l’)>0.1


• 50<mll<115 GeV


• Four leptons must pass a vertex fit
30



2l2ν SR and CR Definitions
EW SR Mixed SR ggH SR 0-jet 3l CR 1-jet 3l CR 2-jet 3l CR eμ CR Zjets CR

Njets≥2 Njets=1 Njets=0 OR Njets=0 Njets=1 Njets≥2 OFOS pair

Δηjj>4 |ηj|>2.2
(Njets=1,|ηj|<2.2) 

OR (Njets≥2, 
Δηjj<4)

3rd lepton with 
pT>20 GeV

3rd lepton with 
pT>20 GeV

3rd lepton with 
pT>20 GeV

7 GeV l3 veto 7 GeV l3 veto 7 GeV l3 veto 7 GeV l4 veto 7 GeV l4 veto 7 GeV l4 veto 7 GeV l3 veto 7 GeV l3 veto
ETmiss>120 GeV ETmiss>120 GeV ETmiss>120 GeV mtW>60 GeV mtW>60 GeV mtW>60 GeV ETmiss>120 GeV ETmiss>120 GeV

ΔRll<1.8 ΔRll<1.8 ΔRll<1.8 ΔRll<1.8 ΔRll<1.8

Δɸ(pT,ll,ETmiss)>
2.5

Δɸ(pT,ll,ETmiss)>
2.5

Δɸ(pT,ll,ETmiss)>
2.5

Δɸ(pT,ll,ETmiss)>
2.5

Δɸ(pT,ll,ETmiss)>
2.5

Δɸ(jet>100, 
ETmiss)>0.4

Δɸ(jet>100, 
ETmiss)>0.4

Δɸ(jet>100, 
ETmiss)>0.4

Δɸ(jet>100, 
ETmiss)>0.4

ETmiss signif>10 ETmiss signif>10 ETmiss signif>10 ETmiss signif>3 ETmiss signif>3 ETmiss signif>3 ETmiss signif>10 ETmiss signif<9

b-jet veto b-jet veto b-jet veto b-jet veto b-jet veto b-jet veto b-jet veto b-jet veto
• Unprescaled single-lepton triggers


• Lepton pT>20 GeV


• 76<mll<106 GeV 31
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5.5 Control Regions and Background Estimation648

This section describes the various backgrounds that contribute to the 2`2⌫ signal region. Three control649

regions are used to provide a data driven estimate of these backgrounds. A 3-lepton control region is used650

for WZ, an eµ region for non-resonant backgrounds and a 1D sideband region for Z+jets. Each of these is651

described in more detail in the common note [43]. Here, a short overview of each region will be given. The652

yield in each control region is used to constrain the normalization in the SR. Other backgrounds, consisting653

of tri-boson and ttV(V) processes, contribute only a few percent to the SR and are taken directly from the654

MC.655

5.5.1 ZZ background656

The irreducible qq ! Z Z QCD background is the largest background to this analysis. For prediction with657

2`2⌫ only, its contribution is entirely estimated from simulation, and higher order EW corrections are658

applied as described. In the combination with the 4` analysis, the 2`2⌫ prediction will make use of the659

control regions as defined in the 4` part of the analysis to constrain the qq ! Z Z QCD background with a660

common floating normalization.661

5.5.2 WZ background662

W Z processes with W ! `⌫ and Z ! `` can mimic the 2`2⌫ signature when one lepton (typically the one663

from the W ) is not reconstructed or falls outside the acceptance. The W Z is the second largest background664

giving about 30% of the events in the signal region. A 3 lepton control region (3lCR) is implemented to665

estimate the expected W Z yield. This control region is used as a single bin to constrain the normalization666

of the W Z background in the SR. This control region is split in three parts, based on the number of jets.667

One 3lCR that contains events with 0 jets, one that has 1-jet events, and the last one contains events with 2668

or more jets. Each jet multiplicity (0, 1 and 2+) of W Z has a separate floating normalization in the fit.669

Events in the 3lCR are required to have an extra lepton in addition to the Z-boson pair. To achieve a670

region that is very pure in W Z , a few additional cuts are applied. These mostly help to reduce the Z+jets671

contribution in the 3lCR. The Emiss
T -significance is required to be at least 3, while the transverse mass of672

the W-lepton is required to be at least 60 GeV. The W boson transverse mass, mT (W ), is derived from the673

Emiss
T , the transverse momentum of the third lepton (p`T ) and the azimuthal opening angle (��) between the674

two, as:675

mT (W ) =
q

2p`T Emiss
T (1 � cos��) (15)

Lastly, a b-jet veto is applied to suppress the top backgrounds. The list of selections in the 3lCR are given676

in Table 21. Altogether this gives a W Z purity of 92% in the 3lCR.677

Figure 31 shows the distribution of the transverse Z Z mass in each of the 3lCR final states.678
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Leading Systematic Uncertainties
ATLAS DRAFT

Table 1: The dominant uncertainties in the leading processes in the signal and background regions. Uncertainties may
depend on the value of the observable: if so, a range is given in the table. Detailed descriptions of the uncertainties
are given in the text.

Process Uncertainty Final State Value (%)

ggF Signal Region

@@ ! // QCD Scale 2✓2a 4–40

@@ ! // + 2 9 QCD Scale 4✓ 21–28

@@ ! // + 2 9 QCD Scale 2✓2a 22–37

@@ ! // + 2 9 Parton Shower 2✓2a 1–67

66 ! �
⇤ ! // Parton Shower 4✓ 27

66 ! �
⇤ ! // Parton Shower 2✓2a 8–45

66 ! // Parton Shower 4✓ 38

66 ! // Parton Shower 2✓2a 6–43

,/ + 0 9 QCD Scale 2✓2a 1–54

1-jet Signal Region

66 ! �
⇤ ! // Parton Shower 4✓ 27

66 ! �
⇤ ! // QCD Scale 2✓2a 13–18

66 ! // Parton Shower 4✓ 38

66 ! // QCD Scale 2✓2a 18–20

@@ ! // (EW) QCD Scale 2✓2a 7–18

2-jet Signal Region

@@ ! // + 2 9 QCD Scale 4✓ 18–26

@@ ! // + 2 9 QCD Scale 2✓2a 8–32

66 ! �
⇤ ! // Parton Shower 4✓ 27

66 ! // Parton Shower 4✓ 38

66 ! // QCD Scale 2✓2a 18–20

,/ + 2 9 QCD Scale 2✓2a 20–22

@@ ! // Control Regions

@@ ! // + 2 9 QCD Scale 4✓ 26

Three-lepton Control Regions

,/ + 2 9 QCD Scale 2✓2a 28

from the usual QCD scale variations. For those processes simulated with the P����� shower program, the363

uncertainty is assessed by varying the P����� configurations, such as the parameter values of the A14 tune,364

the multi-parton models and the final-state radiation models. For ggF production, the PS uncertainties are365

correlated between the signal and background processes. The uncertainties are split into separate shape366

and normalization components, with the latter being much more significant.367
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Table 5: The impact of most important systematic uncertainties on the observed upper value of `o�-shell for which
�2 ln_ = 4, obtained by the combined fit. This value corresponds to the two standard deviation upper limit of
`o�-shell with the asymptotic method. The first column denotes the systematic uncertainty that was excluded from the
fit. The last row gives the nominal upper limit, where all uncertainties are included. The further the upper limit is
deviating from the last row value, the more important that uncertainty is.

Systematic Uncertainty Fixed `o�-shell value at which �2 ln_(`o�-shell) = 4

Parton shower uncertainty for 66 ! // (normalisation) 2.26

Parton shower uncertainty for 66 ! // (shape) 2.29

NLO EW uncertainty for @@ ! // 2.27

NLO QCD uncertainty for 66 ! // 2.29

Parton shower uncertainty for @@ ! // (shape) 2.29

Jet energy scale and resolution uncertainty 2.26

None 2.30

curve in the region close to zero in Figure 7(b) is due to the
p
` dependence in the yield that arises from the496

interference, as discussed earlier in this section, combined with a slight excess observed in the data, which497

leads to a maximum near ` = 0. Confidence intervals are obtained using the Neyman construction, as498

described above. The corresponding measured values are the following: ��/�SM
� = 1.1+0.7

�0.6, '66 = 1.4+1.1
�1.4499

and '++ = 0.9+0.3
�0.3. Multiplying the measured ��/�SM

� by the width of the SM Higgs boson, the measured500

�� is 4.5+3.3
�2.5 MeV. The observed (expected) upper limit on ��/�SM

� is 2.6 (2.7) at 95% confidence level501

using the distribution for �2 ln(_) obtained using MC data, and the corresponding lower limit is 0.1 (0.01).502

Thus observed (expected) upper and lower limits can be placed on the total width of the Higgs boson of503

0.5(0.1) < �� < 10.5(10.9) MeV.504
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Yields
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Table 2: The observed and expected yields together with their uncertainties, for the ggF- and EW-enriched categories
in the 4✓ channel. The results are obtained after the simultaneous fit to both the 4✓ and 2✓2a channels with
`o�-shell = 1. The first row represents the inclusive // process from 66 production, including the signal, background,
and interference components. The signal and background components are shown separately in rows 2–3: they do not
add up to match the inclusive yield due to the presence of negative interference. The other backgrounds include
contributions from CC̄+ and +++ processes. The uncertainties in the expected number of events include the statistical
and systematic uncertainties. The uncertainties in the @@ ! // background are quoted as the sum in quadrature of
all three jet multiplicity contributions for purposes of illustration.

Process ggF SR Mixed SR EW SR

66 ! (�⇤ !)// 341± 117 42.5± 14.9 11.8± 4.3

66 ! �
⇤ ! // 32.6± 9.07 3.68± 1.03 1.58± 0.47

66 ! // 345± 119 43.0± 15.2 11.9± 4.4

@@ ! (�⇤ !)// + 2 9 23.2± 1.0 2.03± 0.16 9.89± 0.96

@@ ! // 1878± 151 135± 23 22.0± 8.3

Other backgrounds 50.6± 2.5 1.79± 0.16 1.65± 0.16

Total expected (SM) 2293± 209 181± 29 45.3± 10.0

Observed 2327 178 50

`
ggF
o�-shell and `

EW
o�-shell, which correspond to the 68% and 95% CL limits in the asymptotic approximation,470

are shown in Figure 6(b).471

To estimate the importance of the most important sources of systematic uncertainty to the result, Table 5472

shows the value of the largest `o�-shell for which �2 ln_ = 4 when each source of uncertainty is removed473

one at a time. Due to the unusual shape of the yield curve, the impact of nuisance parameters on the474

best-fit value of `o�-shell can be di�cult to interpret. Additionally, the correlations between the nuisance475

parameters, and between the nuisance parameters and the normalization parameters for the backgrounds,476

make it di�cult to extract uncertainty components. Table 5 indicates the magnitude of the systematic477

uncertainties and shows their relative importance. The most important ones are the PS uncertainties, the478

NLO EW uncertainties, and the jet-related uncertainties.479

The combination with the on-shell � ! //
⇤ ! 4✓ analysis [89], where the on-shell signal strength is480

measured to be `on-shell = 1.01 ± 0.11, allows these results to be translated into limits on the width of481

the Higgs boson normalised to its SM expectation (`o�-shell/`on-shell = ��/�SM
� ) as well as the ratio of482

o�-shell to on-shell couplings for ggF ('66 ⌘ ^
2
6, o�-shell/^2

6, on-shell) and EW ('++ ⌘ ^
2
+ , o�-shell/^2

+ , on-shell)483

production. The experimental uncertainties are correlated between the two measurements, while the484

theoretical uncertainties are assumed to be uncorrelated, considering that di�erences could exist in the485

structure of high-order corrections at di�erent mass scales. The di�erence in the statistical results between486

the correlated and uncorrelated schemes is found to be negligible. The ��/�SM
� interpretation assumes487

that the o�- and on-shell coupling modifiers are the same for both ggF and EW production modes. The488

'66 and '++ interpretations assume that the total width of the Higgs boson is equal to its SM prediction.489

Additionally, in the '66 case it is assumed that the coupling scale factors associated with the on- and490

o�-shell EW production are the same, while in the '++ case the C-channel Higgs boson exchange process491

is assumed to scale in the same way as for the o�-shell signal.492
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Table 3: The observed and expected yields together with their uncertainties, for the ggF- and EW-enriched categories
in the 2✓2a channel. The results are obtained after the simultaneous fit to both the 4✓ and 2✓2a channels with
`o�-shell = 1. The first row represents the inclusive // process from 66 production, including the signal, background,
and interference components. The signal and background components are shown separately in rows 2–3: they
do not add up to match the inclusive yield due to the presence of negative interference. The other backgrounds
include contributions from +++ , ,+jets and top quark processes other than pair production. The uncertainties in the
expected number of events include the statistical and systematic uncertainties. The uncertainties in the @@ ! //

and ,/ backgrounds are quoted as the sum in quadrature of all three jet multiplicity contributions for purposes of
illustration.

Process ggF SR Mixed SR EW SR

66 ! (�⇤ !)// 210± 53 19.7± 4.9 4.29± 1.10

66 ! �
⇤ ! // 111± 26 10.9± 2.5 3.26± 0.82

66 ! // 251± 66 23.4± 6.2 5.31± 1.46

@@ ! (�⇤ !)// + 2 9 14.0± 3.0 1.63± 0.17 4.46± 0.50

@@ ! // 1422± 112 80.4± 11.9 7.74± 2.99

,/ 678± 54 51.9± 6.9 7.89± 2.50

/+jets 62.3± 24.3 7.51± 6.94 0.62± 0.54

Non-resonant-✓✓ 106± 39 9.17± 2.73 1.55± 0.42

Other backgrounds 22.6± 5.2 1.62± 0.25 1.40± 0.10

Total expected (SM) 2515± 165 172± 17 28.0± 4.1

Observed 2496 181 27

Table 4: The fitted normalization factors for the dominant @@ ! // background as well as the ,/ , /+jets and
non-resonant-✓✓ type backgrounds.

Normalization factor Fitted value

`qqZZ 1.11 ± 0.07

`
1 9
qqZZ 0.90 ± 0.10

`
2 9
qqZZ 0.88 ± 0.26

`3✓ 1.06 ± 0.03

`
1 9
3✓ 0.92 ± 0.10

`
2 9
3✓ 0.75 ± 0.19

`Zj 0.90 ± 0.19

`4` 1.08 ± 0.09

For the combination with the on-shell analysis, the combined likelihood is built as the product of the493

likelihoods models for the two analyses. The values of �2 ln(_) as a function of ��/�SM
� , '66 and '++494

are shown in Figures 7(a), 7(b) and 7(c), respectively. The deviation of �2 ln_ from a smooth parabolic495
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