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Higgs to invisible decay
•Key to Beyond-SM physics 

•Negligible SM B.R. ~0.1% (H→ZZ*→4ν) 
•Very interesting connection to Dark Matter: 
if mDM<mH/2, anomalous decay BR to DM 
•Testable at hh, eh, and ee colliders
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Signal

• We focus on 𝑁𝐶: ℎ → ɆT
• We emulate Higgs invisible decay by SM process NC: 𝐻 → 𝑍𝑍 → 4𝜈

assumed a branching ratio of 100%

𝑁𝐶: ℎ → ɆT 𝑁𝐶:𝐻 → ZZ → 4ν

Standard model processHiggs invisible decay

DM

DM

SM

SM Collider search

Astrophysical search

U
nd

er
gr

ou
nd

 d
et

ec
tio

n



Higgs to invisible in ep
•NC ZZ fusion: eq → eqZZ → eqH (20fb at LHeC) 
•CC WW fusion has larger xsec, but the signature 
is mono-jet → hard to separate from SM CC DIS 
•Signature: e+jet+MissET, main background from 
SM W and Z production (W→lν/ Z→νν)
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シグナル 

7 

ヒッグス粒子消失崩壊モード 

10年間(1ab-1)を想定し、以降の図では分岐比100%として規格化している 

特徴：電子1つ、ジェット1つ、missing 𝐸𝑇 

missing 𝐸𝑇 

one electron 

one jet 

•Unlike ee-collider, 
‘recoil mass’ cannot be 
reconstructed due to 
unknown Bjorken-x



Studies for ep colliders
•Y.Tang, C.Zhang, C.Zhu Phys. Rev. D94 (2015) 011702 
‒ Parton-level study at LHeC (60GeV+7TeV), pol=-0.9 
‒ Following background processes considered 

•NC W (Wje), CC W (Wjν), NC Z (Zje) 

‒ 2σ(~95%CL) upper limit BR < 6% for 1ab-1 (10 years)  

•Studies by Tokyo Tech students (this talk)     pol=-0.8 
‒ Standard ‘LHeC WG tools’: MadGraph+Pythia+Delphes 
‒Also following b.g. MC considered 

•Single top, NC multi-jets, W photo-production 
•Turns out to be negligible (but included)
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Selection variables (1)
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Events/1ab-1 

missing 𝐸𝑇(GeV) 

事象選別(Ɇ𝑇 > 60 GeV) 

10 

中性流深非弾性散乱(𝑒 + 1𝑗𝑒𝑡)と 
区別するために、missing 𝐸𝑇 が 
大きいことを要求 

𝑒 + 1𝑗𝑒𝑡 生成事象 

one electron 

one jet 

事象選別( 𝜙𝑗 − 𝜙𝑒 < 1.9) 
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Events/1ab-1 

𝜙𝑗 − 𝜙𝑒 (rad) 

ヒッグス粒子の運動方向には、 
消失エネルギーが生じる 

|𝜙𝑗 − 𝜙𝑒|は小さくなる 

運動量保存則 

|𝜙𝑗 − 𝜙𝑒|小さい 

⊥ビーム軸 

事象選別(𝜂𝑗 − 𝜂𝑒 > 3.0) 

𝜂𝑗 − 𝜂𝑒 

Events/1ab-1 

• 𝐸𝑝(7𝑇𝑒𝑉) ≫ 𝐸𝑒(60𝐺𝑒𝑉) 

𝜂𝑗  は大きくなる 

• シグナルはt-channel 

𝜂𝑒 は小さくなる 

電子(60GeV) 陽子(7TeV) 

擬ラピディティ η ： 

25 

事象選別(−1.1 < 𝜂𝑒 < 1.5) 

𝜂𝑒  

Events/1ab-1 

• シグナルはt-channel 

𝜂𝑒 は小さくなる 

60GeV 

20GeV 
𝜂𝑒 ∼ −1.8 

電子(60GeV) 陽子(7TeV) 

擬ラピディティ η ： 

27 



𝑀𝑒𝑗  

Events/1ab-1 

𝑀𝑒𝑗(GeV) 

Events/1ab-1 

𝑀𝑒𝑗(GeV) 
Cut-base MVA 

シグナル：1474 
バックグラウンド：1937 

シグナル：2821 
バックグラウンド：5855 

Selection variables (2)

6

結果 
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Events/1ab-1 

𝑀𝑒𝑗(GeV) 

𝑀𝑒𝑗 = 𝐸𝑒 + 𝐸𝑗
2
− 𝑝 𝑒 + 𝑝 𝑗

2
 

• 𝜙𝑗 − 𝜙Ɇ𝑇 > 1.5 
• Ɇ𝑇 > 60GeV 
• 𝜂𝑗 − 𝜂𝑒 > 3.0 
• 𝜙𝑗 − 𝜙𝑒 < 1.9 
• −1.1 < 𝜂𝑒 < 1.5 

• 0.09 < 𝑦𝑒 < 0.55 
• 𝑁𝑒 = 1 
• 𝑁𝜇 = 0 
• 𝑁𝜏 = 0 
• 𝑁𝑗 = 1 

全事象選別 

事象 全事象選別適用後のイベント数(1ab-1) 
シグナル(崩壊分岐比100%) 1474 

𝑊𝑗𝑣バックグラウンド 512 

𝑍𝑗𝑒バックグラウンド 323 

𝑊+𝑗𝑒バックグラウンド 737 

𝑊−𝑗𝑒バックグラウンド 313 

・・・ ・・・ 

バックグラウンドの合計 1937 

事象選別(0.09 < 𝑦𝑒 < 0.55) 
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非弾性度 𝑦𝑒  

Events/1ab-1 

運動量移行 𝑄2 ： 

陽子内部構造の位置分解能に 
対応する値 

𝐵𝑗𝑜𝑟𝑘𝑒𝑛 𝑥 ： 
陽子の運動量に対して 
パートンが持つ運動量の割合 

非弾性度 𝑦 ： 

0 → 𝑦 →1 
弾性的 非弾性的 

重い粒子( 𝐻 )を作る 

𝑥 が大きいパートンが必要 

𝑦 は小さくなる ye

Events/1ab-1 Events/1ab-1 

𝜙𝑗 − 𝜙Ɇ𝑇 (rad) 𝜙𝑗 − 𝜙Ɇ𝑇 (rad) 

事象選別( 𝜙𝑗 − 𝜙Ɇ𝑇 > 1.5rad) 

23 

𝑒 + 𝑚𝑢𝑙𝑡𝑖𝑗𝑒𝑡(𝑖𝑛𝑠𝑖𝑑𝑒)生成事象のmissing 𝐸𝑇の 
起源はジェットの一部の測定ミス 

𝜙𝑗 − 𝜙Ɇ𝑇 は大きくなる ⊥ビーム軸 

rad)

After all cuts (signal BR=100%)                  



Cut-based selection result
•S ~ 1500 (for BR=100%), B ~ 1900 events 
•2σ upper limit on BR ~ 6% (stat. error only) 
•Syst. on b.g. should be controllable from other 
W and Z decay channels (μν, μμ, etc.)

7
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Cross Section (fb) Basic Cuts /ET > 70 GeV I > 1 ⌘j � ⌘e > 3.0 ��ej < 1.2 ⌘e 2 [�1.2, 0.6] y 2 [0.06, 0.5] Lepton Veto

Signal (C2
MET = 1) 16.1 8.80 8.23 4.68 2.37 2.16 1.77 1.77

Wje 816 158 143 51.7 13.9 11.3 9.13 1.96

Wj⌫ 192 102 101 5.68 2.36 1.33 0.387 0.387

Zje 42.7 13.8 12.1 1.64 0.683 0.464 0.326 0.326

TABLE I: The cross section (in unit of fb) of the signal and major backgrounds after application of each cut in the corresponding
column. Other backgrounds contribute less than 0.1 fb in total after all cuts and are not displayed in the table.

We assume additional electrons satisfying pT > 7 GeV
and |⌘| < 5.0 and muons satisfying pT > 5 GeV and
|⌘| < 5.0 can all be vetoed. As to the ⌧ decay, we
adopt the collinear approximation in which we simply
assume on average the visible electron or muon from ⌧
decay carries 1/3 of the parent ⌧ momentum and the
visible part of a hadronically decaying ⌧ carries 1/2 of
the parent ⌧ momentum. We consider a 70% tagging
e�ciency [67] for a hadronically decaying ⌧ for the veto
purpose, if the ⌧ lepton satisfies pT,⌧had-vis > 20 GeV and
|⌘| < 5.0 (pT,⌧had-vis denotes the transverse momentum of
the visible part of the hadronically decaying ⌧). We note
that we have allowed the lepton veto capability to extend
to |⌘max| = 5.0, in contrast to the commonly assumed
|⌘max| = 2.5 assumed in the usual LHC analysis. This is
due to the expected very large pseudorapidity coverage of
the LHeC tracking detector and muon detector [46, 68].

In the sequence of cuts listed above, /ET > 70 GeV and
the missing energy isolation requirement will significantly
suppress the e+multijet background. When calculating
the missing energy the electron and hadronic ⌧ which
satisfy |⌘| < 5.0 but fail to be identified are counted in
the pT balance while muons which fail to be identified are
always excluded in the pT balance. The pseudorapidity
gap requirement, azimuthal angle di↵erence cut are
analogous to |⌘j1�⌘j2 | and �jj cuts employed in the LHC
VBF search for an invisible Higgs boson [10]. They are
very e↵ective in reducing all three major backgrounds.
Then we try simple kinematic variables like the electron
pseudorapidity ⌘e and inelasticity y to further enhance
the statistical significance. To motivate those cuts
beyond the counterparts of the usual ones employed in
the VBF search for an invisible Higgs at the LHC, we plot
the ⌘e, y distribution of the signal and major backgrounds
in FIG. 2 (left and middle) just before applying the
correspongding cuts. The signal and background cross
sections after each cut are listed in Table I, in which the
signal cross section is calculated assuming C2

MET = 1.
We note that if we target C2

MET = 0.06, we will get
an expected signal cross section of 0.106fb and total
background cross section 2.761fb (we have included here
about 0.1 fb contribution from other minor backgrounds),
thus S/B ⇡ 3.8%, and with an integrated luminosity
of 1 ab�1 the expected statistical significance will reach
Z = 2.00. We also plot the significance contour for a
targeted range of C2

MET and the luminosity parameter in
FIG. 3.
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FIG. 3: The expected significance contour for an invisible
Higgs at the LHeC. The colors indicate the value of the
expected statistical significance with the correspondence
displayed by the scale on the right.

III. DISCUSSION AND CONCLUSION

In this letter we have studied at the parton level
the possibility of using the LHeC to search for an
invisibly decaying Higgs boson and find that the LHeC
has promising potential to discover or constrain this
important exotic Higgs decay mode. The ⌘e cut
and the inelasticity cut are found to be very e↵ective
in suppressing the Wj⌫ background which has no
counterpart in the VBF search for an invisible Higgs at
the LHC. After all selection cuts the largest background
turns out to be the Wje process in which the charged
leton (especially ⌧) from W boson decay fails to be
identified. In fact this Wje process finally constitutes
about 70% of the total background. We take advantage
of the expected large acceptance of the LHeC tracking
detector and muon detector, with which the lepton veto
is able to remove nearly 80% of the Wje background.
Especially we find that the lepton veto capability in the
forward region ⌘ 2 [2.5, 4.0] is essential. To illustrate
this point we plot the pseudorapidity distribution of
the ⌧ lepton from the W boson decay in the Wje
background (FIG. 2 (right)). Due to lepton universality
this also represents the pseudorapidity distribution of
the electron/muon from W boson decay in the Wje
background. From the plot it is clear that the charged
lepton from W boson decay in Wje background are
mostly distributed in ⌘ 2 [0.0, 4.0] and large portions
of events still reside in ⌘ 2 [2.5, 4.0]. If the lepton veto
is only possible in ⌘ 2 [�2.5, 2.5], the total background

Significance as a function of 
luminosity and BR
(from Phys. Rev. D94, 011072)



BDT selection (TMVA)
•Same set of input variables used 

•S ~ 2800 (BR=100%) B ~ 5900 for 1ab-1 
•2σ upper limit on BR ~ 5.5% 
•Optimization of BDT config. also tried

8

多変数解析 

MCサンプル: 
シグナルとバックグラウンド 
(レプトンとジェットの本数についての 
事象選別はすでに入っている) 

入力変数: 

𝜙𝑗 − 𝜙Ɇ𝑇 , 𝑚𝑖𝑠𝑠𝑖𝑛𝑔 𝐸𝑇, 𝜂𝑗 − 𝜂𝑒, 
𝜙𝑗 − 𝜙𝑒 , 𝜂𝑒, 𝑦𝑒 

(事象選別で使用した変数) 

15 

𝑍 =
𝑁𝑠

𝑁𝑏
=

2821 × Br(ℎ → Ɇ𝑇)
5885

 Br ℎ → Ɇ𝑇 ∼ 5.44% 
※Br ℎ → Ɇ𝑇 ∼ 5.97% (cut-based) 

2σの場合 

事象選別(Score > 0.2): 

ROOTのMVAパッケージを使用して解析を行った 

𝑀𝑒𝑗  

Events/1ab-1 

𝑀𝑒𝑗(GeV) 

Events/1ab-1 

𝑀𝑒𝑗(GeV) 
Cut-base MVA 

シグナル：1474 
バックグラウンド：1937 

シグナル：2821 
バックグラウンド：5855 

BDT > 0.2

Signal BR=100%



Higher proton beam energy

•LHeC (7TeV) σ~20fb, BR < 5.5% (BDT) 

•DLHC (14TeV) σ~45fb. BR < 3.4% (BDT) 
•FCC-eh (50TeV) σ~120fb, BR < 1.7% (BDT)

9

BDT output distribution
9

LHeC
score > 0.25 Double_LHC

score > 0.15

FCC
score > 0.25

Delphes card
LHeC, Double_LHC 
“delphes_card_LHeC_PK_V2_eFilter.tcl”
FCC 
“delphes_card_FCCeh_PK_finalHFL.tcl”

BDT output distribution
9

LHeC
score > 0.25 Double_LHC

score > 0.15

FCC
score > 0.25

Delphes card
LHeC, Double_LHC 
“delphes_card_LHeC_PK_V2_eFilter.tcl”
FCC 
“delphes_card_FCCeh_PK_finalHFL.tcl”



Comparison w/ other colliders
•Current LHC limit ~ 25% (95% CL) 
ATLAS:  JHEP 11 (2015) 206 
•Prospect at HL-LHC ~ 3.5%  
C. Bernaciak et al.,  
Phys. Rev. D91 (2015) 035024 
•Prospect at FCC-ee ~ 0.63%  
O. Cerri et al., EPJC77 (2017) 116 　 →

10
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Fig. 5 Missing mass distribution for a H → inv 100% branching ratio
and standard cuts. ILD-like detector was used for this simulation and a
luminosity of 3.5 ab−1 assumed

BR5σ @I LD = 1.7 ± (0.1)stat%

for the ILD-like detector. Given the high resolution expected
for ILD-like, a bin size of 200 MeV has been assumed for the
template fit. The systematic uncertainty related to the binning
of the templates and the measured energy scale is evaluated
varying the bin width by±50 MeV and shifting the bin centre
up and down by half a bin width. It is found to be negligible.

For comparison, the corresponding results for a CMS-like
detector and using the same integrated luminosity are:

BRlim95%@CMS= 0.92 ± (0.32)stat%

BR5σ @CMS= 2.5 ± (0.2)stat%.

These limits on BR(H → inv) are at least an order of
magnitude better than the projected precision reachable with
the completion of HL-LHC (see Table 2 in [19]). They can be
compared directly to ILC sensitivity discussed in [14] where
the analysis performed considering only the decay channels
Z → e+e−and Z → µ+µ−excludes at 95% a branching
fraction BR(H → inv) of 3.5% using 250 fb−1 at 240 GeV.

5.2 Expected sensitivity to Higgs Portal models of Dark
Matter

Under the assumption of SM production cross section, exper-
imental upper limit on the H →inv branching fraction can
be used to set a limit on DM-nucleon scattering cross sec-
tion. This allows to compare the FCC-ee sensitivity to that
of direct-detection experiments underground [20– 29], lim-
ited to the specific framework of the Higgs portal model, in
which DM particles couple to SM particles only through a
H exchange.

The value of BR(H → inv) is related to the "Inv by the
relation

BRinv = "Inv

"SM + "Inv

where "SM = 4.07 MeV. Assuming that the DM candi-
date has a mass Mχ < mH/2, a value for "Inv can be
directly translated into a value for the spin-independent DM-
nucleon elastic cross section, according to the following rela-
tion (see [30]):

σ SI
S−N = 4"Inv

m3
Hv

2β

m4
N f 2

N

(Mχ + mN)2 (2)

where a scalar (S) DM candidate is assumed (a vector or
fermionic case have also been considered but the scalar case is
the only one derived from a Lagrangian fully renormalizable,
see again [30]). In Eq. 2, mN = 0.939 GeV is the average
nucleon mass,

√
2v = 246 GeV is the H vacuum expec-

tation value and β =
!

1 −4M2
χ/mH 2. The quantity fN

parameterizes the Higgs-nucleon coupling. The nominal val-
ues fN = 0.326 is taken from lattice calculations [31], while
the range found for fN by the MILC Collaboration [32],
0.260 < fN < 0.629, is used to estimate a corresponding
uncertainty range.

Following this procedure, the upper limit on BR(H →
inv) discussed in Sect. 5.1 is translated into a bound on the
DM-nucleon cross section. An improvements of about two
orders of magnitude is expected with respect to the current
bounds from H → inv searches at the LHC [9,10], with
3.5 ab−1 of FCC-ee run.

Figure 6 shows the comparison of the bound on the DM-
nucleon cross section obtained with 3.5 ab−1 of FCC-ee run
with the reach of planned direct detection experiments, such
as XENONnT (the upgrade of XENON1T), LZ and DAR-
WIN, which has been elaborated from [33]. Note that in the
comparison we adopt confidence limits of 90% as done by
the other experiments. The FCC-ee sensitivity would remain
competitive for DM masses smaller than 10 GeV.

6 Summary

Assuming an integrated luminosity of 3.5 ab−1 for FCC-ee
at

√
s = 240 GeV with an ILD-like and a CMS-like detector,

we evaluate the discovery and exclusion reach for invisible
decays of the Higgs boson, using the process e+e−→ HZ ,
and considering only the decay channels Z → e+e− and
Z → µ+µ−. The analysis is based on a template fit, in
which the signal and background distributions are assumed
to be well known from accurate detector simulations and
studies of data control samples. The results are summarized
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(bb̄)(⌧+
⌧
�), (⌧+

⌧
�)(⌧+

⌧
�), (jj)(��), and (��)(��) de-

cay channels. For a decay topology of h ! 2 ! 3 ! 4
where intermediate resonances are involved, we choose
the lightest stable particle mass to be 10 GeV, the mass
splitting to be 40 GeV and the intermediate resonance
mass to be 10 GeV, which applies to (bb̄)+/ET, (jj)+/ET,
(⌧+

⌧
�)+/ET. For a decay topology of h! 2! (1+3), we

choose the lightest stable particle mass to be 10 GeV and
the mass splitting to be 40 GeV, which applies to bb̄+/ET,

jj+ /ET, ⌧+
⌧
�+ /ET. For the Higgs invisible decays, we

take the best limits in the running scenario ECFA16-S2
amongst the Zh associated production and VBF search
channels [12–14].

For the Higgs invisible decays at lepton colliders, we
quote the limits from current studies [16–18]. These lim-
its do not depend on the invisible particle mass using the
recoil mass technique at lepton colliders.

HL-LHC
CEPC
ILC(H20)
FCC-ee

MET (bb)+MET
(jj)+MET

(ττ)+MET
bb+MET

jj+MET
ττ+MET

(bb)(bb)
(cc)(cc)

(jj)(jj) (bb)(ττ)
(ττ)(ττ) (jj)(γγ) (γγ)(γγ)

10-5

10-4

10-3

10-2

10-1

1

B
R
(h
→
E
xo
tic
s)

95% C.L. upper limit on selected Higgs Exotic Decay BR

Fig. 12. The 95% C.L. upper limit on selected Higgs exotic decay branching fractions at HL-LHC, CEPC, ILC and
FCC-ee. The benchmark parameter choices are the same as in Table 3. We put several vertical lines in this figure
to divide di↵erent types of Higgs exotic decays.

From this summary in Table 3 and the correspond-
ing Fig. 12, we can clearly see the improvement in exotic
decays from the lepton collider Higgs factories. These
exotic Higgs decay channels are selected such that they
are hard to be constrained at the LHC but important for
probing BSM decays of the Higgs boson. The improve-
ments on the limits of the Higgs exotic decay branch-
ing fractions vary from one to four orders of magni-
tude for these channels. The lepton colliders can im-
prove the limits on the Higgs invisible decays beyond the
HL-LHC projection by one order of magnitude, reach-
ing the SM invisible decay branching fraction of 0.12%
from h ! ZZ

⇤
! ⌫⌫̄⌫⌫̄ [56]. For the Higgs exotic de-

cays into hadronic particle plus missing energy, (bb̄)+/

ET, (jj)+/ET and (⌧+
⌧
�)+/ET, the future lepton colliders

improve on the HL-LHC sensitivity for these channels by
roughly four orders of magnitude. This great advantage
benefits a lot from low QCD background and the Higgs
tagging from recoil mass technique at future lepton col-
liders. As for the Higgs exotic decays without missing
energy, the improvement varies between two to three or-
ders of magnitude, except for the one order of magnitude
improvement for the (��)(��) channel. Being able to re-
construct the Higgs mass from the final state particles
at the LHC does provide additional signal-background
discrimination power and hence the future lepton collid-
ers improvement on Higgs exotic decays without miss-

ing energy is less impressive than for those with missing
energy. Furthermore, as discussed earlier, leptons and
photons are relatively clean objects at the LHC and the
sensitivity at the LHC on these channels will be very
good. Future lepton colliders complement the HL-LHC
for hadronic channels and channels with missing ener-
gies.

There are many more investigations to be carried
out under the theme of Higgs exotic decays. For our
study, we take the cleanest channel of e+e� !ZH with
Z ! `

+
`
� and h !exotics up to four-body final state,

but further inclusion of the hadronic decaying spectator
Z-boson and even invisible decays of the Z-boson would
definitely improve the statistics and consequently result
in better limits. As a first attempt to evaluate the Higgs
exotic decay program at future lepton colliders, we do
not include the case of very light intermediate particles
whose decay products will be collimated, but postpone
this for future study when the detector performance is
more clearly defined. There are many more exotic Higgs
decay modes to consider, such as Higgs decaying to a
pair of intermediate particles with un-even masses [25],
Higgs CP property measurements from its decay di↵eren-
tial distributions [57–60], flavor violating decays, decays
to light quarks [61], decays into meta-stable particles,
and complementary Higgs exotic productions [62]. Our
work is a first systematic study evaluating the physics
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How does LHC do (now)?
•Current ATLAS limit from VBF~ 28% (95% CL) 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Figure 1: Example Feynman diagrams for the VBF H(! invisible) signal and the vector-boson backgrounds.

shower and hadronization, and Jimmy [74] to model the underlying event, whereas the WW, WZ, and ZZ
(! ``qq, ⌫⌫qq) processes are generated together with EW W+jets and Z+jets samples. Diboson WW, WZ
and ZZ (! ``qq, ⌫⌫qq) samples generated using Sherpa-1.4.5 with CT10 PDFs and normalized to NLO
in QCD [75] are used as a cross-check. Multijet and �+jet samples are generated using Pythia-8.165 with
CT10 PDFs.

4 Event selection

The data used in this analysis were recorded with an Emiss
T trigger during periods when all ATLAS sub-

detectors were operating under nominal conditions. The trigger consists of three levels of selections. The
first two levels, L1 and L2, use as inputs coarse-spatial-granularity analog (L1) and digital (L2) sums
of the measured energy. In the final level, calibrated clusters of cell energies in the calorimeter [76] are
used. At each level, an increasingly stringent threshold is applied. The most stringent requirement is
Emiss

T >= 80 GeV. Because of further corrections made in the o✏ine reconstructed Emiss
T and the resolu-

tions of the L1 and L2 calculations, this trigger is not fully e�cient until the o✏ine Emiss
T is greater than

150 GeV.

Jets are reconstructed from calibrated energy clusters[77, 78] using the anti-kt algorithm [79] with radius
parameter R = 0.4. Jets are corrected for pileup using the event-by-event jet-area subtraction method [80,
81] and calibrated to particle level by a multiplicative jet energy scale factor [77, 78]. The selected jets are
required to have pT > 20 GeV and |⌘| < 4.5. To discriminate against jets originating from minimum-bias
interactions, selection criteria are applied to ensure that at least 50% of the jet’s summed scalar track pT,
for jets within |⌘| < 2.5, is associated with tracks originating from the primary vertex, which is taken to
be the vertex with the highest summed p2

T of associated tracks. Information about the tracks and clusters
in the event is used to construct multivariate discriminators to veto events with b-jets and hadronic ⌧-jets.
The requirements on these discriminators identify b-jets with 80% e�ciency (estimated using tt̄ events)
[82–84], one-track jets from hadronic ⌧ decays with 60% e�ciency (measured with Z ! ⌧⌧ events), and
multiple-track jets from hadronic ⌧ decays with 55% e�ciency [85].

Electron candidates are reconstructed from clusters of energy deposits in the electromagnetic calorimeter
matched to tracks in the inner detector [86]. Muon candidates are reconstructed by requiring a match
between a track in the inner detector and a track in the muon spectrometer [87].

The selection defines three orthogonal signal regions (SR), SR1, SR2a and SR2b. They are distinguished
primarily by the selection requirements on the invariant mass m j j of the two highest-pT jets and their
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Figure 6: Data and MC distributions after all the requirements in SR1 for (a) Emiss
T and (b) the dijet invariant mass

mj j. The background histograms are normalized to the values in Table 8. The VBF signal (red histogram) is
normalized to the SM VBF Higgs boson production cross section with BF(H ! invisible) = 100%.
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Connection with DM search
•Example from FCC-ee 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→ complementary to direct searches at low mDM
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Fig. 6 Bounds on DM—nucleon cross section limits that can be set
after 3.5 ab−1 of data acquisition at FCC-ee with an ILD-like detector
compared to the projection of underground direct detection experiments

Table 1 Discovery and exclusion reach for invisible decays of the Higgs
boson for 3.5 ab−1 of data acquisition at FCC-ee, using the process
e+e− → HZ , and considering only the decay channels Z → e+e−

and Z → µ+µ−

BR95%limit BR5σ

CMS-like 0.92 ± 0.32% 2.5 ± 0.2%

ILD-like 0.63 ± 0.22% 1.7 ± 0.1%

in Table 1. It is worth mentioning that it is possible to improve
these results by including hadronic Z decays in the analysis.

The limits of Table 1 are translated into the expected bound
on DM-nucleon cross section within the framework of Higgs-
portal models. The FCC-ee sensitivity projects to an improve-
ment by two orders of magnitude with respect to the LHC
bounds currently available and remains competitive with the
reach of planned direct detection experiments for DM masses
smaller than about 10 GeV.
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Appendix A: Comparison between CMS-like and
ILD-like designs

The numerical results shown in Sect. 5 shows that an ILD-like
detector design allows to improve by ≈50% the results of a
CMS-like detector. This improvement has two causes: (i) the
better tracking resolution reduces the width of the Mmiss sig-
nal peak; (ii) the ILD-like reconstruction benefits of a larger
efficiency for the lepton reconstruction and identification.

In this appendix, we discuss briefly the impact of the track-
ing resolution on the Mmiss signal distribution. In an ideal
situation, one would push for the best possible tracking res-
olution. On the other hand, in final states like the one consid-
ered in this study the experimental resolution also depends on
the knowledge of the collision energy. At a high-luminosity
e+e−collider, beam-beam interactions introduce an energy
spread which randomizes the electron and positron momenta.
The typical spread is quite small (0.2%) and when computing
the missing mass with a CMS-like detector this effect is not
visible in the missing mass resolution. However, the energy
spread becomes a limiting factor if one pushes the tracking
resolution at the high-precision expected for the ILD-like
design.

To show the interplay between tracking resolution and
energy spread, we compare in Fig. 7 the Mmiss distribu-
tion in three scenarios: (i) an ILD-like detector taking data
at an e+e−collider with no energy spread; (ii) the same
ILD-like detector taking data at the FCC-ee, collider with
energy spread 0.17% per beam, resulting in 0.12% on the
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Conclusions
•Higgs to invisible decay is an important key to 
physics beyond SM, especially with connection 
to DM 

•Negligible SM BR (0.1%) 

•Potential in ep colliders investigated in NC ZZ 
fusion production (e + jet + missET) 

•At LHeC, upper limit ~5% can be obtained, 
while <2% can be achieved at FCC-eh 

•Good complementarity with hadron colliders, 
with ultimate precision perhaps from ee collider.
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