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The Higgs: a remarkable achievementThe Higgs boson  signal 
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So far, all the evidence suggests that the new particle is very Standard Model like.  This implies 
that searches for BSM physics in Higgs production and decay will require good control of 
theoretical predictions within the SM and attention to subtle details
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So far, all the evidence suggests that the new particle is very Standard Model like.  This implies 
that searches for BSM physics in Higgs production and decay will require good control of 
theoretical predictions within the SM and attention to subtle details
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• Roughly a year ago, the announcement of the Higgs discovery generated great excitement

• With the excitement reduced, it’s time to analyze the discovery

• Is it the Standard Model Higgs? Do its couplings deviate?

• Is theory in shape to distinguish between these possibilities? 

• Motivation

• Inclusive Higgs production

• H+jet @NNLO in QCD

• Summary

Outline
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Spin-parity

Many properties already constrained

24

Limits on Higgs width

Obtain limits on Γ
H
 combining on-shell and off-shell measurements.

Profiling μ
ggF

 and μ
VBF

 on data.

Assuming same on-shell and off-shell couplings;

ATLAS results;  Γ
H
 < 22.7 MeV @ 95% CL (<33 MeV expected)

CMS results; Γ
Η
 < 22 MeV  @ 95% CL (<33 MeV expected)

Iasonas Topsis – Giotis 

"  x 

Katy Grimm, Lancaster University 14 

Coupling Combination: 
1) Signal Strengths 
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Production signal strengths 
Assume SM BRs  

Decay signal strengths 
Assume SM Cross Sections  

2.3�  

SM p-value 
25% 

SM p-value 
60% 

(SM) fit to couplings

 HÆ γγ fiducial differential cross sections 

PT
J1

  PT
J2

  JHEP09(2014)112 JHEP09(2014)112 JHEP09(2014)112 
Δφjj

  

The increased jet activity and harder jet spectra,  could suggest the presence of 
higher quark and gluon radiation in the data than in the theoretical predictions 
 
Deviation in Δφjj of 2.3σ (local p-value)   
Stable with central jets with stronger JVF criteria Æ pile-up not responsible 
Also double parton scattering  ~ 1.3% 

9/10/2015 HC2015 - D. Fassouliotis UoA 11 
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Spin-parity

Parameter value
0 0.5 1 1.5 2 2.5 3 3.5 4

bbµ

ττµ

WWµ

ZZµ

γγµ

 Run 1LHC
 PreliminaryCMS  and ATLAS ATLAS

CMS
ATLAS+CMS

σ 1±

Assume SM Cross Sections  

SM p-value 
60% 

JHEP09(2014)112 

• A narrow resonance, most likely 0+

• Mass known to 0.2% accuracy,                                
mH = 125.09 ± 0.21 (stat) ± 0.11 (syst) GeV

• It decays into vector bosons (γ,Z,W)

• It decays into fermions (τ, b)

• It is produced both in gluon fusion and in VBF

• Its couplings agree with SM predictions,  
within ~10%,  μ=1.09+0.11-0.10

The Higgs: what to we already know



Higgs couplings: a closer look

Naively, we only have access 
to coupling ratios

Summary of coupling measurements
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σ2 
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0.13-
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σ2 
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p

0.12-
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i,u, Bγκ, gκModel: 
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SM
p
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0.29+=-0.16i.,u.BR σ1 

σ2 <0.41i.,u.BR
@ 95% CL 

Total uncertainty
σ 1± σ 2±

Figure 15: Summary of the coupling scale factor measurements for mH = 125.5 GeV. The best-fit values
are represented by the solid black vertical lines. The measurements in the di↵erent benchmark models,
separated by double lines in the figure, are strongly correlated, as they are obtained from fits to the same
experimental data. Hence, they should not be considered as independent measurements and an overall
�2-like compatibility test to the SM is not possible. For each model the n-dimensional compatibility of
the SM hypothesis with the best fit point is given by pSM.
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Higgs couplings …

… to vector bosons, κV

… to fermions, κF

coupling ratio  κF/κV

Custodial symmetry:  κW/κZ

Additional particles in loops?  
gg→H, H→γγ 

Unobserved or invisible particles

All measurements consistent with SM 
p-values 0.09-0.20

up vs down-type couplings

quark vs lepton couplings

sensitive  
to SUSY

ATLAS-CONF-2014-009

A pragmatic approach:
1. take cross-section rations to 

isolate desired production/
decay mode

2. fit assuming (rescaled) SM-like 
behavior

[see e.g. LHC XS WG, arXiv:1209.0040]

CAN WE OBTAIN 
EXTRA INFORMATION?

�i!H!f ⇡ �i!H�H!f

�H
⇡

g2i g
2
f

�H



Higgs couplings: a closer look

�i!H!f ⇡ �i!H�H!f

�H
⇡

g2i g
2
f

�H

The Higgs cross section x BR is 
invariant under the rescaling

To resolve this ambiguity, the width/couplings need 
to be measured independently from each other

g ! ⇠g, �H ! ⇠4�H =) �i!H!f ! �i!H!f

Any measurement on the Higgs peak, only determines 
a family of ∞ degenerate solutions for g, ΓH



The SM width: extremely small
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In the SM for mH ~ 125 GeV,  ΓH ~ 4 MeV

Almost impossible to measure directly 
(with possible exception of muon collider) 



Direct measurement at the LHC
Profiling the Higgs resonance limited by detector resolution

ATLAS Higgs boson mass

H → γγ analysis

• Two isolated high-energy photons

• Excellent mass resolution 1.2-2.4 GeV,

∼ 1.7 GeV on average

• Good γ/e ID→ 75% γγ purity after cuts

• mγγ for template fit:

– photon energies

– primary vertex

∗ uses Neural Network algorithm

∗ uses calorimeter pointing info

– impact points in calorimeter
• Since summer 2013 conferences, analysis opti-

mized w.r.t.:

– Background modelling using analytical

functions

– 10 categories based on:

∗ photon conversion status

∗ photon η

∗ pTt: di-photon p transverse to thrust axis

– 20% improvement in exp. statistical error

over inclusive analysis

• Analysis also takes advantage of improved elec-

tron and photon calibrations

R. Harrington, ATLAS 5 ICHEP 2014, Valencia, Spain, 3-9 July 2014
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excess of events observed in the 4` mass spectrum is localized in a narrow region in the vicinity
of 126 GeV, the events expected in a narrower range, 121.5 < m4` < 130.5 GeV, are reported
in Table 4. Table 5 reports the breakdown of the events observed in data and the expected
background yields in the same m4` region in the two analysis categories, together with the
expected yield for a SM Higgs boson with mH = 126 GeV, split by production mechanism. The
m4` distribution for the sum of the 4e, 2e2µ, and 4µ channels, in the mass region 70 < m4` <
180 GeV, is shown in Fig. 10. Figure 11 shows the reconstructed invariant masses of the Z1 and
Z2 in a m4` range between 121.5 and 130.5 GeV.
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Figure 10: Distribution of the four-lepton reconstructed mass for the sum of the 4e, 2e2µ, and
4µ channels for the mass region 70 < m4` < 180 GeV. Points with error bars represent the
data, shaded histograms represent the backgrounds, and the unshaded histogram represents
the signal expectation for a mass hypothesis of mH = 126 GeV. Signal and the ZZ background
are normalized to the SM expectation, the Z + X background to the estimation from data.

The distributions of the Dkin
bkg versus m4` are shown for the selected events and compared to

the SM background expectation in Fig. 12. The distribution of events in the (m4`,Dkin
bkg) plane

agrees well with the SM background expectation in the high-mass range [Fig. 12 (right)], while
discrepancies in the two-dimensional plane are observed in the low-mass range 110 < m4` <
180 GeV [Fig. 12 (left)], indicative of the presence of a signal. Figure 13 (left) shows the same
data points as in Fig. 12 (left), but compared with the expected distribution from SM back-
grounds plus the contribution of a Higgs boson with mH = 126 GeV. A signal-like clustering
of events is apparent at high values of Dkin

bkg and for m4` ⇡ 126 GeV. Figure 13 (right) shows the
distribution of the kinematic discriminant Dkin

bkg in the mass region 121.5 < m4` < 130.5 GeV.

The distribution of the transverse momentum of the 4` system in the 0/1-jet category and its
joint distribution with m4` are shown in Fig. 14. The pT spectrum shows good agreement with
a SM Higgs boson hypothesis with mH = 126 GeV in the 0/1-jet category with few events
having pT > 60 GeV, where VBF and VH production are relatively more relevant. In order to
compare the pT spectrum in data with the SM Higgs boson distribution more quantitatively,
a background subtraction using the sP lot weighting technique [135] is performed. The event
weights, related to the probability for each event to be signal-like or background-like, are com-
puted according to the one-dimensional likelihood based on the m4` distribution, which shows

Current direct bound: ΓH  ≤ ~ 5ATLAS,γγ / 2.6ATLAS,ZZ / 1.7CMS GeV
LHC estimated reach: ~ 1 GeV

TO BE SENSITIVE TO SM WIDTH (~4 MEV), 
MUST BE IMPROVED BY FACTOR 1000



The Higgs width: constraints at the LHC

We know the Higgs decays -> ΓH > 0

More in general, the Higgs cannot be too narrow -> 
long-lived particle -> displaced vertex

Lower bound can be obtained by 
LIFETIME MEASUREMENTS

�t =
m

p?
(�~r? · p̂?)

In the Higgs rest frame:

In the SM: τH ~ 4.8 10-8 μm/c, well below exp. sensitivity  

h�ti = ⌧H =
1

�H



CMS: bounds on the Higgs lifetime

(SM: cτH ~ 4.8 10-8 μm,   ΓH ~ 4.2 MeV)
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Figure 5: Distributions of Dbkg (left) and cDt (right) in the lifetime analysis with Dbkg > 0.5
required for the latter to suppress the background. The points with error bars represent the
observed data, and the filled histograms stacked on top of each other represent the expected
contributions from the SM backgrounds. Stacked on the total background contribution, the
open histograms show the combination of all production mechanisms expected in the SM for
the H boson signal with either the SM lifetime or ctH = 100 µm. Each signal contribution in
the different open histograms are the same as the total number of events expected from the
combination of all production mechanisms in the SM. All signal distributions are shown with
the total number of events expected in the SM. The first and last bins of the cDt distributions
include all events beyond |cDt| > 500 µm.

The lifetime analysis makes use of the observable Dt calculated following Eq. (1). The reference
point for H boson production vertex is taken to be the beam spot, which is the pp collision
point determined by fitting charged-particle tracks from events in multiple collisions, and the
value of D~rT is calculated as the displacement from the beam spot to the 4` vertex in the plane
transverse to the beam axis. An alternative calculation of Dt has also been considered using the
primary vertex of each event instead of the beam spot, but the different associated particles in
the H boson production and their multiplicity would introduce additional model dependence
in the primary vertex resolution.

The Dt value is non-negative and follows the exponential decay distribution if it is known per-
fectly for each event. However, resolution effects arising mostly from limited precision of the
D~rT measurement allow negative Dt values. This feature allows for an effective self-calibration
of the resolution from the data. Symmetric broadening of the Dt distribution indicates reso-
lution effects while positive skew indicates sizable signal lifetime. Figure 5 displays the Dt
distributions. The resolution in Dt also depends on the pT spectrum of the produced H boson,
which differs among the production mechanisms, and this dependence is accounted for in the
fit procedure as described in detail in Sec. 6. The distributions of Dt and pT are shown in Figs. 5
and 6, respectively. Since the discriminant Dbkg is optimal for signal separation in the on-shell
region, a requirement Dbkg > 0.5 is applied to reduce the background when showing these
distributions.

Uncertainties in the Dt distribution for the signal and the prompt background are obtained
from a comparison of the expected and observed distributions in the m4` sidebands, 70 <
m4` < 105.6 GeV and 170 < m4` < 800 GeV. These uncertainties obtained from this comparison
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H->4l:   cτH < 57 μm  —>  ΓH > 3.5 10-9 MeV @95cl



Higgs couplings and width: a closer look

�i!H!f ⇡ �i!H�H!f

�H
⇡

g2i g
2
f

�H

σ is invariant under 
g ! ⇠g, �H ! ⇠4�H

To avoid imposing SM-like behavior:
we must break this degeneracy

A direct measurement of the Higgs width:
• LHC sensitivity: ~ 10-9 MeV < ΓH < 1 GeV
• SM width: ~ 4 MeV

WE  NEED  AN  INDIRECT  WAY  OF  MEASURING ΓH

Key point: search for an observable with different 
dependence on gi,f and ΓH



An example: 
H-> γγ interference

[Martin; Dixon, Li (2013)]
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Consider the full pp->γγ process:

Typical interference scaling: g vs g2

SIGNAL ~ gi gf BACKGROUND
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Interference: the imaginary part

• symmetric around the peak -> contribute to σ
• Naively: loop enhanced (S -> 2 loop, B-> 1 loop)

• In reality: interference starts at two-loop (no ±± cut for the 
background amplitude)

• Small effect (~ few percent) in the SM
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FIG. 1: The distribution of diphoton invariant masses from the real interference term in eq. (12), as a
function of Mγγ =

√
ŝ, from eq. (10), before including experimental resolution effects. The right panel is a

close-up of the left panel, showing the maximum and minimum near Mγγ = MH ± ΓH/2.
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FIG. 2: The distribution of diphoton in-
variant masses from the real interference,
as in Figure 1, but now smeared by vari-
ous Gaussian mass resolutions with widths
σMR.

2.4 GeV. This has the effect of reducing the peak and dip in the interference, and moving their

points of maximal deviations from 0 much farther from MH .

To obtain the size of the shift in the Higgs peak diphoton distribution, one can now combine the

interference contribution with the non-interference contribution from eqs. (10) and (11). The results

are shown in Figure 3 for the case of a Gaussian mass resolution σMR = 1.7 GeV. The distribution

obtained including the interference effect is shifted slightly to the left of the distribution obtained

neglecting the interference. In order to quantify the magnitude of the shift, it will be necessary

to specify the precise method used to fit the signal; this is again beyond the scope of the present

Asymmetry in the mγγ distribution
• more events below the peak
• asymmetric -> irrelevant for σ
• however, interesting physical effects

[Martin (2012)]



Interference: the real part and the mass-shift
[Martin (2012); Dixon and Li; de Florian et al (2013)]

Higgs mass:
•  ~ first moment of the invariant mass distribution
• extraction affected by real part of interference
• independent on Γ, dependent on environmental parameters 
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FIG. 4: The shift in the diphoton invariant
mass distribution due to interference with the
continuum background, using the measure of
eqs. (17)-(19), for various assumed values of the
mass resolution Gaussian width σMR.

positive (negative) tail at lower (higher) Mγγ . This is shown in Figure 4, where ∆Mγγ is given

as a function of δ, for various values of the Gaussian mass resolution σMR. Because a Gaussian

mass resolution is assumed here for simplicity, one finds ⟨Mγγ⟩δ, no interference = MH to very

high precision, but ⟨Mγγ⟩δ, total is increasingly smaller as δ is increased. If one takes a value like

δ = 4 GeV as indicative, since this is large enough to include most of the signal events, then from

Figure 4 the shift is about −185 MeV, with not much sensitivity to the assumed mass resolution.

However, even a moderately larger value of δ = 5 GeV would increase the typical shift to about

−240 MeV.

The results so far are based on total cross-sections, but experimental cuts and efficiencies favor

scattering into the central regions of the detectors. In the CM frame, the non-interference part of

the signal is isotropic, but the interference is peaked at large |z| = | cos θCM|, as can be seen from

eqs. (8), (9), (12), (14) and graphed in the left panel of Figure 5. The way this angular distribution

would translate into the effects of a cut on η = − ln[tan(θlab/2)] is shown in the right panel of

Figure 5. Here I show the ratio of acceptances R = (σint
cut/σ

int
total)/(σ

H
cut/σ

H
total) as a function of ηmax,

where “int” refers to the Higgs-continuum interference part from eq. (12) and “H” to the Higgs

contribution without interference from eq. (11), and “cut” means |η| < ηmax for both photons, while

“total” means no cut on η. A simple cut on η does not translate into experimental reality, as the

ATLAS Higgs analysis is sensitive to |η| < 2.37 except for 1.37 < |η| < 1.52, and CMS to |η| < 2.5

except for 1.44 < |η| < 1.57, but with efficiencies that vary over those ranges. Both experiments

also have cuts on the photon pT ’s, but the effect of this cannot be treated well by the present

leading-order analysis. Furthermore, higher order corrections that have been neglected here could

enhance or suppress the interference part relative to the non-interference part. To illustrate the

possible effects of these considerations, Figure 6 depicts the impact on the shift ∆Mγγ of a relative

suppression of the interference part of the cross-section by a factor of r. This shows that the effect

of such a suppression is to decrease the shift in the Mγγ peak by approximately the same factor r.

For r = 0.8, the shift ∆Mγγ found for δ = 4 GeV would be reduced to about 150 MeV, although

larger values are possible if the signal-background fitting procedure effectively corresponds to larger

δ.
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From the mass shift to the Higgs width
[Martin (2012); Dixon and Li; de Florian et al (2013)]

• compare mass measurement in H->γγ with control mass

• mass shift gives access to the real part of the 
interference, 

• LHC: Higgs peak cross section is SM-like

• This implies 

• Mass shift measurement gives access to the Higgs width

�mh = 2I�/�h ⇠ gigf

�H ⇠
g2i g

2
f

�H
= �H,SM ! gigf

(gigf )SM
=

s
�H
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From the mass shift to the Higgs width
[Martin (2012); Dixon and Li; de Florian et al (2013); Coradeschi et al (2015)]

• interference theoretically under control (NLO+PS)

• several options for the control mass, i.e. H->ZZ or VBF (where 
interference small)

• the interference is strongly pT-dependent -> control mass in the 
γγ system to reduce systematics

3

shift obtained from this fit is stable once we include in-
variant masses ranging out to three times the Gaussian
width.
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FIG. 2. Diphoton invariant mass Mγγ distribution for pure
signal (top panel) and interference term (bottom panel) after
Gaussian smearing.

The top panel of fig. 2 shows the Gaussian-smeared
diphoton invariant mass distribution for the pure signal
at both LO and NLO in QCD. We use the MSTW2008
NLO PDF set and αs [25] throughout, and set α = 1/137.
Standard acceptance cuts are applied to the photon

transverse momenta, phard/softT,γ > 40/30 GeV, and rapidi-
ties, |ηγ | < 2.5. In addition, events are discarded when a
jet with pT,j > 3 GeV is within ∆Rγj < 0.4 of a photon.
A jet veto is simulated by throwing away events with
pT,j > 20 GeV and ηj < 3. The scale uncertainty bands
are obtained by varying mH/2 < µF , µR < 2mH inde-
pendently. Note that the NLO (gg) channel includes the
contribution from the qg channel where the quark splits
to a gluon; this reduces dependence on the factorization
scale µF . As a result, the scale uncertainty bands mostly
come from varying the renormalization scale µR.

The bottom panel of fig. 2 shows the corresponding
Gaussian-smeared interference contributions. The con-
tribution involving the SM tree amplitude for qg → γγq

is denoted by LO (qg). The destructive interference from
the imaginary part I in eq. (3) shows up at two-loop or-
der in the gluon channel in the zero mass limit of light
quarks [4]. It produces the offset of the NLO (gg) curve
from zero at Mγγ = 125 GeV.
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FIG. 3. Apparent mass shift for the SM Higgs boson versus
the jet veto pT .
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FIG. 4. Apparent mass shift for the SM Higgs boson versus
the lower cut on the Higgs transverse momentum, pT > pT,H .

MASS SHIFT AND WIDTH DEPENDENCE

In fig. 3 we plot the apparent Higgs boson mass shift
versus the jet veto pT cut. The mass shift for inclu-
sive production (large pT,veto) is around 70 MeV at NLO,
significantly smaller than the LO prediction of 120 MeV.
The reduction is mainly due to the large NLO QCD Higgs
production K factor. The K factor for the SM contin-
uum background is also sizable due to the same gluon
incoming states. But the Higgs signal is enhanced addi-
tionally by the virtual correction to the top quark loop,

Realistic ATLAS estimates 
for the shift: ~ 50 MeV

EXPERIMENTALLY TOUGH
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which is missing in the continuum background [17]. The
K factor of the interference is between that of the signal
and that of the background. This is reasonable but not
inevitable, given that only a restricted set of helicity con-
figurations enters the interference. For moderate jet veto
cuts, the mass shift depends very weakly on pT due to
the smallness of the real radiation contribution. The ex-
tra interference with quark-gluon scattering at tree level
reduces the mass shift a bit more, as shown in the curve
labeled NLO (gg) + LO (qg) in fig. 3. At small veto pT ,
the results become unreliable: large logarithms spoil the
convergence of perturbation theory, and resummation is
required, which is beyond the scope of this letter.
In fig. 4 we remove the jet veto cut, and study how

the mass shift depends on a lower cut on the Higgs
transverse momentum, pT > pT,H . This strong depen-
dence could potentially be observed experimentally, com-
pletely within the γγ channel, without having to compare
against a mass measurement using the only other high-
precision channel, ZZ∗. (The mass shift for ZZ∗ is much
smaller than for γγ, as can be inferred from fig. 17 of
ref. [26], because H → ZZ∗ is a tree-level decay, while
the continuum background gg → ZZ∗ arises at one loop,
the same order as gg → γγ.) Using only γγ events might
lead to reduced experimental systematics associated with
the absolute photon energy scale. The pT,H dependence
of the mass shift was first studied in ref. [7]. The dotted
red band includes, in addition, the continuum process
qg → γγq at one loop via a light quark loop, a part of
the full O(α3

s) correction. This new contribution par-
tially cancels against the tree-level qg channel, leading to
a larger negative Higgs mass shift. The scale variation
of the mass shift at finite pT,H is very small, because it
is essentially a LO analysis; the scale variation largely
cancels in the ratio between interference and signal that
enters the mass shift.
Due to large logarithms, the small pT,H portion of fig. 4

is less reliable than the large pT,H portion. In using the
pT,H dependence of the mass shift to constrain the Higgs
width, the theoretical accuracy will benefit from using
a wide first bin in pT . One could take the difference
between apparent Higgs masses for γγ events in two bins,
those having pT above and below, say, 40 GeV.
Finally, we allow the Higgs width to differ from the

SM prediction. The Higgs couplings to gluons, photons,
and other observed final states should then change ac-
cordingly, in order to maintain roughly SM signal yields,
as is in reasonable agreement with current LHC measure-
ments. In particular, for the product cgcγ = cgγ entering
the dominant gluon fusion contribution to the γγ yield,
we solve the following equation,

c2gγS

mHΓH
+ cgγI =

(

S

mHΓSM
H

+ I

)

µγγ , (6)

where µγγ denotes the ratio of the experimental sig-
nal strength in gg → H → γγ to the SM prediction
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FIG. 5. Higgs mass shift as a function of the Higgs width.
The coupling cgγ has been adjusted to maintain a constant
signal strength, in this case µγγ = 1.

(σ/σSM). For Higgs widths much less than 1.7 GeV,
the mass shift is directly proportional to cgγ/µγγ. On
the right-hand side of eq. (6), the two-loop imaginary
interference term I is negligible; the fractional destruc-
tive interference in the SM is mHΓSM

H I/S ≈ −1.6%. For
ΓH ≤ 100ΓSM

H = 400 MeV, it is a good approximation
to also neglect I on the left-hand side. Then the solu-

tion for cgγ is simply cgγ =
√

µγγΓH/ΓSM
H . Fig. 5 plots

the mass shift, assuming µγγ = 1. It is indeed propor-
tional to

√
ΓH for the widths shown in the figure, up to

small corrections. If new physics somehow reverses the
sign of the Higgs diphoton amplitude, the interference is
constructive and the mass shift is positive.
In principle, one could apply the existing measure-

ments of the Higgs mass in the ZZ∗ and γγ channels
in order to get a first limit on the Higgs width from this
method. However, there are a few reasons why we do
not do this here. First of all, the current ATLAS [27]
and CMS [28] measurements are not very compatible,

mγγ
H −mZZ

H = +2.3+0.6
−0.7 ± 0.6 GeV (ATLAS)

= −0.4± 0.7± 0.6 GeV (CMS), (7)

where the first error is statistical and the second is sys-
tematic. Second, the experimental resolution differs from
bin to bin and has non-Gaussian tails. Third, the precise
background model can influence the apparent mass shift.
What we can say is that taking ΓH = 200ΓSM

H = 800 MeV
and neglecting the latter factors would result in a mass
shift of order 1 GeV, in the same range as eq. (7). This is
a considerably smaller width than the first direct bound
from CMS, ΓH < 6.9 GeV at 95% confidence level [29].
A measurement of ∆mH using two pT,H bins in the

γγ channel is currently limited by statistics. At the high
luminosity LHC, with 3 ab−1 of integrated luminosity at
14 TeV, the statistical error on ∆mH will drop to 50 MeV

ΔMγγ: indirect determination of ΓH

ultimate LHC reach

[Dixon and Li (2013)]

�mH ⇡ �[50 : 80] MeV⇥
q
�H/�H,SM

The mass-sensitivity right now:
mH = 125.09 ± 0.21 (stat) ± 0.11 (syst) GeV

ATLAS projections @95 cl
[ATL-PHYS-PUB-2013-014]

•LHC [300 fb-1] ->          
ΓH < 200 ΓH,SM ≈ 880 MEV

•LHC [3000 fb-1] ->           
ΓH < 40 ΓH,SM ≈ 160 MEV

MUCH BETTER THAN ULTIMATE DIRECT LIMIT ~ ΓH < 1 GEV



From the mass shift to the Higgs width: recap

• in the di-photon channel, observable effect of the signal/
background interference -> mass shift

• the mass shift ~ gi gf does not depend on the width -> break the 
width/coupling degeneracy.

• combining the peak measurement, σ ~ gi2 gf2/ΓH ≈ gi,SM2 gf,SN2/ΓH,SM 
-> δm ~ gi gf ≈ gi,SM gf,SM √ΓH/ΓH,SM -> ACCESS TO THE WIDTH 
[UNFORTUNATELY: MILD ~ SQUARE-ROOT DEPENDENCE]

• theoretically very clean. Signal / background well-known

• experimentally challenging. Systematic-dominated

• current projections for the HL-LHC: ΓH < 40 ΓH,SM ≈ 160 MeV

• ~ 1 order of magnitude better than direct limit

• new ideas for analysis, theory may lead to better constraints



Another example: 
bounds from off-shell 

measurements
[FC, Melnikov (2013)]



Another option: use the cross-section itself
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Using the off-shell cross-section to bound ΓH 
LHC results: on the Higgs peak, the number of events 

is compatible with the SM expectation
g2i g

2
f

�H
=

g2i,SMg2f,SM
�H,SM

�! g = ⇠gSM, �H = ⇠4�H,SM

Look for off-peak events: �
off
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i

g2
f

Noff
obs / g2i g

2
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DIRECT ACCESS TO THE WIDTH

LINEAR DEPENDENCE
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Off-shell measurement: feasibility
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Our proposal: feasibility
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Yes: look at VV decay modes [Kauer, Passarino (2012)]
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Figure 15. MZZ distributions for gg → H → ZZ → ℓℓ̄νℓν̄ℓ for MH = 125GeV. Applied cuts:
pT ℓ > 20GeV, |ηℓ| < 2.5, 76GeV < Mℓℓ < 106GeV, p/T > 10GeV. Other details as in Fig. 4.

gg (→ H) → ZZ → ℓℓ̄νℓν̄ℓ

σ [fb], pp,
√
s = 8TeV, MH = 125GeV ZWA interference

MT cut HZWA Hoffshell cont |Hofs+cont|2 R0 R1 R2

none 0.1593(2) 0.2571(2) 1.5631(7) 1.6376(9) 0.6196(7) 0.8997(6) 0.290(5)

MT1 < MH 0.1593(2) 0.1625(2) 0.4197(5) 0.5663(6) 0.980(2) 0.973(2) 0.902(5)

Table 6. Cross sections for gg (→ H) → ZZ → ℓℓ̄νℓν̄ℓ for MH = 125GeV without and with
transverse mass cut. Applied cuts: pT ℓ > 20GeV, |ηℓ| < 2.5, 76GeV < Mℓℓ < 106GeV, p/T >
10GeV. Other details as in Table 3.

4 Conclusions

In the Higgs search at the LHC, a light Higgs boson is not excluded by experimental data.

In the mass range 115GeV ! MH ! 130GeV, one has ΓH/MH < 10−4 for the SM Higgs

boson. We have shown for inclusive cross sections and cross sections with experimental

selection cuts that the ZWA is in general not adequate and the error estimate O(ΓH/MH)

is not reliable for a light Higgs boson. The inclusion of off-shell contributions is essential

to obtain an accurate Higgs signal normalisation at the 1% precision level. We have traced

this back to the dependence of the decay (and to a lesser degree production) matrix element

on the Higgs virtuality q2. For the H → WW,ZZ decay modes we find that above the

weak-boson pair production threshold the (q2)2 dependence of the decay matrix element

compensates the q2-dependence of the Higgs propagator, which results in a significantly

enhanced off-shell cross section in comparison to the ZWA cross section, when this phase

– 18 –

Large off-shell tail (O(10%) of the total cross section)



Yes: look at VV decay modes [Kauer, Passarino (2012)]
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transverse mass cut. Applied cuts: pT ℓ > 20GeV, |ηℓ| < 2.5, 76GeV < Mℓℓ < 106GeV, p/T >
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4 Conclusions

In the Higgs search at the LHC, a light Higgs boson is not excluded by experimental data.

In the mass range 115GeV ! MH ! 130GeV, one has ΓH/MH < 10−4 for the SM Higgs

boson. We have shown for inclusive cross sections and cross sections with experimental

selection cuts that the ZWA is in general not adequate and the error estimate O(ΓH/MH)

is not reliable for a light Higgs boson. The inclusion of off-shell contributions is essential

to obtain an accurate Higgs signal normalisation at the 1% precision level. We have traced

this back to the dependence of the decay (and to a lesser degree production) matrix element

on the Higgs virtuality q2. For the H → WW,ZZ decay modes we find that above the

weak-boson pair production threshold the (q2)2 dependence of the decay matrix element

compensates the q2-dependence of the Higgs propagator, which results in a significantly

enhanced off-shell cross section in comparison to the ZWA cross section, when this phase

– 18 –

Above the VV threshold: 
enhanced decay into 

longitudinal gauge bosons⇠ M3
V V

WL, ZL

WL, ZL

Large plateau, 
eventually washed away 
by parton luminosities



• Look at the high-tail of the 
MZZ distribution

• A SM-like peak cross-section + 
deviation in ΓH lead to excess/
deficit of ZZ events

• If ΓH = 1.7 GeV (direct bound), 
then ΓH/ΓH,SM ~ 400 and

Noff ≈ [0.1x Npeak] x 400       
≈ 800 ≫ N4l,total

9

6 Results

The reconstructed four-lepton invariant-mass distribution for the 4`, combining the 4e, 4µ, and
2e2µ channels, is shown in Fig. 2 and compared with the expectation from SM background
processes. The observed distribution is in good agreement with the expectation. The Z !
4` resonance peak at m4` = mZ is observed with normalization and shape as expected. The
measured distribution at higher mass is dominated by the irreducible ZZ background. A clear
peak around m4` = 126 GeV is seen, confirming the results reported in [10].
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Figure 2: Distribution of the four-lepton reconstructed mass in the full mass range for the sum
of the 4e, 4µ, and 2e2µ channels. Points represent the data, shaded histograms represent the
background and the unshaded histogram the signal expectation. The expected distributions
are presented as stacked histograms. The measurements are presented for the sum of the data
collected at

p
s = 7 TeV and

p
s = 8 TeV. No event is observed for m4` > 800 GeV.

The reconstructed visible mass distribution after Z2 scaling for the 2`2t selection, combining
all the `+`�t+t� final states, is shown in Fig. 3. The measured distribution is well described
by the SM background expectation.

The number of candidates observed as well as the estimated background are reported in Ta-
ble 1, for the selection in the full mass measurement range for the SM-like Higgs boson search,
100 < m4`, m2`2t < 1000 GeV. The expected number of signal events is also given for several
SM-like Higgs boson mass hypotheses. The observed event rates for the various channels are
compatible with SM background expectation.

The distributions of the kinematic discriminant KD versus the four-lepton reconstructed mass
m4` are shown for the selected events and compared to SM background expectation in Fig. 4.
The distribution of events in the (m4`, KD) plane is seen to agree well with the SM expectation

A back-of-the envelope estimate
�off ⇠ g2i g

2
f =) �off = �off,SM ⇥ �H

�H,SM

THE OFF-SHELL CROSS-SECTION IS VERY SENSITIVE TO ΓH

~ 450 4l events with 
m4l > 100 GeV



A more careful analysis: large interference

In the SM: large destructive interference at high invariant 
mass σint ~ - 50% off peak (unitarity) [on-peak: negligible]

[Kauer, Passarino (2012), Ellis, Campbell, Williams (2013)]

�int ⇠ gHgggHV V = [ei✓]

s
�H

�H,SM
�int
SM

Noff =
�H

�H,SM
Noff

SM � [ei✓]

s
�H

�H,SM
N int

SM

PUTTING EVERYTHING TOGETHER:

Negative interference -> less off-shell events -> decrease sensitivity



The 4l spectrum at high invariant mass

Nqq!ZZ ⇡ N
tot

FIG. 4: Overall picture at 8 TeV, (colour online). In this and the following figure the CMS cuts described
in the text have been imposed, but the constraint m4ℓ > 100 GeV has been removed to extend the range of
the plot.

m4ℓ < 130 GeV m4ℓ > 130 GeV m4ℓ > 300 GeV
Energy σH

peak σH
off σI

off σqg,int
off σH

off σI
off σqg,int

off

7 TeV 0.203 0.044 -0.086 0.0091 0.034 -0.050 0.0023
8 TeV 0.255 0.061 -0.118 0.011 0.049 -0.071 0.0029

TABLE III: Fiducial cross sections for pp → H → ZZ → e−e+µ−µ+ in fb. All cross-sections are computed
with leading order MSTW 2008 parton distribution functions [38] and renormalization and factorization
scales set equal to mH/2.

of the gg interference contribution, despite using what we believe to be identical input parameters.
The results of ref. [8] were obtained using the code gg2VV [9].

We believe that the cause of the discrepancy is a cut of pZT > 7 GeV imposed in the double
precision version of gg2VV for the continuum process, but not on the Higgs signal process. The
interference contribution is obtained by forming the combination (c.f. Eq. (38)),

σI = |MH +MC |2 − |MC |2 − |MH |2 . (39)

The pT cut is performed on the first two terms on the right hand side of Eq. (39) but not on the
third. The cut on the amplitudes that involve the continuum background in the gg2VV code is
presumably performed for reasons of numerical stability.

We shall now discuss the treatment of the region of low pT of the Z-boson in our code, and
illustrate the importance of low pT . In Fig. 7 we first demonstrate the impact of the spurious 1/pT
singularities that appear in the amplitudes. The figures show the calculation of the gg → ZZ cross
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N
int

⇠ �2⇥ 10�2N
tot

N
o↵

⇠ 10�2N
tot

[Campbell, Ellis, Williams (2013)]

• In Run I, CMS observed 451 m4l > 100 GeV events
•SM prediction: 429 ± 31 events
•Dominated by pp->ZZ background (mostly qq)
•Off-shell tail negligible if not looked for

How does the 
picture change if 
ΓH ≠ ΓH,SM?



The idea @ work: the CMS dataset
9

6 Results

The reconstructed four-lepton invariant-mass distribution for the 4`, combining the 4e, 4µ, and
2e2µ channels, is shown in Fig. 2 and compared with the expectation from SM background
processes. The observed distribution is in good agreement with the expectation. The Z !
4` resonance peak at m4` = mZ is observed with normalization and shape as expected. The
measured distribution at higher mass is dominated by the irreducible ZZ background. A clear
peak around m4` = 126 GeV is seen, confirming the results reported in [10].
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Figure 2: Distribution of the four-lepton reconstructed mass in the full mass range for the sum
of the 4e, 4µ, and 2e2µ channels. Points represent the data, shaded histograms represent the
background and the unshaded histogram the signal expectation. The expected distributions
are presented as stacked histograms. The measurements are presented for the sum of the data
collected at

p
s = 7 TeV and

p
s = 8 TeV. No event is observed for m4` > 800 GeV.

The reconstructed visible mass distribution after Z2 scaling for the 2`2t selection, combining
all the `+`�t+t� final states, is shown in Fig. 3. The measured distribution is well described
by the SM background expectation.

The number of candidates observed as well as the estimated background are reported in Ta-
ble 1, for the selection in the full mass measurement range for the SM-like Higgs boson search,
100 < m4`, m2`2t < 1000 GeV. The expected number of signal events is also given for several
SM-like Higgs boson mass hypotheses. The observed event rates for the various channels are
compatible with SM background expectation.

The distributions of the kinematic discriminant KD versus the four-lepton reconstructed mass
m4` are shown for the selected events and compared to SM background expectation in Fig. 4.
The distribution of events in the (m4`, KD) plane is seen to agree well with the SM expectation

Nexp = 432 + 2.78
�H

�H,SM
� 5.95

s
�H

�H,SM
± 31

At 95% CL:

NCMS
obs

= 451

|N
exp

�N
obs

| < 2�

EXISTING DATASET, 
‘OUT-OF-THE-BOX’ ANALYSIS:

�H  43 �H,SM ⇡ 163 MeV @ 95% CL

[FC, Melnikov; Campbell, Ellis, Williams (2013)]



The idea @ work: look at CMS data
Simple improvement: reduce the interference

EXISTING DATASET, 
SIMPLE M4l CUT:

p.s.: if the interference would 
have the opposite sign wrt SM:

�H  7� 13 MeV

FIG. 5: Overall picture at 13 TeV, (colour online).

FIG. 6: Higgs related contributions in the high m4ℓ region, (colour online).
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Signal and interference:
very different shape

MCFM

[FC, Melnikov; Campbell, Ellis, Williams (2013)]

�H  25.2 �H,SM ⇡ 105 MeV @ 95% CL



To reduce qq contamination: 
select longitudinal polarizations ->

study angular correlations of the leptons.

Other possible improvements

�H = �H,SM

�H = 10 �H,SM

�H = 20 �H,SM

�H = �H,SM

�H = 10 �H,SM

Profit even more from different shape of signal 
and interference, and shape dependence on ΓH

�H = 20 �H,SM



Other possible improvements
Apply a kinematic discriminant (ME method)

[Campbell, Ellis, Williams (2013)]
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FIG. 11: Discriminants for the MEM (in which the discriminant is defined through Eq. 46) for various
samples of events. The qq (blue) curve corresponds to the POWHEG + PYTHIA sample. The remaining
curves represent four choices of the Higgs rescaling parameter ξ, corresponding to ξ4 = 1, 5, 10 and 40.

consists of those arising from the qq, gg continuum and Higgs-mediated contributions,

⟨Nexp(ξ)⟩ = ⟨Nqq⟩+ ⟨NC
gg⟩+ ⟨NH+I(ξ)⟩ (47)

We wish to normalize the samples according to the number of expected qq events, i.e. we define,

⟨Nexp(ξ)⟩ = ⟨Nqq⟩

(

1 +
σC
gg

σqq
+

σH+I
gg (ξ)

σqq

)

. (48)

In Eq. (48) the best prediction for σqq is obtained from a NLO calculation and we generate it
using POWHEG. For σC

gg the current state of the art is the LO calculation presented in this paper.

However the part of σH+I
gg that represents Higgs diagrams squared (i.e. σH

gg) is known to NNLO
and the higher order corrections are large. For this reason we rescale the results of this paper for
σH+I
gg by a NLO K-factor of 1.76. This is derived in the effective theory, under the CMS cuts with

m4ℓ > 100 GeV. This approach treats the higher-order corrections to the Higgs-squared diagram
and the Higgs-continuum interference equally. However, as we have seen in the previous section,
for the current LHC sensitivity the limits on the width do not depend strongly on the effect of the
interference.

In our analysis we will use a fixed qq expectation ⟨Nqq⟩ = 400. As a systematic uncer-
tainty on our method we will consider the variation of σC

gg and σH
gg over the scale choices µ =

{m4ℓ/4,m4ℓ/2,m4ℓ}. The number of Higgs-mediated events in the off-shell region, m4l > 130 GeV,
can then be parametrized by,

⟨NH
exp⟩ =

⎧

⎨

⎩

2.96
2.25
1.71

⎫

⎬

⎭

(

ΓH

ΓSM
H

)

−

⎧

⎨

⎩

6.27
4.80
3.64

⎫

⎬

⎭

√

ΓH

ΓSM
H

. (49)
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DS = log


Pgg!H!ZZ

Pgg!ZZ + Pqq̄!ZZ

�

Pi ⇠ |Mi|2

‘Interesting’ events: large DS

JUST BY CUTTING DS > 1:

�H  15.7 �H,SM ⇡ 66 MeV @ 95% CL

Recall direct bound ~ 1 GeV



Experimental results: CMS

5

As an illustration, Fig. 3(left) presents the 4` invariant mass distribution for the off-shell signal
region (m4` > 220 GeV) and for Dgg > 0.65. The expected contributions from the qq ! 4`
and reducible backgrounds, as well as for the total gluon fusion (gg) and vector boson fu-
sion (VV) contributions, including the Higgs boson signal, are shown. The distribution of the
likelihood discriminant Dgg for m4` > 330 GeV is shown in Fig. 3(right), together with the ex-
pected contributions from the SM. The expected m4` and Dgg distributions for the sum of all
the processes, with a Higgs boson width GH = 10 ⇥ GSM

H and a relative cross section with re-
spect to the SM cross section equal to unity in both gluon fusion and VBF production modes
(µ = µggH = µVBF = 1), are also shown. The expected and observed event yields in the off-shell
gg-enriched region defined by m4` � 330 GeV and Dgg > 0.65 are reported in Table 1.
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Figure 3: Distributions of (left) the four-lepton invariant mass after a selection requirement on
the MELA likelihood discriminant Dgg > 0.65, and (right) the Dgg likelihood discriminant for
m4` > 330 GeV in the 4` channel. Points represent the data, filled histograms the expected
contributions from the reducible (Z+X) and qq backgrounds, and from the gluon fusion (gg)
and vector boson fusion (VV) SM processes (including the Higgs boson mediated contribu-
tions). The dashed line corresponds to the total expected yield for a Higgs boson width of
GH = 10 ⇥ GSM

H . The parameters are set to µ = µggH = µVBF = 1. In the left plot the bin size
varies from 20 to 85 GeV and the last bin includes all entries with masses above 800 GeV.

The 2`2n analysis is performed on the 8 TeV data set only. The final state in the 2`2n channel
is characterized by two oppositely-charged leptons of the same flavour compatible with a Z
boson, together with a large Emiss

T from the undetectable neutrinos. We require Emiss
T > 80 GeV.

The event selection and background estimation is performed as described in Ref. [16], with the
exception that the jet categories defined in Ref. [16] are here grouped into a single category, i.e.
the analysis is performed in an inclusive way. The mT distribution in the off-shell signal region
(mT > 180 GeV) is shown in Fig. 4. The expected and observed event yields in a gg-enriched
region defined by mT > 350 GeV and Emiss

T > 100 GeV are reported in Table 1.

Systematic uncertainties comprise experimental uncertainties on the signal efficiency and back-
ground yield evaluation, as well as uncertainties on the signal and background from theoreti-
cal predictions. Since the measurement is performed in wide mZZ regions, there are sources of
systematic uncertainties that only affect the total normalization and others that affect both the
normalization and the shape of the observables used in this analysis. In the 4` final state, all the
systematic uncertainties on the signal and background normalization are partially correlated

6

Table 1: Expected and observed numbers of events in the 4` and 2`2n channels in gg-enriched
regions, defined by m4` � 330 GeV and Dgg > 0.65 (4`), and by mT> 350 GeV and Emiss

T >
100 GeV (2`2n). The numbers of expected events are given separately for the gg and VBF pro-
cesses, and for a SM Higgs boson (GH = GSM

H ) and a Higgs boson width of GH = 10 ⇥ GSM
H . The

unphysical expected contributions for the signal and background components are also reported
separately, for the gg and VBF processes. For both processes, the sum of the signal and back-
ground components differs from the total due to the negative interferences. The parameters
are set to µ = µggH = µVBF = 1.

4` 2`2n

(a) total gg (GH = GSM
H ) 1.8±0.3 9.6±1.5

gg signal component (GH = GSM
H ) 1.3±0.2 4.7±0.6

gg background component 2.3±0.4 10.8±1.7
(b) total gg (GH = 10 ⇥ GSM

H ) 9.9±1.2 39.8±5.2
(c) total VBF (GH = GSM

H ) 0.23±0.01 0.90±0.05
VBF signal component (GH = GSM

H ) 0.11±0.01 0.32±0.02
VBF background component 0.35±0.02 1.22±0.07

(d) total VBF (GH = 10 ⇥ GSM
H ) 0.77±0.04 2.40±0.14

(e) qq background 9.3±0.7 47.6±4.0
(f) other backgrounds 0.05±0.02 35.1±4.2

(a+c+e+f) total expected (GH = GSM
H ) 11.4±0.8 93.2±6.0

(b+d+e+f) total expected (GH = 10 ⇥ GSM
H ) 20.1±1.4 124.9±7.8

observed 11 91

between the low- and high-mass regions.

Among the signal uncertainties, experimental systematic uncertainties are evaluated from ob-
served events for the trigger efficiency (1.5%), and combined object reconstruction, identifica-
tion and isolation efficiencies (3–4% for muons, 5–11% for electrons) [7]. In the 2`2n final state,
the effects of the lepton momentum scale (1–2%) and jet energy scale (1%) are taken into ac-
count and propagated to the evaluation of Emiss

T . The uncertainty in the b-jet veto (1–3%) is
estimated from simulation using correction factors for the b-tagging and b-misidentification
efficiencies as measured from the dijet and tt decay control samples [38].

Theoretical uncertainties in the qq background contribution are within 4–10% depending on
mZZ [7]. The systematic uncertainty in the normalization of the reducible backgrounds is
evaluated following the methods described in Refs. [7, 16]. In the 2`2n channel, for which
these contributions are not negligible at high mass, the estimation from control samples for
the Z+jets and for the sum of the tt, tW and WW contributions leads to uncertainties of 25%
and 15% in the respective background yields. Theoretical uncertainties in the high mass contri-
bution from the gluon-induced processes, which affect both the normalization and the shape,
are especially important in this analysis (in particular for the signal and interference contri-
butions that are scaled by large factors). However, these uncertainties partially cancel when
measuring simultaneously the yield from the same process in the on-shell signal region. The
remaining mZZ-dependent uncertainties in the QCD renormalization and factorization scales
are derived using the K factor variations from Ref. [14], corresponding to a factor of two up
or down from the nominal mZZ/2 values, and amount to 2–4%. For the gg ! ZZ continuum
background production, we assign a 10% additional uncertainty on the K factor, following
Ref. [22] and taking into account the different mass ranges and selections on the specific final

[PLB 736 (2014) 64]

Analysis in the 4l and 2l2ν 
channels combined

ΓH < 5.4 ΓH,SM = 22 MeV @ 95CL

(Even better than anticipated)



Experimental results: ATLAS
[EPJ (2015) 75:335]

Analysis in the 4l and 2l2ν 
channels combined

ΓH < 4.8-7.7 ΓH,SM = 20-32 MeV @ 95CL

Observed Median expected
RB

H∗ 0.5 1.0 2.0 0.5 1.0 2.0

cut-based 10.8 12.2 14.9 13.6 15.6 19.9
ME-based discriminant analysis 6.1 7.2 9.9 8.7 10.2 14.0

Table 3: The observed and expected 95% CL upper limits on µoff-shell in the cut-based and the ME-based
discriminant analyses in the 4ℓ channel, within the range of 0.5 < RB

H∗ < 2. The bold numbers correspond
to the limit assuming RB

H∗ = 1. The upper limits are evaluated using the CLs method, with the alternative
hypothesis RB

H∗ = 1 and µoff-shell = 1.

off-shell
µ
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l 4→ ZZ → H
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Figure 6: Scan of the negative log-likelihood, −2 lnΛ, as a function of µoff-shell in the ZZ → 4ℓ channel
in the ME-based discriminant analysis. The black solid (dashed) line represents the observed (expected)
value including all systematic uncertainty, while the red dotted line is for the expected value without
systematic uncertainties. A relative gg→ ZZ background K-factor of RB

H∗=1 is assumed.
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Process 220 GeV < m4ℓ < 1000 GeV 400 GeV < m4ℓ < 1000 GeV
gg→ H∗ → ZZ (S) 2.2 ± 0.5 1.1 ± 0.3
gg→ ZZ (B) 30.7 ± 7.0 2.7 ± 0.7
gg→ (H∗ →)ZZ 29.2 ± 6.7 2.3 ± 0.6

gg→ (H∗ →)ZZ (µoff-shell = 10) 40.2 ± 9.2 9.0 ± 2.5
VBF H∗ → ZZ (S) 0.2 ± 0.0 0.1 ± 0.0

VBF ZZ (B) 2.2 ± 0.1 0.7 ± 0.0
VBF (H∗ →)ZZ 2.0 ± 0.1 0.6 ± 0.0

VBF (H∗ →)ZZ (µoff-shell = 10) 3.0 ± 0.2 1.4 ± 0.1
qq̄→ ZZ 168 ± 13 21.3 ± 2.1

Reducible backgrounds 1.4 ± 0.1 0.1 ± 0.0
Total Expected (SM) 200 ± 15 24.3 ± 2.2

Observed 182 18

Table 1: Expected and observed number of events in the ZZ → 4ℓ channel in the full off-peak region
(220 GeV < m4ℓ < 1000 GeV) and the cut-based analysis signal region (400 GeV < m4ℓ < 1000 GeV).
The reducible background includes contributions from the Z+jets and top quark processes. The expected
events for the gg → (H∗ →)ZZ and VBF (H∗ →)ZZ processes, including the Higgs boson signal,
background and interference, are reported for both the SM predictions and µoff-shell = 10. A relative
gg→ ZZ background K-factor of RB

H∗=1 is assumed. The uncertainties in the number of expected events
include the statistical uncertainties from MC samples and systematic uncertainties.

The kinematic discriminant is defined as in Ref. [8]:

ME = log10

(
PH

Pgg + c · Pqq̄

)
, (12)

where c is an empirical constant, chosen to be 0.1, to approximately balance the overall cross-sections
of the qq̄ → ZZ and gg → (H∗ →)ZZ processes. The value of c has a very small effect on the overall
sensitivity.

Figure 2 shows the shape comparisons of the key input variables to the ME-based discriminant: {m4ℓ,
cos θ1, cos θ2 and cos θ∗}, for the full off-peak region (220 GeV < m4ℓ < 1000 GeV). Figure 3 shows the
shape comparisons of the ME-based discriminant for the gg → H∗ → ZZ signal, qq̄ → ZZ background,
gg → (H∗ →)ZZ with SM µoff-shell and gg → (H∗ →)ZZ with µoff-shell = 10, for the full off-peak region
(220 GeV < m4ℓ < 1000 GeV). The gg → H∗ → ZZ signal events have on average larger ME-based
discriminant values, compared to the qq̄ → ZZ background and the gg → ZZ background dominated
gg → (H∗ →)ZZ events. The gg → (H∗ →)ZZ events with µoff-shell = 10 have a double-peak structure.
The peak around -2.5 corresponds to the gg → ZZ background component, while the peak around -0.5
corresponds mainly to the gg → H∗ → ZZ component. Events with ME-based discriminant values
between -4.5 and 0.5 are used in the final analysis.

5 Analysis in the ZZ → 2ℓ 2ν final state

The analysis in the ZZ → 2ℓ2ν channel follows similar strategies to those used in the invisible Higgs
boson search in the ZH channel [37]. The definitions of the reconstructed physics objects5 are identical,
but some of the kinematic cuts have been optimised for the current analysis, as described below.

5For the ZZ → 2ℓ2ν analysis electrons, muons, jets, missing transverse momentum, and track-based missing transverse
momentum are used.

8

(depending on the gg->ZZ background K-factor)



ΓH from the off-shell tail: issues

• the technique is very promising, bounds 2 order of 
magnitude better than direct measurements accessible. 
Eventually, values as low as the SM width within reach.

• However, there are TWO BIG ISSUES to be addressed 

• the method assumes [gi2gf2][off]  ≈ [gi2gf2][peak].                      
This is true in the SM, but it may be violated by BSM physics. 
If a violations do indeed occur, off-shell measurement still 
very solid but interpretation in terms of ΓH problematic

• even with all MEM improvements, the method boils down to 
count events in the high-mass tail and compare with SM 
predictions -> very good theoretical control on pp->4l 
processes is needed



Interpretation issues
• Large de-correlation of on-shell and off-shell couplings 

make the width interpretation problematic

• In the SM: logarithmic running, negligible effect (taken 
into account in all the analysis)

• De-correlation however possible if strong (energy-
dependent) modifications of the Hgg / HVV couplings.

• large anomalous HZZ couplings

• light colored d.o.f. in the Hgg vertex [Englert, Spannowksy (2014)]

• extra Higgses to restore unitarity [Logan (2014)]

TO WHICH EXTENT THESE EFFECTS CAN BE CLASSIFIED AND 
CONSTRAINED BY OTHER MEASUREMENTS IS A THEN AN 

INTERESTING BSM PHENOMENOLOGY OPEN PROBLEM 



Example: anomalous HZZ couplings
EFT language, basis of (low dim) HZZ operators [Gainer et al (2013)]
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FIG. 2: The di↵erential cross section as a function of four-lepton invariant mass for 2e2µ events

before event selections. Results are shown for pure O1, O2, O3, O4, and O5 couplings (cf. Eq. (14)),

as well as for the irreducible qq̄ ! ZZ ! 2e2µ background (bg). There is no event selection

applied to the signal events; for the background, a minimal Mll̄ > 1 GeV selection is applied to

avoid infrared divergences. For each signal hypothesis, the normalization has been chosen to be

equal to the entire SM on-peak Higgs boson cross section in this channel. In this figure, the ggX

coupling is taken to be constant with respect to invariant mass.

ant masses are provided in Table III. We note from this table, and from Figs. 2 and 3

above, that �2�5 are significantly larger than �1, the SM o↵-shell cross section, though the

overall scale of cross sections is relatively small, with the exception of �4. While, as noted

above, we cannot translate these observations directly into a sensitivity, largely because of

the importance of interference with the gg ! ZZ continuum background, it is clear that

the o↵-shell cross sections provide a source of information about the tensor XZZ couplings

that is complementary to data obtained on the Higgs boson mass peak. As the large values

of �4 are symptomatic of potential unitarity-violating behavior, in Subsection IVC we will
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O3 = � 1

2v
HZµ⌫Z̃

µ⌫ , O4 =
2

v
HZµ@

2Zµ

Modification of 
the m4l shape

Modification of lepton 
angular distributions

Example: anomalous HZZ coupling
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FIG. 2: The di↵erential cross section as a function of four-lepton invariant mass for 2e2µ events

before event selections. Results are shown for pure O1, O2, O3, O4, and O5 couplings (cf. Eq. (14)),

as well as for the irreducible qq̄ ! ZZ ! 2e2µ background (bg). There is no event selection

applied to the signal events; for the background, a minimal Mll̄ > 1 GeV selection is applied to

avoid infrared divergences. For each signal hypothesis, the normalization has been chosen to be

equal to the entire SM on-peak Higgs boson cross section in this channel. In this figure, the ggX

coupling is taken to be constant with respect to invariant mass.

ant masses are provided in Table III. We note from this table, and from Figs. 2 and 3

above, that �2�5 are significantly larger than �1, the SM o↵-shell cross section, though the

overall scale of cross sections is relatively small, with the exception of �4. While, as noted

above, we cannot translate these observations directly into a sensitivity, largely because of

the importance of interference with the gg ! ZZ continuum background, it is clear that

the o↵-shell cross sections provide a source of information about the tensor XZZ couplings

that is complementary to data obtained on the Higgs boson mass peak. As the large values

of �4 are symptomatic of potential unitarity-violating behavior, in Subsection IVC we will
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Basis of HZZ operators [Gainer, Lykken et al (2013)]
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FIG. 8: Distribution of fitted values of fa3, φa3, and fa2 in a large number of generated experiments with a 7D analysis in
the H → ZZ∗ → 4ℓ channel with 300 fb−1 of data collected at the LHC. Left plot: fa3 results from simultaneous fit of fa3 and
φa3 with 300 fb−1 (dotted) and 3000 fb−1 (solid). Right plots: simultaneous fit of fa3 and φa3 with 300 fb−1 with 68% and
95% confidence level contours shown.
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FIG. 9: Simultaneous fit of fa3 and fa2 with 68% and 95% confidence level contours shown. Left plot: 7D fit with 300 fb−1

scenario. Right plot: 3D fit with background and detector effects not considered, see text for details. Negative values of fa3
and fa2 correspond to φa3 = π and φa2 = π, respectively.

When the one-dimensional fit of D0− is employed the precision of the fa3 measurement gets worse by about 4% with
fa3 = 0.18 (3σ observation at 300 fb−1), 13% with fa3 = 0.06 (3000 fb−1) and 30% with fa3 = 0.02 (30000 fb−1). This
again illustrates our assessment that interference effects are important to include when non-zero CP contribution is
observed but that they are not the primary drivers of the discovery of CP violation in HV V interactions with available
statistics.
In Fig. 10, a similar study is presented for the measurement of either fa2 or fΛ1. In all cases, either a 7D fit is

performed, or a 1D fit (with D0+
h

or DΛ1), or a 2D fit (with additional interference discriminant Dint optimal for each

interference case). We find that 1D fits recover the precision of a 7D fit in both of these cases. In Fig. 9 (right), we
also illustrate the 3D analysis with the discriminants D0− , D0+

h

, DCP . We find that the three listed discriminants are

sufficient to recover precision of the 7D fit with tested statistics. In this study we allow negative values of fa2 and fa3
to incorporate the phase information φa2,3 = 0 or π as fa2 × cos(φa2) and fa3 × cos(φa3). The 2D fit with D0− , D0+

h

is also close in precision to the 7D fit and is not sensitive to φa3.
We also note that similar techniques can be applied to the decays H → WW → 2ℓ2ν, as demonstrated in Ref. [8],

and H → Zγ → 2ℓγ, as demonstrated in Appendix A. However, only partial polarization information is available in
those channels. Moreover, any decay mode can be studied at a lepton collider. However, since a typical lepton collider
has the advantage in associated production mode, only such mode is presented in this study.

[Anderson et al. (2013)]

Modifications!
of the m4l shape

Modification of lepton !
angular distributions!

What is the constraining power!
for off-shell analysis?[Anderson et al (2013)]
What is the constraining 

power for off-shell analysis?
Good control at the HL-LHC



Example: light d.o.f. in the Hgg coupling
[Englert, Spannowski (2014)]
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Light d.o.f. qualitatively 
change the picture

• Will also affect other observables e.g. Higgs pT ([Arnesen et al (2008)])

• Information from boosted Higgs regime? ([Buschmann et al (2014)])

• finite mt effects crucial -> need theoretical improvement
• Can (very large) S/B interference in the γγ channel give constraints? 

(along the lines of [Dixon, Siu (2003)])

Complementary constraints from other measurements?



A complementary approach: VBF
[Campbell, Ellis (2014)]

• Different theory systematics w.r.t. gluon fusion

• At least in the SM, good theoretical control

• The most promising channel: W+W+ (small background)Most useful channel is W+W- vs W+W+

In the first instance, we work in the effective coupling framework, 
where standard couplings are rescaled by !V.


At√s=8TeV, SM prediction displays a dependence on !V


!

ATLAS on-shell signal-strength 

ATLAS W+W+ measurement 

Bound is             

Current notional width bound

16

W+W-On-shell W+W+ Off-shell• Although much smaller rates, at the end of Run II: 
sensitivity ~ to gluon fusion right now

VERY INTERESTING COMPLEMENTARY PROCESS



The second issue: SM theoretical predictions
Method based on counting ZZ events in 

the high invariant-mass tail -> good 
predictions for 4l final state required

•qq -> ZZ (NNLO QCD)

•gg -> ZZ

•qg -> ZZq

FIG. 1: Representative diagrams for the partonic processes considered in this paper.

proposal [13] exploits this to similarly constrain the total width. This latter method requires a
precise measurement of the shift in the mass (when compared to the results in other channels such
as ZZ) caused by the interference, to constrain the couplings of Higgs to photons and gluons. This
can then be used to constrain the total width given the form of the total cross section formula. An
alternative to these strategies is to combine experimental results across all Higgs boson production
and decay channels and apply extra constraints on individual Higgs boson couplings based on
theoretical arguments [14]. The method of ref. [14] currently provides rather stringent limits on
the Higgs boson width, ΓH

<∼ (3− 4)ΓSM
H , albeit with the caveat of mild theoretical assumptions.

In this paper we shall consider the hadronic production of four charged-leptons in the final
state. As we have already discussed, this proceeds both by the standard electroweak production1,

p+ p → Z/γ∗ + Z/γ∗

|
|

|→ µ− + µ+

|→ e− + e+

(2)

and by the mediation of a Higgs boson produced in the s-channel,

p+ p → H → ZZ
|
|

|→ µ− + µ+

|→ e− + e+ .

(3)

The underlying parton processes for the hadronic reactions in Eqs. (2) and (3) are shown in Table I,
(a)–(c), with representative Feynman diagrams depicted in Fig. 1. We shall refer to the amplitude

1 The extension to the case of identical leptons (4e or 4µ) is easy to implement. However the effects of this interference
are known to be small [15].

3



• right now, we have NNLO for the qq channel and N3LO 
(inclusive) for the signal, but LO ONLY FOR THE FULL       
GG->ZZ BACKGROUND AND INTERFERENCE

• gluon-initiated process -> expect large corrections

• the problem: loop induced process, NLO involves (very 
complicated) 2-loop amplitudes

q T

Recently computed VERY HARD

The second issue: SM theoretical predictions

[important in the off-shell region]



gg->VV@NLO: massless quarks

Two-loop virtual corrections

For the case of double vector boson production,  
we can identify  six different two-loop topologies;
the differential equations can be ``rationalized’’ 
with the following (typical) change of variables
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m
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G(an, an�1, . . . , a1, t) =

tZ

0

dtn
tn � an

G(an�1, . . . a1, tn)

Important issues: finding a suitable basis;  
choice of ``rational variables’’; boundary 
conditions for solutions of differential 
equations, analytic continuation.
Numerical evaluation of Goncharov’s 
polylogarithms and their mapping on 
conventional polylogarithms.
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Figure 2: Up, left: cumulative cross section for gg ! (Z/�)(Z/�) ! e+e�µ+µ� at the 8 TeV

LHC as a function of the lower cut on four-lepton invariant mass. Up, right: distribution of the

invariant mass of the four leptons in the reaction gg ! (Z/�)(Z/�) ! e+e�µ+µ� at the 8 TeV

LHC. Lower panes show ratios of the LO (yellow) and NLO (blue) distributions evaluated at three

different scales to the LO distribution evaluated at µ = 2mZ . Low: same as above for the 13 TeV

LHC.

the emitted gluons, including the vanishingly small ones. Calculation of one-loop amplitudes

for gg ! ZZg process becomes unstable if the gluon in the final state becomes soft or

collinear to the collision axis. We deal with these instabilities by switching to quadruple

precision where appropriate. To obtain the gg ! ZZ cross section through NLO QCD,

we combine elastic and inelastic contributions using the qt-subtraction [47] and, as a cross-

check, the FKS subtraction [56] methods. The results that we present in the next Section

are obtained by combining computations performed using the two subtraction schemes.

11

Recently, a big step was taken towards performing 
this analysis at NLO, with the computation of the 
gg=>ZZ for massless loop particles. 

(Caola, Melnikov, Ronstch, Tancredi 15’ ) 
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2-loop amplitude for VV*
new ideas 

for FI 
at work

Two-loop  calculations in QCD

An interesting recent development in the field is the suggestion by J. Henn to streamline the 
application of differential equations in external kinematic variables to compute master integrals

@

x

~

f = ✏Â

x

(x, y, z. . . )~f

The important point is that on  the right-hand side, the dimensional regularization 
parameter appears explicitly, and only as a multiplicative pre-factor. It is then possible 
to solve these equations iteratively  order-by-order in (d-4) since in each order 
of this expansion the above equation contains no homogeneous terms ( so that in 
each order in epsilon, the right-hand side is the source for the left-hand side). 

The idea by Henn streamlines and simplifies such computations significantly. This 
already lead to very impressive advances ( e.g. master integrals for Bhabha, V1 V2 
production) that will have interesting consequences for phenomenology.

Calculation of two-loop integrals relies on a large number of various  methods ( direct 
integration, Mellin-Barns, differential equations).   The method of differential equations
has been used to find master integrals for long time,  starting from papers by Kotikov and 
Remiddi in the early 1990s,  however it was never ``the method’’. 

Monday, November 3, 14

[FC, Henn, Melnikov, Smirnov, Smirnov (2014-15); 
Gehrmann, Manteuffel, Tancredi (2014-15)]

• large corrections          
(as expected)

• behavior very similar to 
gg->H signal (expected)

• confirms previous 
estimates based on soft-
gluon approximation

[FC, Melnikov, Röntsch, Tancredi (2015)] 

Real emission

a) b)

Figure 1: Representative Feynman diagrams for the 0 ! gggZ(! e�e+)Z(! µ�µ+) amplitude.

Double resonant diagrams (a) are relevant for both the on-shell and the off-shell production. Single

resonant diagrams (b) are only relevant for the off-shell production and are not included in our

computation. See text for details.

We write the interaction vertex of the Z-boson and a fermion pair as

Z ¯f�µf 2 gL,f
�µ(1 + �5)

2

+ gR,f
�µ(1� �5)

2

, f 2 (l, q). (4)

The left and right couplings for leptons and quarks are given by an identical formula

gL(R),f =

Vf ± Af

cos ✓W
, (5)

where we use i) Vl = �1/2 + 2 sin

2 ✓W , Al = �1/2 for charged leptons; ii) Vu = 1/2 �
4/3 sin2 ✓W , Au = 1/2 for up-type quarks; and iii) Vd = �1/2 + 2/3 sin2 ✓W , Ad = 1/2 for

down-type quarks.

The 0 ! gggZZ scattering amplitude can be written as a sum of two terms

AZZ
= g3sg

4
W

�
Tr [ta1ta2ta3 ]AZZ

123 + Tr [ta1ta3ta2 ]AZZ
132

�
, (6)

with Tr(ta tb) = �ab/2. The two color-ordered amplitudes, stripped of their couplings to

leptons and quarks, are defined as

AZZ
ijk = C�e,eC�µ,µ

�
gZZ
LLALL

ijk(�i,�j,�k;�e,�µ) + gZZ
RRARR

ijk (�i,�j,�k;�e,�µ)
�
. (7)

In Eq.(7) we introduced

C�,l = DZ(m
2
ll) (gL,l��,� + gR,l��,+) , (8)

where DZ(s) is the function related to the Breit-Wigner propagator DZ(s) = s/(s�M2
Z +

iMZ�Z). The couplings gZZ
LL and gZZ

RR are expressed through Z-boson couplings to quarks

7

fast and stable 
in soft/colliner 
configurations

mixed analytical
+numerical unitarity



gg->VV@NLO: top loops

• exact result beyond reach right now

• estimates: 1/mt expansions [Dowling, Melnikov (2015)]4

III. PRODUCTION CROSS-SECTION

We are now in position to present results for the gluon
fusion contribution to the production cross-section pp →
ZZ. As explained previously, we only consider loops of
top quarks and we work to leading order in the 1/mt

expansion. We take the invaraint mass of the Z-boson
pair to be q2 and write the differential cross-section as a
convolution of the partonic production cross-section and
the parton distribution functions

dσpp→ZZ

dq2
=

1
∫

0

dx1dx2dz fg(x1)fg(x2)

× δ

(

z −
τ

x1x2

)

dσgg→ZZ

dq2
(s, q2)|s=q2/z.

(8)

In Eq.(8), we used the following notation: fg(x1,2) are
the gluon parton distribution functions, τ = q2/Shadr

and Shadr is the hadronic center-of-mass energy squared.
We note that dependencies on the renormalization and
factorization scales in Eq.(8) are suppressed. In what
follows, we take the factorization and the renormalization
scales to be equal.

It is conventional to parametrize the partonic cross-
section as

q2
dσgg→ZZ

dq2
(s, q2)|s=q2/z = σ0zG(z, q2), (9)

where

σ0 =
g4Aq

2

210πm4
t

(

αs(µ)

π

)2
√

1−
4m2

Z

q2
, (10)

and G(z, q2) can be written as series in the strong cou-
pling constant. To present it, we introduce a parameter
r defined as r = q2/(4m2

Z). We find

G(z, q2) =

[

∆0δ(1− z) + as
(

∆V δ(1− z)+

6∆0

(

2D1(z) + ln
q2

µ2
D0(z)

)

+∆H

)

]

,

(11)

where Di(z) =
[

ln(1− z)i/(1− z)
]

+
are the different

plus-distribution functions and

∆0 =
73

270
−

2r

15
+

34r2

135
. (12)

We note that ∆0 has a strong dependence on q2. The
leading growth caused by the O(r2) ∼ q4/m4

Z term in
Eq.(12) is the consequence of the fact that pairs of lon-
gitudinal bosons can be produced. It is this growth that
should, eventually, get tamed by the destructive interfer-
ence of gg → ZZ and gg → H∗ → ZZ amplitudes.

Figure 2: Main plot: NLO K-factor for gg → ZZ produc-
tion through the top quark loop as a function of the invariant
mass of the Z-boson pair q, in GeV. Inset: NLO K-factor for
gg → H as a function of the Higgs boson mass q, in GeV.
Bands correspond to variations of the renormalization and
factorization scales in the interval q/4 ≤ µ ≤ q. The dashed
line shows the K-factors computed for the renormalization
and factorization scales set to µ = q/2. We used the program
MCFM [27] to compute the K-factor for the Higgs boson pro-
duction.

The virtual corrections combined with finite parts of soft
emissions read

∆V =
2473− 8661r + 5798r2

2430

+
(73− 36r + 68r2)π2

270
+

11(7 + 6r + 2r2)

135
ln

q2

m2
t
.

(13)

The contributions of hard emissions, not proportional to
the leading order cross-section read

∆H =
6∆0

z

(

(ω(z)− zκ(z)) ln

(

q2(1− z)2

µ2

)

−ω(z)2
ln(z)

(1− z)

)

+ (1− z)

[

r(11κ(z)− 46z)

15z

−
r2(187κ(z)− 302z)

135z
−

(803κ(z)− 598z)

540z

]

,

(14)

where ω(z) = 1− z + z2 and κ(z) = 1 + z2.

IV. NUMERICAL RESULTS

We have implemented the above formulas in a numerical
Fortran program that allows us to compute QCD correc-
tions to the top quark loop contribution to the gluon
fusion process pp → ZZ as a function of the invariant
mass of the Z-bosons, q2. We employ NNPDF3.0 parton
distribution functions [26] and use leading order parton
distributions to compute the production cross-section at
leading (one-loop) approximation and next-to-leading or-
der parton distirbutions to calculate it in the two-loop

gg->4l

gg->H->4l

again, behavior 
similar to 

Higgs signal

Both for NLO (massless) prediction and for massive 1/mt 

expansion, off-shell phenomenology not known yet (ongoing)



Off-shell measurements: Run IIThe big picture @ 8TeV

Peak at Z mass due to 
singly resonant 
diagrams.

Interference is an 
important effect off-
resonance.

Destructive at large 
mass, as expected.

With the standard model 
width, ΓH , challenging 
to see enhancement/
deficit due to Higgs 
channel.

3 phenomena happening 
in the tail.

8

x 30

CMS cuts

CMS PAS HIG-13-002The big picture @ 13 TeV

σqqb (m4l=400)/σHgg (m4l=400) ≈ 18  at √s=13 TeV

 (c.f. ~30 at √s=8 TeV).

Higgs off-shell contribution is relatively bigger at higher energy.

9

x18

[Ellis, MCFM (2015)]

Gluon PDF grows faster with energy than quark PDF

S/B enhancement, interesting off-shell phenomenology ahead



Conclusions

• the Higgs is a very narrow resonance -> direct 
measurement of its width is not possible at hadron colliders

• still, under some assumptions it is possible to obtain 
indirect constraints for it

• in the γγ channel, by looking at mass shift from signal/
background interference. Theoretically clean, but 
experimentally challenging

• in the ZZ channel, by measuring couplings away from the 
resonant peak. Big potential, but delicate theoretical issues

• if theoretical control improves, bounds as low as the SM 
width ΓH ~ 4.2 MeV may be possible at the LHC



Outlook

Many work still needs to be done:

• for experimentalists (better handle on the γγ 
interference, qq/gg->4l separation, discriminants…)

• for BSM phenomenologists (interpretation of the off-
shell signal, anomalous couplings, interplay off-shell vs 
boosted…)

• for SM theorists/phenomenologists (massive loop 
amplitudes, gg->m4l, Higgs pT spectrum…)

IMPACT OF THESE STUDIES WELL BEYOND 
THE WIDTH MEASUREMENT



Thank you!



Back-up



The Bjorken process at e+e- colliders
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Figure 10: Results of the model independent analysis of the Higgs-strahlung process
e+e� ! Zh in which (a) Z ! µ+µ� and (b) Z ! e+e�(n�). The results are shown
for P (e+, e�) = (+30%,�80%) beam polarization.

the Higgs decay mode. As such this analysis technique could be applied even if the
Higgs decayed invisibly and hence allows us to determine the absolute branching ra-
tios including that of invisible Higgs decays. By combining the branching ratio to
ZZ with the production cross section, which involves the same ghZZ coupling, one
can determine the total width and the absolute scale of partial widths with no need
for the theoretical assumptions needed for the LHC case. We will return to this point
later.

It is worth noting that, for the µ+µ�X channel, the width of the recoil mass peak
is dominated by the beam energy spread. In the above study Gaussian beam energy
spreads of 0.28% and 0.18% are assumed for the incoming electron and positron
beams respectively. For ILD the detector response leads to the broadening of the
recoil mass peak from 560 MeV to 650 MeV. The contribution from momentum
resolution is therefore estimated to be 330 MeV. Although the e↵ect of the detector
resolution is not negligible, the dominant contribution to the observed width arises
from the incoming beam energy spread rather than the detector response. This is no
coincidence; the measurement of mh from the µ+µ�X recoil mass distribution was
one of the benchmarks used to determine the momentum resolution requirement for
a detector at the ILC.

If there are additional Higgs fields with vacuum expectation values that contribute
to the masses of the Z, the corresponding Higgs particles will also appear in reactions
e+e� ! Zh0, and their masses can be determined in the same way.

44

Consider the process e+e- -> Z* -> HZ

• From the decay leptons of the Z, 
construct recoil mass -> access 
to the Higgs cross section

• Insensitive to Higgs decay -> 
Higgs to invisible is accounted for

• At the end: 

• Degeneracy is broken -> combine 
with H->ZZ and get ΓH

� ⇡ g2i
X

f

g2f/�H ⇡ g2i

Measurement with few percent precision may be possible



Lifetime and width

 (t) =  (0)e�iEt =  (0)e�iE0t��
2 t

 (E) =

Z
dt eiEt (t) =

i (0)

E � E0 + i�/2

| (E)|2 ⇠ 1

(E � E0)2 + �2/4

� = � 1

| (t)|2
d| (t)|2

dt
=

1

⌧
| (t)|2 = | (0)|2e�t/⌧



Rates for signal and background

15

W+W+

W+W+

Signal, O(α6)

Background, 
O(α4αs2)

Factor takes into 
account sum over 

e,μ and νe,νμ,ν!

Ignore other sources of background, W+jet, QCD….. 

c.f. ttbar    
254 events

VBF rates [Ellis, talk given at MITP 2015]


