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Higgs at the LHC: a success story
ATLAS H!γγ 13 TeV signal strengths 

Sep&2,&2016& Marco&Pieri&UC&San&Diego& 14&

Y.&Wu&

Run 1 Results 
•  Only&recall&the&combined&ATLAS&+&CMS&results&here&(talk&of&P.)Francavilla):&mass&

and&couplings&

&
•  Many&more&results&from&Run&1&on:&&

–  SMFlike&HiggsFCP&studies&

–  All&measurements&agree&with&the&SM&
–  BSM&Higgs&(addi8onal&Higgs&bosons&and&decays)&

•  Also&no&hints&of&any&sta8s8cally&significant&excess&
Sep&2,&2016& Marco&Pieri&UC&San&Diego& 6&

ATLAS H!γγ 13 TeV differential distributions 

•  In&diphoton&baseline&region&

Sep&2,&2016& Marco&Pieri&UC&San&Diego& 13&

Y.&Wu&

CMS H!γγ fiducial cross section 

Sep&2,&2016& Marco&Pieri&UC&San&Diego& 16&

A.&Calderon&&



The Higgs: what we already know

and&couplings&

Many&more&results&from&Run&1&on:&&

• 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

• Coherent picture emerging at 13 TeV

A SM-LIKE HIGGS BOSON



Higgs couplings: a closer lookSummary of coupling measurements
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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
�i!H!f ⇡ �i!H�H!f

�H
⇡

g2i g
2
f

�H

Naively, we only have access to 
coupling ratios

A pragmatic approach:
1.take cross-section ratios 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?



Higgs couplings: a closer look

�i!H!f ⇡ �i!H�H!f

�H
⇡

g2i g
2
f

�H

Formally, the Higgs cross-section is 
invariant under the rescaling

g ! ⇠g, �H ! ⇠4�H =) �i!H!f ! �i!H!f

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

To uniquely determine Higgs boson properties, the 
width/couplings need to be measured independently 

from each other



The SM width: a blessing and a curse
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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)



ΓH: direct constraints at the LHC
Profiling the 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,

WOULD NEED X1000 IMPROVEMENT



ΓH: direct 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

In the Higgs rest frame:

�t =
m

p?
(�~r? · p̂?) h�ti = ⌧H =

1

�H

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



CMS bounds on the Higgs lifetime12 5 Observables
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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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Higgs couplings: 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 behavior, we 
must break this degeneracy

A direct measurement of the Higgs width is not feasible 
• LHC sensitivity ~ 10-9 MeV < ΓH < 1 GeV
• SM width ~ 4 MeV

MUST OBTAIN INDIRECT CONSTRAINTS

Key point: search for observables which are width-
independent, or with different coupling/width dependence 



A first example: 
H→γγ interference

[Martin; Dixon, Li (2013)]
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Typical interference scaling: g vs g2

Consider the full pp →γγ process:
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• Symmetric around the peak → contribute to σ
• Naively: loop enhanced (S→2 loop,B→ 1 loop)

• In reality: interference starts at two=loop (optical theorem, 
no ±± cut for the background amplitude)

• Small effect in the SM (different for BSM)

Interference: the imaginary part
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Interference: the real part
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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

�
o↵

⇠ 2<(SB⇤)

s�m2

H

, (s�m2

H) � mH�H

Asymmetric in mγγ distribution
• no net effect on the total rate
• width independent
• more events below the peak
• interesting observable consequences

[Martin (2012)]



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

Higgs mass:
• ~ first moment of the invariant mass distribution
• extraction affected by real part of interference
• independent on ΓH, dependent on environmental 

parameters (energy resolution)
d�

ds
=

A

(s�m2
H)2 +m2

H�2
H

+
(s�m2

H)I

(s�m2
H)2 +m2

H�2
H

hM2i = 1

�0

Z
dss

d�

ds
= m2

H +
I

�0

Z s+

s�

ds

�mH =
2I�

�0
, s± = (mH ± �)2

Simple analysis: shift ~ 50-100 MeV
Shift proportional to I ~ gi gf



• compare measurement in H→γγ with control mass
• shift gives access to real part of interference

• LHC: Higgs peak cross-section is SM-like

• This implies

Mass shift measurement gives access to ΓH → 
BREAK WIDTH/COUPLING DEGENERACY

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

�mH = 2I�/�H ⇠ gigf

�H ⇠ �H,SM ⇠
g2i g

2
f

�H
! gigf

(gigf )SM
=

s
�H

�H,SM

�mH = (�mH)SM ⇥

s
�H

�H,SM
⇡ �[50 : 100] MeV ⇥

s
�H

�H,SM



• 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 channel to reduce systematics

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

0 20 40 60 80 100
$120

$100

$80

$60

$40

$20

0

20

pT ,H # GeV

%
M

H
#
M
eV

H&g#q # O$ΑS3%

H&g#q # O$ΑS3%#O$ΑS2%

H&g # O$ΑS3%

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 ESTIMATE 
FOR THE MASS SHIFT: 

-35 ± 9 MeV 
[ATL-PHYS-PUB-2016-009]

Experimentally tough



ΓH from the mass-shift: prospects

�mH ⇡ �35± 9 MeV ⇥

s
�H

�H,SM

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

4

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

ultimate LHC reach
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

SENSITIVITY TO ΓH < [10-40] ΓH,SM ACHIEVABLE
(direct sensitivity: ΓH < 1 GeV)



A second example: 
off-shell Higgs measurements



110 120 130 140 150 160 170 180

0.05

0.10

0.15

0.20

dσ
/d
M
2

M2

Decoupling ΓH/g: the off-shell region
THE GOAL: break the                                      degeneracyg ! ⇠g, �H ! ⇠4�H

d�i!H!f

dM2
⇠

g2i g
2
f

(M2 �m2
H)2 +m2

H�2
H

d�i!H!f

dM2
⇠

g2i g
2
f

�H

d�i!H!f

dM2
⇠

g2i g
2
f

(M2 �m2
H)2

OFF THE MASS SHELL, σ DOES NOT DEPEND ON ΓH



The off-shell region for narrow resonances
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The off-shell region for narrow resonances
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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)
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[Kauer, Passarino (2012)]

1e-08

1e-06

0.0001

0.01

1

100

10000

100 200 300 400 500 600

MZZ [GeV]

gg → H → ZZ → ℓℓ̄νℓν̄ℓ, MH=125GeV
pp,

√
s = 8TeV

g
g
2
V
V

dσ
/d

M
Z
Z

[f
b
/G

eV
]

|H|2+|cont|2
|H+cont|2
Hoffshell

HZWA

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 >
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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
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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



Constraining ΓH from σoff-shell
[FC, Melnikov (2013)]

LHC on-peak results: SM-like Higgs boson
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ΓH from σoff-shell: LHC results
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Figure 8. Scan of the negative log-likelihood as a function of off-shell SM Higgs boson signal
strength for GF µoff-shell

GF (left) and for VBF µoff-shell
VBF (right) from the combined fit of H → WW

and H → ZZ channels for 7 and 8TeV. In the likelihood scan of µoff-shell
GF and µoff-shell

VBF , this analysis
assumes the SU(2) custodial symmetry: µZZ

GF/µ
WW
GF = µZZ

VBF/µ
WW
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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.
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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.

19

CMS H→4l,2l2ν ATLAS H→4l,2l2ν

ΓH < 13 (26) MeV obs(exp) ΓH < 23 (33) MeV obs(exp)
(direct sensitivity: ΓH < 1 GeV)

[JHEP 09 (2016) 051] [EPJC (2015) 75:335]



ΓH from σoff-shell: Run II
10.2 Systematic uncertainties 13
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Figure 3: Distribution of the four-lepton reconstructed invariant mass m4` in the full mass range
(top) and the low-mass range (bottom left) and high-mass range (bottom right). Points with
error bars represent the data and stacked histograms represent expected distributions. The
125 GeV Higgs boson signal and the ZZ backgrounds are normalized to the SM expectation,
the Z+X background to the estimation from data. No events are observed with m4` > 850 GeV.

Fig. 6.

10.2 Systematic uncertainties

The main experimental uncertainties which affect both signal and background are the uncer-
tainty on the integrated luminosity (6.2%) and the uncertainty on the lepton identification and
reconstruction efficiency (6–11%, depending on the final state). Experimental uncertainties for
the reducible background estimation, described in Section 8.2, vary between 40–55%. The un-
certainty on the lepton energy scale is 0.04% for muons and 0.3% for electrons, and the uncer-
tainty on the 4` mass resolution coming from the uncertainty on the per-lepton energy resolu-
tion is 20%. Theoretical uncertainties which affect both the background signal and background
estimation include uncertainties from the renormalization and factorization scale and choice

24 10 Results
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Figure 13: Observed and expected likelihood scan of GH using the full mass range 100 < m4` <
1600 GeV (left) or on-shell only range 105 < m4` < 140 GeV (right) with 12.9 fb�1 data, with
mH floated.

10.7 Constraints on HZZ anomalous couplings

Given the anomalous contributions in the tensor structure of HZZ interactions, characterized
by the coefficients a2, a3, and L1 defined in Ref. [15], the effective fractional ZZ cross sections
fai and phases fai are defined as follows

fa3 =
|a3|2s3

|a1|2s1 + |a2|2s2 + |a3|2s3 + s̃L1/ (L1)
4 + . . .

, fa3 = arg
✓

a3

a1

◆
,

fa2 =
|a2|2s2

|a1|2s1 + |a2|2s2 + |a3|2s3 + s̃L1/ (L1)
4 + . . .

, fa2 = arg
✓

a2

a1

◆
,

fL1 =
s̃L1/ (L1)

4

|a1|2s1 + |a2|2s2 + |a3|2s3 + s̃L1/ (L1)
4 + . . .

, fL1,

(15)

where a1 corresponds to the dominant SM-like tensor structure, si is the cross section of the
process H ! ZZ ! 2e2µ corresponding to ai = 1, aj 6=i = 0, while s̃L1 is the effective cross
section of the process corresponding to L1 = 1 TeV, given in units of fb · TeV4.

An unbinned maximum likelihood fit of the correlated three-dimensional distributions of three
discriminants defined in Table 1 is performed for each measurement of fa3, fa2, fL1. The proba-
bility density functions for both signal and background are built from histograms of full simu-
lated events. The signal probability is expressed in terms of parameters ~z, denoting the ensem-
ble of coupling fractions as fai and their phase fai, as

Psig

⇣
~x;~z = { fai, fai}

⌘
=
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!
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aj
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+
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Â
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q
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interf
�
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�
,

(16)

ΓH < 41 MeV

CMS H→4l, MCFM + JHUGEN + HNNLO with MELA

[CMS-HIG-16-033]

(already better than RI 4l alone)



σoff-shell analysis: opportunities
Allow to study energy dependence of Higgs couplings
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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

10

Anomalous HZZ couplings
[Gainer et al, Anderson et al (2013)]

-1.0 -0.5 0.0 0.5 1.0 1.5 2.0
-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

ct

c g

Figure 4: Prospects for a 14TeV analysis with an integrated luminosity of 3 ab�1 and for

the injected SM signal: 68%, 95% and 99% expected probability regions in the (ct, cg) plane.

The dashed and solid green lines indicate the 68% and 95% contours for the linear analysis,

respectively. No theoretical uncertainty is included.

cross section is predicted to be the same as in the SM, since it can easily be checked [52,53]

that, after integrating out the heavy top partner, ct + cg = 1. Besides modifying the Higgs-

mediated amplitude for gg ! ZZ, the T also enters in the box diagrams, generating a

contribution to the interfering background which in the EFT must be parameterized by

a dimension-8 operator. We can estimate the Wilson coe�cients of the dimension-6 and

dimension-8 operators in Eqs. (2.2) and (2.9) as

cg = cy ⇠ Y 2
⇤ v2

M2
⇤
,

c8 ⇠ Y 2
⇤ v4

M4
⇤
. (3.22)

This implies that the dimension-8 operators will become important at the scale

p
s ⇠ M⇤ , (3.23)

where our analysis breaks down.9 Therefore to remain in the region of validity of the EFT

approach, when deriving the bounds on the model parameter space we only considered the

9 As a side comment, we note that an exact treatment of the gg ! ZZ amplitude in this model requires

the computation of box diagrams with two di↵erent massive fermions in the loop. These diagrams are

16

cg, ct  [Azatov et al (2014)]
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Figure 6: Confidence level for separating the BSM hypotheses t,g = (0.7, 0.3) from the Standard Model. We show results
for H ! WW decays based on the 2D distribution (njets, pT,H).

the logarithmic dependence in Eq.(8) is the same for the 1-jet and 2-jet hard matrix elements, and because our
discussion in Sec. II shows that the same holds true even for relatively low pT,H & mt, we have to use multi-jet
merging to provide a reliable estimate of these e↵ects. This also implies that in an optimized combined analysis
we should focus on jet-inclusive observables like pT,H to combine di↵erent jet multiplicities. As a side e↵ect, the
merged approach guarantees a reliable description for the distributions over the full momentum range, as we can
see in Figs. 2 and 4.

In Fig. 5 we show two of the key distributions which allow us to separate the Higgs signal from the di↵erent
background. The azimuthal angle between the two forward jets is a well known probe for the Lorentz structure
of the hard process [51]. Because it is only defined for at least two additional hard jets, it is one of the key
improvements of our merged analysis over Higgs production with a single hard jet. The corresponding background
rejection cuts are given in Tab. I. The signal events are generated with NLO predictions for the 0-jet and 1-jet
processes and LO precision for the hard 2-jet process. The tt̄+jets background includes the NLO prediction for
the 0-jet bin and up to 3 hard jets at the LO level. The QCD component from WW+jets production is loop
induced and it is generated with up to 1-jet with LO precision. The electroweak WW+jets component includes
NLO corrections up to the 1-jet bin and up to 3 hard jets at LO. The analysis largely correspond to the WW
analysis proposed for the 2-jet channel in Ref. [24].

In particular when we link di↵erent experimental measurements to the same Lagrangian interpretation given by
Eq.(1) the question arises how the experimental approaches compare. In Fig. 6 we show an idealized projection
of the reach in the boosted Higgs analyses. Based on a 2-dimensional CLs analysis of the number of jets and the
transverse momentum of the Higgs, (n

jets

, pT,H), we estimate how much luminosity would be required to rule out
our BSM reference point given in Eq.(2). We find that in the absence of systematic and theoretical uncertainties
it would take around 700 fb�1 of data to achieve a 95% C.L exclusion. Even if we rely on the reference region at
pT,H . mt to e�ciently reduce the uncertainties, a meaningful study of boosted Higgs production might require
attobarn integrated luminosities. On that time scale it appears unlikely that such a detailed kinematic analysis
will be able to compete with a dedicated hypothesis test based on Higgs couplings and including tt̄H production
with the combined Higgs decays H ! bb̄, ⌧⌧, �� [3, 8].

IV. OFF-SHELL HIGGS PRODUCTION

One of novel LHC measurement in 2014 is the Higgs width limit from o↵-shell Higgs production [27, 29]. For
example, CMS published the first results on a rate measurement of pp ! Z(⇤)Z(⇤) ! 4 leptons at high invariant
mass m

4` [29]. This process relies on o↵-shell contributions from s-channel Higgs production. This way, it carries
information on the Higgs couplings at di↵erent energy scales which could, similarly to the boosted case, probe

Relation to 
boosted regime

[Buschmann et 
al (2014)]



σoff-shell analysis: challenges
Off-shell analysis require GOOD CONTROL OF 4L PROCESSES

In particular: SIGNAL/BACKGROUND INTERFERENCE which 
makes SIGNAL DISENTANGLING HIGHLY NON TRIVIAL 

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

In the SM: large O(50-100%) destructive interference →
UNITARITY RESTORATION 



4-lepton spectrum at the LHC

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

13

[Campbell, Ellis, Williams (2013)]

Nqq!ZZ ⇡ N
tot

N
int

⇠ �2⇥ 10�2N
tot

N
o↵

⇠ 10�2N
tot

Dominated by qq background (known at NNLO)
Can be efficiently separated with MEM (angular correlations…)

Very tricky gg 
background and 

interference



The gg→VV background/interference
• right now, we have NNLO for the qq channel and ~ 

N3LO for the signal, but LO only for the full GG→VV 
BACKGROUND AND INTERFERENCE

• gluon initiated process → expect large QCD 
corrections

• the problem: loop-induced process, NLO INVOLVES 
(VERY) COMPLICATED 2-LOOP AMPLITUDES

q

Recently computed VERY HARD
[important in the off-shell region]

t
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gg=>ZZ @ NLO
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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’ ) 

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

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

s

m

2
3

= (1 + x)(1 + xy),

t

m

2
3

= �xz,

m

2
4

m

2
3

= x

2
y

q
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2
4)

2 � 4m2
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2
3x(1� y)

d~f = ✏(dA)⇥ f, A =

X
Ai log↵i

↵ = {x, y, z, 1 + x, 1� y, 1 + xy, z � y, 1 + y(1 + x)� z,

xy + z, 1 + x(1 + y � z), 1 + xz,

1 + y � z, z + x(z � y) + xyz, z � y + yz + xyz}

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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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

gg→VV@NLO:  massless quark
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FIG. 9. Transverse momentum distribution of the four-lepton
system at NLO and LHE-level at 13 TeV.

Sudakov region, for transverse momenta pT
4` > 150 GeV

the NLO and LHE gets closer, as expected following the
usage of the hdamp factor in the POWHEG implementation.

We note, however, that even after the inclusion of the
hdamp factor an exact agreement between the NLO and
LHE results in the tail of the distribution should not be
expected. This is a consequence of the di↵erent choices
for the renormalization and factorization scales used in
the two calculations. The matrix element for the real
radiation is indeed evaluated according to the POWHEG
method at µR = µF = pT

4` for the LHE results, while
for the NLO results they are evaluated at µR = µF =
m

4`/2. In order to quantify the e↵ects of this discrepancy
in Figure 9 we also plot the fixed-order results above
pT
4l > 20 GeV choosing µR = µF = pT

4`. We see that a
reasonable agreement between the three curves is reached
above 200 � 250 GeV, before the two NLO curves start
to depart for higher values of the scales (not shown in
the plot). In any case, we would like to stress that due
to the massless-quark approximation we are working in,
the predictions for pT

4` (or correspondingly pTj ) should not
be trusted for larger values of the transverse momentum,
because the e↵ects of the massive top-quarks in the loop
can no longer be neglected.

Showered results

We now turn to the study of the impact of the par-
ton shower. The results showed in the following are pro-
duced using PYTHIA 8 for the showering and hadroniza-
tion stages. In order to keep the analysis simpler and to
have a more direct comparison with theoretical predic-
tions at the partonic level, we have decided not to include
multiple parton interactions in the following plots.

We also remark that the limitation to only consider the
gluon-initiated channel that is used at the fixed-order or
LHE level is removed when we interface with the par-
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FIG. 10. Invariant mass distribution of the four lepton system
at the LHE level and after shower and hadronization with
PYTHIA 8, compared to the fixed NLO curve.

ton shower, which is free to generate q ! qg initial-
state splittings. This is allowed by the unitary of the
backward-evolved parton shower, which for a given hard
process produces the same total cross-section irrespec-
tive of the partonic splittings allowed. To quantify the
impact of the inclusion of the quarks in the shower, we
have also studied the extreme case where the shower is
only allowed to perform g ! gg splittings3. No appre-
ciable di↵erences for di↵erential distributions are found,
apart from two expected exceptions. First, the transverse
momentum of the hardest jet at very low values, which
is clearly a↵ected by the number and type of splittings
included in the Sudakov exponent. Second, the inclusion
of quarks leads to mildly harder transverse-momentum
spectra, as already observed in [39].
In Figures 10-15 we compare the showered results to

the NLO and LHE results at the nominal scale µ =
m

4`/2. In all the observables we note a scale uncertainty
which varies around 20%, as is the case for fixed-order
predictions.
For observables which are inclusive over the extra radi-

ation, we note an excellent agreement between the LHE-
level results and the POWHEG+PYTHIA 8 predictions. This
is also true for the theory uncertainty bands which over-
lap almost perfectly. As one would expect, the parton
shower does not have a strong influence on these quan-
tities. This is shown for the four-lepton invariant mass
distribution, in Figure 10, in which the single-resonant
peak is still clearly visible. We have verified that the

3 This can be achieved by setting SpaceShower:nQuarkIn = 0 in
PYTHIA 8. Note that this removes quarks altogether, which is
di↵erent from our large gluon flux approximation. As such, this
only provides an upper bound on e↵ects due to the presence of
quarks in the shower.

[Alioli, FC, Luisoni, Röntsch (2016)]



gg→VV@NLO:  approximate top

Precision predictions for gg (→ H) → V V

signal-background interference

J. Campbell, K. Ellis, M. Czakon, S. Kirchner

Uncertainty on NLO interference due to improved LME (! 20% on approximated

part):
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Figure 6: Four-lepton invariant mass distributions in gg ! ZZ processes at the 13 TeV LHC.

The full result is shown as well as contributions of signal, background and interference separately.

LO results are shown in yellow, NLO results are shown in blue, and scale variation is shown for

m4`/4 < µ < m4` with a central scale µ = m4`/2. The lower pane shows the K-factors.

the background distributions are relatively flat, with a slight increase with m4`. The situation

with the interference is different. In this case, the K-factor around the 2mZ threshold is

large, Kintf ⇡ 2.5 for m4`
<⇠ 2mZ . As the invariant mass increases, the interference K-factor

decreases rapidly and flattens out, reaching the value Kintf ⇡ 1.5 at m4` = 2mt. Hence, at

around m4` ⇠ 2mt, values of the interference, signal and background K-factors become very

similar and, practically, independent of the value of the invariant mass m4`. Thus, we find

that the impact of NLO QCD corrections on the interference K-factor can be approximated

by the geometric mean of the signal and the background K-factors when the interference is

integrated over the full kinematic range of four-lepton masses, as well as at higher values of

the invariant masses where Ksignal ⇡ Kbkgd ⇡ Kintf . However, this is not the case close to

2mZ threshold, where the behavior of the interference K-factor is different from either the

signal or background K-factors.

14

[Campbell, Czakon, Ellis, Kirchner (2016)]

case the K-factor decreases slowly from around 2.2 at small invariant masses to around 1.8 in the far
tail. We note that the K-factor for the Higgs amplitudes alone, and the one for the interference with
the top quark loops, is almost identical. In the high-energy limit this is guaranteed to be the case,
due to the cancellation between these two processes. This behaviour is shown explicitly in Fig. 16.

Figure 15: Left panel: Interference of the Higgs amplitude and quark loops at LO and NLO, with

the scale uncertainty indicated by the dashed histograms. The ratio of the NLO and LO results is

shown in the lower panel. Right panel: The equivalent results for the Higgs amplitude squared.

Figure 16: The ratio of the K-factors for the square of the Higgs diagrams alone (Khiggs) and the one

for the interference (Kinter). The lines are fits to the individual histogram bins that are good to the

level of a few percent and are shown for the central scale (blue) as well as the scale variations (red,

green).

The integrated cross-sections for the interference contributions and the Higgs amplitude squared
are shown in Table 2. Note that, in this table, the total interference differs from the sum of the massive
and massless loops by a small amount that is due to the anomalous contribution. At this level the
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The full result is shown as well as contributions of signal, background and interference separately.

LO results are shown in yellow, NLO results are shown in blue, and scale variation is shown for

m4`/4 < µ < m4` with a central scale µ = m4`/2. The lower pane shows the K-factors.

the background distributions are relatively flat, with a slight increase with m4`. The situation

with the interference is different. In this case, the K-factor around the 2mZ threshold is

large, Kintf ⇡ 2.5 for m4`
<⇠ 2mZ . As the invariant mass increases, the interference K-factor

decreases rapidly and flattens out, reaching the value Kintf ⇡ 1.5 at m4` = 2mt. Hence, at

around m4` ⇠ 2mt, values of the interference, signal and background K-factors become very

similar and, practically, independent of the value of the invariant mass m4`. Thus, we find

that the impact of NLO QCD corrections on the interference K-factor can be approximated

by the geometric mean of the signal and the background K-factors when the interference is

integrated over the full kinematic range of four-lepton masses, as well as at higher values of

the invariant masses where Ksignal ⇡ Kbkgd ⇡ Kintf . However, this is not the case close to

2mZ threshold, where the behavior of the interference K-factor is different from either the

signal or background K-factors.
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[FC, Dowling, Melnikov, Röntsch, Tancredi (2016)]

Higgs si
gnal

Back
ground In
te

rfe
re

nc
e



Conclusion
• the LHC is pointing towards a SM-like Higgs
• standard analysis can only constrain σ x BR
• interesting observables / regime can give further 

constraints

• H→γγ: 
• signal/background interference gives access to ΓH 

• largely model-independent, but exp. tough
• off-shell Higgs:

• under certain assumptions, strong bounds on ΓH 

• more in general, allows to study kinematics 
dependence of Higgs couplings

• very delicate signal/background interference 
effects, quite complicated to properly model



Outlook
A lot of work still needs to be done

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

• for BSM phenomenologists (BSM constraints for the off-
shell width analysis, anomalous couplings, interplay off-
shell vs boosted…)

• for SM theorists/phenomenologists (massive loops for 
the gg→VV signal/background interference: new insight, 
numerical methods…)

INTERESTING TIMES AHEAD!



Thank you for  
your attention!


