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Abstract: The LHC is well on track toward the discovery or exclusion of a light Standard

Model (SM)-like Higgs boson. Such a Higgs has a very small SM width and can easily have

large branching fractions to physics beyond the SM, making Higgs decays an excellent

opportunity to observe new physics. Decays into collider-invisible particles are particularly

interesting as they are theoretically well motivated and relatively clean experimentally.

In this work we estimate the potential of the 7 and 8 TeV LHC to observe an invisible

Higgs branching fraction. We analyze three channels that can be used to directly study

the invisible Higgs branching ratio at the 7 TeV LHC: an invisible Higgs produced in

association with (i) a hard jet; (ii) a leptonic Z; and (iii) forward tagging jets. We find that

the last channel, where the Higgs is produced via weak boson fusion, is the most sensitive,

allowing branching fractions as small as 40% to be probed at 20 inverse fb for masses in

the range between 120 and 170 GeV, including in particular the interesting region around

125 GeV. We provide an estimate of the 8 TeV LHC sensitivity to an invisibly-decaying

Higgs produced via weak boson fusion and find that the reach is comparable to but not

better than the reach at the 7 TeV LHC. We further estimate the discovery potential at the

8 TeV LHC for cases where the Higgs has substantial branching fractions to both visible

and invisible final states.
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1 Introduction

As the LHC approaches the first 10 fb−1 of 7 and 8 TeV data, we are entering a new era in

Higgs physics. We will soon know whether or not a Standard Model (SM)-like Higgs boson

exists. It becomes then an urgent and fascinating question to verify that any observed

particle does — or does not — have the couplings and properties expected of the SM Higgs

boson. Recent results presented by Atlas and CMS suggest a light SM-like Higgs may soon

emerge from the data in the mass range below 130 GeV [1, 2]. For such a Higgs boson,

the smallness of the b quark Yukawa coupling means that its total SM width is tiny: at

125 GeV, Γh is only 4 MeV. Thus, a light SM-like Higgs boson is especially sensitive to the

existence of physics beyond the Standard Model: even weak couplings to new light degrees

of freedom can have an O(1) effect on the Higgs’ branching ratios [3–8].

One particularly interesting candidate for new degrees of freedom into which the Higgs

might decay is dark matter (DM) [9, 10]. Dark matter can couple to the SM through the

Higgs portal [11, 12], which provides one of two leading interactions for physics in other

sectors to couple to the SM. At colliders, Higgs-to-DM decays are invisible apart from large

missing energy. The Higgs portal coupling also feeds into the Higgs-mediated DM-nuclear

cross section, correlating the results of direct DM detection experiments with searches for

invisible Higgs-to-DM decays at colliders. This correlation is not rigid, in the sense that a

nonobservation in direct detection does not imply that the Higgs-to-DM branching ratio is

small [10], but the two handles are complementary and can be used together to constrain

models for DM (see, for example, [13–16]).

More generally, there are many compelling reasons to imagine that new light degrees

of freedom exist and couple preferentially to the Higgs rather than to other parts of the
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SM. Several questions of naturalness in the Minimal Supersymmetric SM (MSSM) can be

remedied by extending the MSSM Higgs sector with a singlet superfield [17]. Higgs decays

into either the singlet or the singlino can then lead to cascade or invisible decays of the

Higgs (for a review see [18]). Other examples which have been analyzed recently include

decays of the Higgs through pseudo-Goldstone bosons to four jets [19], multiple SUSY-

breaking sectors where the Higgs decays to two Goldstini [20], and a general analysis of

Higgs descendants in [21]. In such scenarios, the Higgs is often produced with cross-sections

close to the SM values, while the branching fractions to BSM particles can be large.

Searching for non-standard decay channels of a SM-like Higgs at the 7 TeV LHC there-

fore is a flexible, generic, and extremely well-motivated probe of physics beyond the SM.

It is also critical as a cross check of the SM Higgs production cross-sections: a universal

discrepancy between the measured and expected Higgs cross-sections could be due either

to suppression of the production cross-section from mixing with another degree of freedom,

or suppression of the visible branching fractions by decay to invisible or buried [22, 23]

final states. The tiny Higgs width in the low-mass region is too small to measure through

its line shape, as might be imagined for a heavy Higgs [24]. The scenarios can only be

distinguished by directly observing the nonstandard decay mode of the Higgs boson.

Existing searches for an invisibly-decaying Higgs at LEP [25] have set an upper bound

on its mass at 95% confidence level (C.L.) of 114.4 GeV, assuming SM production and

100% Higgs decay into invisibles. At hadron colliders, an invisible Higgs signature is more

difficult than at lepton colliders, as the inability to reconstruct events makes it challenging

to separate the signal from the the large physics backgrounds coming from Z (and W ),

which live at a similar mass scale as the signal. However, the invisible decay mode is

still comparatively easy to detect. Large missing energy is a relatively clean signal of

electroweak physics, cleaner than, for example, b-jets, and a signal in this channel may

even be accessible in the 7 TeV LHC run. Both theoretical [26–32] and experimental [33–

35] studies of an invisible Higgs at the 14 TeV LHC have been performed, focusing on Higgs

production from weak vector boson fusion (WBF) or in association with the Z boson. Higgs

production from gluon fusion plus one additional initial state radiation (ISR) jet has not

been considered a promising channel at the LHC.

Our aim in the current work is to update these studies and estimate the sensitivity

of the 7 TeV and 8 TeV LHC to an invisibly decaying Higgs. We first assess existing

bounds on an invisible Higgs. The most stringent constraints are indirect, coming from the

reinterpretation of SM Higgs exclusions as lower bounds on an invisible branching fraction,

assuming SM Higgs production. There are also direct constraints arising from existing

searches in both mono-jet+E/T [36–38] and h → ZZ → `+ + `− + E/T [39, 40], which we

translate into bounds on the Higgs production times invisible branching fraction,

Binv ≡ σ ×BRinv/σSM . (1.1)

These searches are sensitive to a light invisible Higgs, produced through gg → hj and

pp→ Zh, respectively. We find that the mono-jet searches currently provide a better limit

than the Z+h channel, although a targeted optimization of the Z+h channel might change

this picture.
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Having established existing limits, we study the most sensitive channel for a light

invisible Higgs, namely weak vector boson fusion, qq → hqq. We perform a detailed

detector-level study of the WBF channel to estimate the 7 TeV and 8 TeV LHC reach.

Incorporating improved strategies for controlling systematic errors, we find that invisible

rates down to Binv ≈ 0.4 can be excluded at 95% CL with 20 fb−1 at 7 TeV and a similar

reach is found at 8 TeV.

The layout of this paper is as follows. In section 2, we briefly discuss simple reference

models which can give the Higgs an appreciable invisible branching fraction without altering

electroweak symmetry breaking. The remainder of the paper is dedicated to estimating

the sensitivity of the 7 and 8 TeV LHC to an invisible Higgs decay mode. In sections 3.1

and 3.2 we adapt existing monojet+E/T and Z+E/T searches to establish current limits on

Binv from these channels. In section 4 we perform a detailed study of the weak boson fusion

channel at the 7 TeV LHC, which we find is the most sensitive channel. In section 4.1, we

additionally estimate the sensitivity of the 8 TeV LHC in this channel. In section 5 we

compare the invisible search reach to the visible search reach and discuss the ability of the

8 TeV LHC to constrain the hypothesis of an invisibly decaying Higgs through combinations

of visible and invisible channels. Section 6 contains our conclusions.

2 Simple models for invisible Higgs decays

For simplicity, we consider a Z2 symmetry to protect one new particle beyond the standard

model from decaying. This new particle could be a scalar S (taken to be real) or a Dirac

fermion χ, which are SM singlets. Here we neglect the case of a new spin-one particle [41].

Starting from the scalar field [9, 15], we have the following potential,

V (H,S) = −µ2HH† + λ
(
HH†

)2
+

1

2
µ2S S

2 +
1

4
λS S

4 + κHH† S2 . (2.1)

After electroweak symmetry breaking (〈H〉 = v/
√

2, v = 246 GeV), the mass of the singlet

becomes m2
S = µ2S + κv2, which should be positive to prevent a vacuum expectation value

for S and to keep the Z2 symmetry intact. The coupling modifying the Higgs decay is

V (h, S) = κ v hS2/2 + · · · , (2.2)

which provides an invisible decay width for the Higgs boson,

Γ(h→ SS) =
κ2 v2

8πmh

√
1−

4m2
S

m2
h

. (2.3)

For a light Higgs boson, the dominant decay channel in the SM is into two b quarks. Since

the bottom Yukawa coupling is small, it is easy to modify the total width of Higgs boson

and to suppress the SM visible decay branching ratios. We show the reduction of the visible

branching ratios for two different Higgs masses mh = 120, 160 GeV in figure 1. We see from

the left panel of figure 1 that the branching ratios through visible channels can be below

20% of the branching ratios in the pure SM. In this plot, we have chosen the bare scalar
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Figure 1. Left panel: the reduction of visible channel branching ratios after including a new

invisible decay for the Higgs boson. The parameter µS is chosen to be zero, so the scalar S has its

mass proportional to the electroweak vacuum expectation value (VEV). Right: the same as the left

panel but for a new fermion in the Higgs decay channel, with m0
χ set to zero.

mass µS = 0 in eq. (2.1), so all of the S mass comes from electroweak symmetry breaking,

and we use the total SM widths calculated in ref. [42].

To generate Higgs decays to invisible fermions, we can extend the renormalizable model

to include couplings

L ⊃ λχSχχ− 2µSH†H +m0
χχχ . (2.4)

We include a bare mass for χ for completeness, but let us assume for simplicity that λS
and κ in eq. (2.1) (as well as any cubic coupling for S) are small. Then EWSB generates

a VEV for S, 〈S〉 ≈ µv2/µ2S , and gives an additional mass contribution to χ,

mE
χ =

λχµv
2

µ2S
. (2.5)

S mixes with h, which allows h to decay into χχ. The width is given by

Γ(h→ χχ) =
(mE

χ )2mh

8πv2

(
1−

4m2
χ

m2
h

)3/2

. (2.6)

where mχ is the total mass for χ. We show the reduction of visible channel branching ratios

after including the χχ invisible decay for the Higgs boson in the right panel of figure 1.

3 Direct limits from existing searches

In this section we consider limits on an invisible Higgs from existing data, and briefly

comment on future prospects in these channels. In section 3.1 we reinterpret searches in

monojet+E/T to establish sensitivity to an invisibly decaying Higgs produced through gluon

fusion. In section 3.2 we reinterpret searches for h → ZZ → `+`−νν̄ to obtain limits on

an invisible Higgs produced in association with a Z, pp→ hZ.
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Figure 2. Left panel: the solid line is the current 95% C.L. limit on the Higgs production times

the invisible branching ratio from monojet searches at 1 fb−1 with HighPt cuts. The dotted line

is the projected limit at 20 fb−1 assuming that the relative systematic error cannot be improved.

The dashed line is the projected limit at 20 fb−1 assuming that the relative systematic error can be

improved and reduced alongside the statistical error by 1/
√
L. Right panel: A comparison of limits

from three different cuts used in ref. [38] with 1 fb−1 luminosity.

3.1 Monojet searches

The simplest signal for invisible Higgs decays is monojet (or monophoton) events, made by

producing a Higgs in the gluon fusion channel together with initial state radiation. Since

the current monojet searches provide a more stringent constraint on the invisible Higgs

rate Binv than the monophoton searches, we will concentrate on the monojet signature and

consider the existing searches constraining Binv.

Both CMS [36] and ATLAS [37, 38] have analyzed their monojet signatures at around

1 fb−1 of integrated luminosity. In this section, we take the results from ATLAS [38] to

set a constraint on Binv. Ref. [38] defines three sets of selection criteria with different pT
thresholds demanded for the leading jet and the missing energy,

• LowPt: The leading jet is required to have pTj1 > 120 GeV and |ηj1 | < 2, together

with /ET > 120 GeV. Other jets in the event (|ηj2 | < 4.5) must be sufficiently soft,

pTj2 < 30 GeV.

• HighPt: The leading jet is required to have pTj1 > 250 GeV and |ηj1 | < 2, together

with E/T > 220 GeV. Other jets in the event (|ηj2 | < 4.5) must be softer than pTj2 <

60 GeV for the second-hardest jet, and pTj3 < 30 GeV for additional jets. The missing

energy must be separated from the second-hardest jet in azimuth, ∆φ(j2, /ET ) < 0.5.

• veryHighPt: The leading jet is required to have pTj1 > 350 GeV and |ηj1 | < 2,

together with /ET > 300 GeV. Other cuts on the subleading jets are the same as for

the HighPt criteria.

In all cases, leptons are rejected for electrons (muons) above pT > 20 (10) GeV and |η| <
2.47 (2.4).

We determine the efficiency of an invisibly decaying Higgs to pass these cuts to obtain

current and projected limits coming from this channel. Signal events are generated using

– 5 –
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FeynRules [43] in conjunction with MadGraph5, and showered in PYTHIA [44]. We use

PGS [45] to perform the fast detector simulation, after modifying the code to implement

the anti-kt jet-finding algorithm. We generate our signal events h+jets using MadGraph’s

native MLM matching [46] scheme and normalize to the inclusive production cross section of

h+jets at NNLO from ref. [47] to account for the large K-factor from next-to-leading order

(NLO) and next-to-next-to-leading order (NNLO) corrections. In the present study, we

neglect the contribution of signal events coming from weak boson fusion Higgs production,

which contributes to the ATLAS monojet events at the 10% level.

In figure 2, the solid red line shows the existing 95% confidence level (C.L.) exclusion

limit on Binv from the mono-jet searches at ATLAS with a 1 fb−1 luminosity. Using the

HighPt cuts, we add the statistical and systematic errors in quadrature to set limits. To

estimate the potential improvement with luminosity, we show with the dotted line the

projected limits at 20 fb−1 keeping the current relative systematic error intact. The dashed

line shows the projected limits assuming that the relative systematic error can be reduced

and scales as 1/
√
L as does the statistical uncertainty. In the right panel of figure 2, we

compare the sensitivities of the three different sets of cuts. As one can see from this panel,

the HighPt cuts provide the best exclusion limit.1 This can be understood as follows: for

the LowPt cuts the quoted systematic errors from multi-jets and non-collision backgrounds

are enormous and limiting; on the other hand, for a sufficiently high pT cut, the major

background Z(→ νν̄)+jets has similar leading jet pT and /ET distributions as the signal, so

increasing the cuts decreases the exclusion sensitivity.

Note that there is a large gap between the dotted line and the dashed line in figure 2,

indicating the dominance of systematic errors in setting limits in this channel. The dashed

line takes an optimistic view that all relative systematic errors can be scaled with luminosity

as would be appropriate for uncertainties coming from data-driven methods. This is not

an unreasonable approximation as the dominant uncertainties in ref. [38] are currently

limited by control region statistics, but of course not all systematic errors will decrease

with luminosity.

We conclude by pointing out that the invisible Higgs could be further separated from

the dominant electroweak backgrounds by looking at the composition of the associated

jets. Especially at lower pT , the leading diagrams contributing to the signal are dominated

by gluon radiation, while the Z,W events are quark-enriched. Unfortunately the distinc-

tion is reduced at higher pT , where the quark content is increased for both signal and

background. However, since even at the LowPt working point electroweak processes are by

far the dominant backgrounds, it is an interesting question whether additional sensitivity

can be achieved by lowering the pT cuts of the HighPt and introducing quark-rejection

variables [49]: the leading radiation in h + j is ∼ 60% gluon-like at the LowPt working

point, compared to ∼ 20% gluon-like for Z and W . We consider this an interesting avenue

for future work. However, we expect that this channel will have difficulty achieving the

sensitivity offered by hZ and WBF.

1ref. [48] has recently used the LowPt cuts to set a limit. We emphasize that the HighPt analysis is more

sensitive and provides a better starting point for an experimental search for invisible Higgs decays.
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3.2 Associated production of a Higgs with a Z

We turn now to invisible Higgs decays in the so-called “Higgsstrahlung” channel, where the

Higgs is produced in association with a Z boson. One promising channel is qq̄ → Z + h→
`+`− + /ET .2 Although currently there is no invisible Higgs search in this channel at the

LHC, the standard Higgs search in the channel h → ZZ → `+`−νν̄ provides an identical

final state and thus has the same backgrounds.

We consider the limits coming from the latest CMS search [40], which uses an integrated

luminosity of 4.6 fb−1. We summarize the set of cuts which offers the greatest sensitivity

to a light invisible Higgs, namely the cuts used for mh = 350 GeV:

• Events must contain two opposite sign, same flavor leptons with pT > 20 GeV which

reconstruct a Z, |mZ −m``| < 15 GeV.

• The reconstructed Z must have pT > 55 GeV and the missing energy must be greater

than E/T > 95 GeV.

• The transverse mass of an assumed ZZ final state, M2
T =

(√
p2T,Z+m2

Z+
√
E/2T +m2

Z

)2
−(~pT,Z + ~E/T )2, should be in the range 298 GeV < MT < 393 GeV.

• Events with b jets with pT,b > 30 GeV and |ηb| < 2.4 or additional leptons with

pT > 10 GeV are vetoed, as are events containing a jet with pT > 30 GeV which is

too close in azimuth to the missing energy, ∆φ(j, /ET ) < 0.5. If the event contains no

jets harder than 30 GeV, the azimuthal cut ∆φ(j, /ET ) < 0.5 is applied to jets with

pT > 15 GeV.

We consider leptons within |η| < 2.5.

We generate the signal events at tree-level using MadGraph5 and multiply the produc-

tion cross section by a K-factor 1.3 from NNLO results [47]. After applying the CMS cuts

on our signal events, we present the current constraint on Binv in the solid line of figure 3.

As one can see from figure 3, the invisible Higgs limit coming from this search is weaker

than the limit coming from the monojet search.

These searches [39, 40] are not targeted to the invisible Higgs, and a dedicated analysis

can improve the sensitivity; see ref. [28, 33, 51] for studies at 14 TeV. However, we expect

assisted production will not be as sensitive to an invisible Higgs as weak vector boson

fusion, which we turn to next.

4 LHC reach in weak boson fusion at 7 TeV

The weak vector boson fusion (WBF) channel was previously shown to be the most sensitive

channel to an invisible Higgs at the 14 TeV LHC [27, 33, 34]. As the signal production

proceeds mainly through the valence quark PDFs while the largest backgrounds are also

2We have also checked the W + h → ` + /ET channel and found that the signal acceptance efficiency is

very small using the cuts in ref. [50], and that the final exclusion limit is much worse than that from the

qq̄ → Z + h → `+`− + /ET channel; see also [51].
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Figure 3. Left: comparison of limits on Higgs production times invisible branching ratio coming

from different sets of cuts employed in [39, 40], interpreted as limits on pp→ Zh→ `+`−+ invisibles.

Right: the most stringent of the current limits and future projections. The solid line is the current

95% C.L. limit from the CMS search at 4.6 fb−1. The dotted line is the projected limit at 20 fb−1 by

assuming that the relative systematic error cannot be improved. The dashed line is the projected

limit at 20 fb−1 assuming that the relative systematic error can be improved and reduced alongside

the statistical error by 1/
√
L.

sensitive to q̄ and g PDFs, it is unsurprising that the WBF channel remains the most

sensitive at 7 TeV. Here we perform a study of the 7 TeV LHC’s reach in this channel, which

should dominate the LHC’s reach during the low-energy run. The aim of this section is to

comprehensively update the analysis of the WBF channel to 7 TeV, incorporating several

advances in signal and background computations, and to assess the reach of the 7 TeV LHC

for this signal. All results are detector-simulated using PGS.

The final state signature is characterized by two jets widely separated in rapidity

together with large missing energy. The required missing energy is large enough that we

anticipate this topology can be efficiently accepted through missing energy triggers. The

major backgrounds are Z → νν̄+jets from WBF; W → `ν+jets from WBF, where the

lepton is missed; Z → νν̄+jets from QCD; W → `ν+jets from QCD with a missing lepton;

and finally mismeasured QCD.

To establish that we can neglect fake missing energy from QCD multi-jet events, we

estimate the scale of the mismeasured multi-jet background by generating three-jet events

using the Madgraph-Pythia pipeline and running them through PGS. Doing so, we find

that the mismeasured three-jet background can be suppressed by more than an order of

magnitude by demanding that the missing energy vector be sufficiently distant in φ from

the closest identified jet,

Min(∆φji,E/T ) > 0.5. (4.1)

The multi-jet contribution to the background falls off dramatically as a function of miss-

ing energy, and is entirely subdominant above E/T
>∼ 100 GeV.3 While PGS only models

the Gaussian portion of the detector response, the non-Gaussian tails will act to enhance

configurations where a single mismeasured jet dominates the missing energy, thereby in-

3This accords with a similar conclusion obtained using Gaussian smearing in ref. [27]; see also fast-

detector simulated experimental studies in [35].
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creasing the probability that the resulting event will fail the quality cut of eq. (4.1). Since

after these two cuts the pure QCD background is orders of magnitude below the other

backgrounds, we subsequently neglect this background.

The large production cross-section of the Higgs through gluon fusion means this con-

tribution to the signal must be included, despite the low efficiency of this process to pass

the selection cuts. We find that this channel contributes approximately 10% of the signal

after all selection cuts, broadly in accord with studies at 14 TeV [52–54].

The signal events as well as the physics backgrounds are generated in MadGraph5

and showered in PYTHIA. Non-WBF processes where the jets arise from QCD radiation

(gg → h+jets, Z+jets, W+jets) are matched out to two jets using Madgraph’s native

MLM matching scheme. Detector simulation is done in PGS using R = 0.5 anti-kT jets.

After establishing our selection cuts, we have checked that the overall efficiencies for leading

order (W → τν) + 2j events are similar to those for fully matched (W → τν)+ jets events,

and to increase our Monte Carlo statistics we supplement our matched (W → τν)+ jets

backgrounds with a sample of fixed (W → τν) + 2j events.

Signal events produced through gluon fusion, gg → h, are normalized to the inclusive

NLO production cross-sections tabulated in [55]. Signal events produced through WBF

are multiplied by a constant K-factor of 0.95 (for all values of mh) which accounts for both

QCD and electroweak corrections [56]. We use VBFNLO [57] to obtain a constant K-factor

of 1.1 for the WBF pp → Zjj, pp → Wjj backgrounds. The W+jets cross-section is

normalized to the inclusive cross-section of [58]. Numerically this is very close to using

the LO cross-section for W + 2j from Madgraph and applying the K-factor corresponding

to the ratio of leading order and next-to-leading order W + 2j cross-sections as found

in [58]. Correspondingly, we normalize the the Z+jets cross-section by multiplying the LO

Madgraph cross-section with the ratio of leading order and next-to-leading order Z + 2j

cross-sections found in [59].

To estimate the W backgrounds, we assume that events with sufficiently hard and

central leptons can be rejected. Specifically, if an event contains a truth-level lepton with

|η`| < 2.5, we assume the event can be rejected if the lepton pT satisfies pT > 20 GeV

for electrons, pT > 10 GeV for muons, and pT > 20 GeV for visible hadronic taus. The

resulting signal and background cross-sections are displayed in table 1 for an initial set of

reference cuts, namely

E/T > 90 GeV at least 2 jets with pTj > 20 GeV Min(∆φji,E/T ) > 0.5 (4.2)

in addition to the lepton veto.

Our main selection cuts are:

E/T > 120 GeV at least 2 jets with pTj > 30 GeV, Mj1j2 > 1200 GeV, ∆ηj1j2 > 4.5.

(4.3)

We also cut on the azimuthal angle of the tagging jets, requiring that they not be

back-to-back:

∆φj1j2 < 1.5 . (4.4)

– 9 –
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Cross section (fb) qqh hjj qqZ Zjj qqW Wjj

Reference cuts 315 647 404 32600 465 32300

WBF selection cuts 14.1 1.86 6.82 24.8 7.30 17.9

∆φ cut 9.26 1.39 2.05 12.5 2.53 9.73

jet veto (1) 4.23 0.41 0.77 3.37 1.11 2.89

jet veto (2) 7.25 0.67 1.23 7.58 1.81 6.08

Table 1. Cross-sections in fb for signal and background in the vector boson fusion Higgs search

channel. Signal cross-sections are shown for mh = 120 GeV. The cuts are described in the text.

The azimuthal angle is the one distribution which has a markedly different shape for the

Higgs than for other WBF processes [27]. As this distribution probes the spin correlations

of the jets, it is not modeled faithfully by jets arising from parton showers in Pythia. To

model the efficiency for background W,Z+ jets processes to pass the ∆φ cut, we consider

fixed order W,Z+2 jet events generated in MadGraph, which does retain spin information.

We find that the difference in efficiency between fixed order and matched events decreases

as mjj increases, and is order 10% in the regions of interest here. Accordingly, we account

for the lack of spin correlations in the matched samples by multiplying the efficiencies for

W,Z+ jets to pass the ∆φ cut by a factor of 1.1.

Lastly, we impose a central jet veto. We show results for two different implementations

of the veto,

1. requiring any central jet (|η| < 2.5), including the two tagging jets, to have pT <

40 GeV, and

2. requiring any central jet in addition to the two leading jets to have pT < 25 GeV.

The second and more traditional implementation of the jet veto offers a better limit with

only statistical uncertainties taken into account, but the first implementation of the veto

gives the best results after systematic uncertainties are included according to our prescrip-

tion. Signal and background cross-sections through these cuts are displayed in table 1.

Note that W+jets with a missing lepton, and in particular with a missing τ , is nu-

merically as large as the background from the Z. In particular W → τν+jets contributes

more than half of the W background. Vetoing more aggressively on charged leptons is thus

one obvious avenue to maximize the sensitivity. Another possible avenue of improvement

is lowering the missing energy cut, which at 120 GeV is slightly too hard for optimal signif-

icance. We keep the missing energy cut hard to be conservative about trigger acceptance,

forward jet resolution, and multi-jet background, but lowering this threshold could well

prove useful in this channel.

We plot the estimated 95% CL exclusion reach of the 7 TeV LHC in the left panel of

figure 4. Since no Higgs mass peak can be reconstructed, this signal is purely a counting

experiment, and systematic uncertainties on the background cannot be neglected when

estimating the reach in this channel. To reduce theoretical uncertainties associated with

– 10 –
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Figure 4. Left: estimated 95% CL limit on the invisible branching fraction of the Higgs with 20 fb−1

of data at the 7 TeV LHC. The straight line at 1 denotes a Higgs produced with SM cross-sections

decaying entirely into invisibles. Shaded bands show ±1σ with systematic uncertainties assigned

as described in the text. Right: dependence of the 95% CL limits on systematic uncertainties. The

top row shows results for jet veto (1) as described in the text; the bottom row shows results for jet

veto (2).

modeling the Z,W+jets backgrounds, the backgrounds can be modeled from control regions

in the data. Inverting the lepton selection criteria for W+jets furnishes a large control

sample. For Z+jets, the control sample provided by Z → `+`− is statistically limited by

the small leptonic branching ratio of the Z. A more promising technique is to reweight

γ+ jets, exploiting the stability of the ratio σ(γ + X)/σ(Z + X) [60–62]. We expect that

we are in the regime where this technique can be applied. The cut of eq. (4.1) requiring

the missing energy to be azimuthally separated from the jets ensures that we do not probe

the region of phase space where the photon amplitudes are dominated by the collinear

singularity, and the missing energy cut we apply is not substantially different from those

studied in [62]. Using photons allows the Z → νν̄ contribution to the background to be

determined to below 10%. We assume a 10% theoretical uncertainty on W,Z+ jets when

calculating our systematic error bars. The WBF production cross-sections for W,Z are

relatively stable [63] and we assume a 5% theoretical uncertainty for these backgrounds.

The cuts employed in this analysis do not exploit all of the kinematic information in

the final state: the azimuthal distance between the missing energy and the jets contains

some distinguishing power between signal and background. We have checked that cutting

on appropriate linear combinations of ∆φE/T j1 and ∆φj1j2 offers a marginal improvement

– 11 –
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in the reach. However, the azimuthal angle of the missing energy is subject to larger

experimental systematic uncertainties than the (well-measured) azimuthal angles of the

jets, so it is unclear whether the improvement will persist after all experimental systematic

uncertainties have been taken into account. We comment that since the signal process

in this channel is relatively well described by a LO matrix element, a matrix element

technique [64, 65] seems promising as a way to fully exploit the event kinematics and offer

improved separation between signal and background. A fully accurate estimate of the

7 TeV LHC’s reach in this channel however requires a more accurate detector simulation.

In particular, the final state signature is subject to uncertainties in the forward jet energy

scale which are exacerbated by pileup. Large experimental systematics on jet resolution

could spoil the sensitivity of a matrix element-based kinematic fitter. The right panel

of figure 4 shows how the estimated limit weakens as larger systematic uncertainties are

included. We consider the results in this section strong motivation for a more detailed

investigation of this channel.

4.1 LHC reach in weak boson fusion at 8 TeV

NLO calculations are not available at 8 TeV for all of the required signal and background

processes. Nonetheless, we can estimate the reach of the 8 TeV LHC by taking theK-factors

to be approximately equal at 7 TeV and at 8 TeV. We generate signal and background WBF

processes at LO and normalize with the same constant K-factor used at 7 TeV. We generate

matched W,Z, h+ jets samples at 8 TeV, and normalize to the 7 TeV NLO cross-sections,

then rescale by the ratio ∆ = σ
(0)
inc,8/σ

(0)
inc,7.

The resulting signal and background cross-sections are displayed in table 1 for an initial

set of reference cuts, namely

E/T > 90 GeV , at least 2 jets with pTj > 20 GeV , Min(∆φji,E/T ) > 0.5 ,

(4.5)

in addition to the lepton veto.

At 8 TeV, the selection cuts can be tightened:

E/T > 120 GeV at least 2 jets with pTj > 35 GeV, Mj1j2 > 1600 GeV, ∆ηj1j2 > 4.5,

(4.6)

in addition to the cut on the azimuthal angle of the tagging jets,

∆φj1j2 < 1.5 . (4.7)

We again apply a correction factor of 1.1 to the W,Z+ jets backgrounds after the ∆φ cut

to better model the angular distributions. Finally, we apply a central jet veto, requiring

no additional central jets with pT < 20 GeV. Signal and background cross-sections through

these cuts are displayed in table 2.

Prospects at the 8 TeV LHC do not improve relative to the 7 TeV LHC for the same

amount of integrated luminosity. This is unsurprising: the signal, which arises dominantly

from valence quark PDFs, does not increase as quickly with
√
s as do the background W

and Z+ jets processes. Tightening the selection cuts to improve S/
√
B further suppresses

the contribution of gg → hjj to the signal reach. Thus in this channel the increased center

of mass energy gives little advantage.
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Cross section (fb) qqh hjj qqZ Zjj qqW Wjj

Reference cuts 404 951 517 39100 594 49400

WBF selection cuts 14.1 1.86 6.82 24.8 7.30 17.9

∆φ cut 5.72 0.61 1.65 3.73 1.68 6.89

jet veto 4.11 0.32 1.27 2.40 1.30 4.20

Table 2. 8 TeV cross-sections in fb for signal and background in the weak boson fusion Higgs search

channel. Signal cross-sections are shown for mh = 120 GeV. The cuts are described in the text.

Figure 5. Left: Estimated 95% CL limit on the invisible branching fraction of the Higgs with

20 fb−1 of data at the 8 TeV LHC. The straight line at 1 denotes a Higgs produced with SM cross-

sections decaying entirely into invisibles. Shaded bands show ±1σ with systematic uncertainties

assigned as described in the text. Right: Dependence of the 95% CL limits on systematic uncer-

tainties.

Figure 6. Left: present observed lower bound on the invisible branching ratio assuming the IHH.

Right: expected lower limit from visible channels and upper limit from the WBF invisible channel

with 20 fb−1/channel at 8 TeV.
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5 Combination with SM Higgs search channels

If no signal is observed in SM Higgs channels, it will be of interest to analyze the channels

probing invisible Higgs decays. We define the invisible Higgs hypothesis (IHH) to be the

case {σ = σSM , BR(h → inv) + BR(h → vis) = 1}, or Binv = BR(h → inv). Current

SM Higgs limits can then be reinterpreted as lower limits on BR(h→ inv) in the IHH, as

shown in the left-hand panel of figure 6.

If no signal is observed in the invisible channels, then upper limits may be placed on

the IHH, providing complementary coverage as shown in the right-hand panel of figure 6

for 20 fb−1/channel at 8 TeV (projections for visible channels are made with
√
L rescaling

of the expected limits given in [66, 67].) For sufficiently large invisible widths, the total

Higgs width can begin to exceed the experimental resolution of the Higgs bump, which

would weaken the limits from the visible channels. This effect is not large, and negligible

in the very light (mh
<∼ 130 GeV) range of most interest. We use the expected limits from

the visible channel searches directly without modification.

Even better limits may be derived by combining the visible and invisible SM Higgs

searches. Allowing the cross section to float, one can make the usual “Brazil-band” plots,

where now the y-axis parametrizes a space of models that differ from the IHH by a universal

rescaling R of each channel’s rate. Limits below R = 1 exclude the IHH for a given pair

{mh, BR(h → inv)}. Strong limits will motivate a variety of interpretations not covered

by the IHH — perhaps there is no Higgs, or the Higgs is buried, or the production cross

section is suppressed. Values of R < 1 can be interpreted as a minimum required universal

suppression factor of the cross section, or one minus the minimum required branching ratio

into “buried” final states.

We can make estimates for the combined reach of SM+invisible search channels with a

quadrature combination of the statistical significances, or inverse quadrature combination

of the individual limits on R,(
1

R95

)2

≈
(

1

R95
vis

)2

+

(
1

R95
inv

)2

. (5.1)

Here R95 denotes the 95% CL limit on R. Since the error bars in each channel include

systematic errors that are in general correlated across channels, our combinations are ap-

proximate and intended only to suggest the potential interplay between visible and invisible

channels. To estimate the search sensitivity to the visible Higgs decay modes, we use the re-

cent expected limits from CMS [1] as they combine several channels with (almost) uniform

luminosity per channel.

The expected limits obtained from a combination of CMS visible channels and the WBF

invisible channel at 20 fb−1/channel and 8 TeV are shown in the right panel of figure 7 as

a function of mh and BR(h → inv). We use only the WBF channel; in principle the

reach could be extended using monojet and in particular hZ in combination. The left

panel of figure 7 shows the reach for BR(h → inv) = 0.5 without channel combination,

demonstrating the increase in sensitivity afforded by the combination, particularly at low

Higgs masses.
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Figure 7. Left: 8 TeV expected CMS visible and WBF invisible 95% CL reaches for the IHH with

50% branching to invisibles. Right: 8 TeV expected CMS visible+WBF invisible combined reach

for several h → invisible branching fractions. Horizontal lines indicate where sensitivity reaches 3

and 5σ; curves below the lines indicate models that can either be strongly excluded, or would be

expected to give enough signal for evidence or observation.

For low Higgs masses, the invisible reach is increasingly comparable to the visible

channels. If the expected reach in invisible channels with BR(h→ inv) = 1 is comparable

to the expected reach in visible channels with BR(h → vis) = 1, then the combined

expected reach for mixed branching ratios is weaker — for this reason BR(h→ inv) = 0.5

at mh = 120 GeV has lower significance than either BR(h→ inv) = 0 or BR(h→ inv) = 1

at the same mass.

Similarly, if a signal is seen in the SM Higgs search channels, but the best-fit rate

is less than expected from the SM, the invisible channels will be relevant. If a signal is

observed in these channels, then an SM+invisible combination becomes very interesting; if

no invisible signal is detected then this suggests either altered production cross-sections or

different beyond-the-SM decay modes.

6 Conclusions and discussion

If a Higgs-like particle is observed at the LHC, measuring its properties in detail is impor-

tant for understanding the emerging description of electroweak symmetry breaking. New

physics beyond the Standard Model can distort the Higgs production cross-sections and

branching fractions. The branching fractions of a light Higgs (mh
<∼ 2mW , and in particular

mh ∼ 125 GeV) are particularly sensitive to the existence of new light degrees of freedom,

owing to the small SM width of a Higgs below the W threshold. Searching for beyond-the-

SM decays of a Higgs boson is thus an important cross check of Higgs properties.

We have focused here on light Higgs decay into invisible particles, as (1) these decays

are theoretically well motivated by the existence of dark matter among other considerations,

and (2) the signatures of these decays are relatively clean, allowing sensitivity to branching

fractions Binv = σ × BR(h → inv)/σSM < 1 already at the 7 and 8 TeV LHC. We

have studied the 7 and 8 TeV LHC reach for invisibly decaying Higgs bosons. We have

obtained the current direct upper limits on Binv from experimental searches in j +E/T and
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`+`− +E/T final states, and performed a full detector-level study of the weak vector boson

fusion channel, which is the most sensitive. Our analysis of the WBF channel is the first

study at 7 and 8 TeV for the signal h→ invisibles. We find, after inclusion of the gg → h+

jets contribution to the signal and arguing for the use of reweighted γ+ jets to reduce the

systematic errors in the Z,W+jets backgrounds, that invisible Higgs branching fractions as

low as Binv>∼ 0.4 can be excluded with 20 fb−1 of data at 7 and 8 TeV for all Higgs masses

below 170 GeV.

Finally, we have considered the complementarity between searches in visible and in-

visible channels. If the branching ratios are highly mixed, then the hypothesis of invisible

Higgs decays (as opposed to direct suppression of the Higgs production cross section) can

be efficiently tested by a combination of the two types of channels. The interesting question

of establishing whether Higgs production and decay are indeed SM-like is thus one that

the LHC can begin to usefully address even in the low-energy run.
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