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‘We propose to probe the Higgs boson decay to invisible particles at a muon collider by observing
the forward muons that are produced in association with the Higgs in the Z-boson fusion channel.
An excellent sensitivity is possible in line of principle, owing to the large number of produced
Higgs bosons, provided a forward muon detector is installed. We find that the resolution on the
measurement of the muon energy and angle will be the main factor limiting the actual sensitivity.

This poses tight requirements on the forward muon detector design.

I. INTRODUCTION

The possibility of building a muon collider with centre
of mass energy of 10 TeV or more and with high lumi-
nosity [1] has received increasing attention in the last
few years and is being actively pursued (see [2] for a re-
view) by the International Muon Collider Collaboration
(IMCC). Such collider would offer innumerable and var-
ied physics opportunities, ranging from the direct access
to the 10 TeV energy scale to the availability of a large ef-
fective luminosity for vector boson collisions at the scale
of 1 TeV or below. The physics potential of the muon
collider as a “vector boson collider” [3] has been outlined
in [4-6] for the search of new particles produced in the
Vector Boson Fusion (VBF) process, for the search for
new phenomena in Standard Model (SM) scatterings ini-
tiated by vector bosons (VBS processes) [7-9] and for pre-
cise measurements of the single Higgs couplings [8, 10].

The VBF or VBS processes are schematically repre-
sented in Fig. 1. They proceed through the collinear
emission of nearly on-shell vector bosons from the incom-
ing muons. The vector bosons collide producing some
final state “X” such as the Higgs boson, in the process
considered in the present work. The on-shell fermion and
anti-fermion emerge from the splitting as real final-state
particles. If the emitted vector bosons are charged W
bosons, the initial muons are turned into invisible neu-
trinos. The emission of neutral bosons such as the Z or
the photon are instead accompanied by potentially de-
tectable final-state muons, offering novel handles for the
observation and the study of VBF and VBS processes.
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FIG. 1. Schematics of an effective Z bosons collision produc-
ing a generic final state X. Z-fusion Higgs boson production,
X = h, is the main focus of the present paper.

The kinematics of the process is conveniently described
in the effective vector boson approximation [11-15] by
factorising the emission of the vector bosons into univer-
sal splitting functions that are independent of the nature
of the subsequent scattering process. The typical trans-
verse momentum of the effective Z boson—and in turn
the one of the final muon— is around the mass of the
boson, p; ~ mgz. The p; spectrum is almost entirely
above one tenth of mz.

The energy of the emitted bosons depends on the in-
variant mass of the X system. If the invariant mass
is of hundreds of GeV or less (e.g., mx = my in the
case of Higgs production), the energy of the Z is a small
fraction of the initial muon energy. Therefore the final
state muon carries away almost all of the beam energy
FEy, = 5 TeV and thus for p; ~ myz it has a small typ-
ical angle 8 ~ p, /Ey, = 18 mrad from the beam line.
The invariant mass myx is larger than hundreds of GeV
if X is a heavy new physics particle or if X consists of
a pair of SM particles and we apply an invariant mass
cut in order to study their interaction with the Z at the



1 TeV scale. In this case, the energy of the final muons
is below the beam energy, the muons are less forward
and a priori easier to detect. An angular coverage for
muon detection up to around a pseudo-rapidity |n| < 7,
ie.0 2 0.1mz/E, = 1.8 mrad, would definitely offer sen-
sitivity to the entire p; spectrum of the forward muons
associated with the emission of effective Z bosons in all
VBF or VBS processes of interest at the muon collider.
An extended angular coverage above pseudo-rapidity
7 could be of interest to study the emission of effective
photons rather than Z bosons, because the effective pho-
ton p, distribution extends much below the 100 GeV
scale, down to the muon mass. However, since the dis-
tribution is logarithmic, good sensitivity to the effective
photon emission is expected even with angular coverage
In| < 7. The observation of forward muons with rapid-
ity up to around 7 or 6 thus signals the occurrence of a
generic “neutral” VBF or VBS process where the collid-
ing bosons could be either Z-bosons or photons, a priori.
In the case of single-Higgs production, photons do not
play any role because their coupling to the Higgs is small.

The current design of the muon collider machine-
detector interface foresees the installation of two conical
absorbers along the beam line—with the tips pointing
towards the interaction point—in order to shield the de-
tector from the radiation induced by the decay of the
colliding muons. The absorbers limit the angular cov-
erage of the main detector to 6 > 10° = 175 mrad [2].
This corresponds to |n| < 2.44, which is not sufficient to
detect the forward muons produced in neutral VBF and
VBS events. Fortunately, TeV-energy muons are pen-
etrating particles that cross the absorbers and possibly
other elements of the collider. Unlike all other species of
particles, whose detection is possible only in the central
region, muons could thus in principle be detected also
in the pseudo-rapidity range from 2.5 to 7 if a dedicated
forward muon detector was installed.

The IMCC plans [2] to study the design of a forward
muon detector, and in fact the possibility of detecting
forward muons has long been included in the muon col-
lider DELPHES card [16, 17]. However, the assessment
of the feasibility and of the performances of such detec-
tor has just started. Studying the physics potential of
the forward muon detector provides useful guidance to
the IMCC design study and informs on the requirements
that would be needed in order to achieve specific goals.

The need for a forward muon detector first emerged [5]
in the study of Higgs portal models. These are important
new physics targets for future colliders aimed at probing
the Higgs sector from multiple angles, including its pos-
sible connections with dark matter. The new physics
particles coupled through Higgs portal interactions are
copiously produced in VBF at the muon collider, but
they must be stable and invisible in order to be a vi-
able dark matter candidate. This motivates searches for
invisible particles produced in the neutral VBF process.
The forward muon detector will enable to tag this oth-
erwise invisible signal and it will also allow to reject the

background by exploiting the kinematics of the forward
muons, provided the forward detector will be equipped to
perform a measurement of the momentum and not just
to identify the muons.

A survey of several physics studies that exploit the
forward muon detector, providing its physics case, is cur-
rently in preparation [18]. Among these studies, the novel
analysis of the SM Higgs decay to invisibles that we pro-
pose in this paper poses the tightest requirements on the
detector performances and in particular on the resolution
of the muon energy and direction measurements.

The decay of the Higgs to invisible particles has not
yet been established experimentally. LHC data result
in an upper bound BRj,, < 0.11 [19] on the invisible
branching ratio at 95% CL. A moderate improvement
is expected at the High-Luminosity LHC (HL-LHC):
BRinv < 0.028 [20, 21], in the most optimistic scenario
for systematic uncertainties. This sensitivity is very far
from the prediction BRZM = 1.2-1073 from the SM de-
cay h - ZZ* — 4v. Among proposed future projects,
electron-positron colliders such as FCC-ee and ILC will
improve the sensitivity down to BRi,, = 31073 [21]
(though a more optimistic study previously claimed ~
1-1073 reach [22]), but only the FCC-hh is expected to
observe the SM invisible decay, with a projected sensitiv-
ity BRiny < 2.5-107% [23] under the hypothesis of vanish-
ing branching ratio. Clearly, after passing the SM thresh-
old the relevant figure of merit becomes the expected sen-
sitivity on the beyond-the-SM (BSM) invisible branching
ratio BREE,M, under the hypothesis of SM branching ra-
tio. The BSM invisible branching ratio is due to the de-
cay of the Higgs to new putative invisible particles, which
may be stable or more generally long-lived, and is defined
by the relation BRy,, = BRSM 4 BRESM A variety of
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new physics scenarios foresee a sizeable BRESM
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bly even larger than the SM component [24, 25]. This
provides a strong theoretical motivation for the study of
invisible Higgs decays. In this paper we quantify the
muon collider sensitivity accounting for all the relevant
backgrounds and realistic beam parameters, as a function
of the angular acceptance and resolution of the putative
forward muon detector.

The paper is organised as follows. We start in Sec-
tion II from an idealised setup where the incoming muons
are perfectly monochromatic and parallel to the beam
axis, and the final state muon angle and energy are mea-
sured perfectly. In Section III we include in the simula-
tions the effect of the finite spread in energy and in angle
of the colliding muon beams. The results obtained with
these simulations provide the best attainable sensitivity
with a forward detector that measures the momentum
of the forward muons extremely precisely. Possibly real-
istic resolutions, included in Section IV, will emerge as
the main factor limiting the sensitivity. We summarise
our findings in Section V. The effect of variations of the
assumed performances of the main detector, and sensi-
tivity projections at a 3 TeV muon collider, are described
in Appendix A and B, respectively.



II. TRUTH-LEVEL DISTRIBUTIONS

In this section we study the signal u™p~ — pTu~h
with the Higgs decaying invisibly, and the relevant back-
grounds, in an idealised setup where beam particles have
exactly Ey, = 5 TeV energy, and momentum along the
beam axis. We also ignore the uncertainties in the mea-
surement of the final muons.

We consider events characterised by the detection of
two opposite-charge muons, and a veto on any other ob-
ject (photon, jet or lepton) within the coverage |n| < 2.44
of the main detector. The energy or transverse momen-
tum threshold above which the veto is effective will have
to be estimated by a full simulation of the main detec-
tor, once available. We assume a common threshold of
p1 > 20 GeV for all objects and study departures from
this value in Appendix A. We consider final-state muons
in opposite hemispheres (i.e., 7,,+ -7,- < 0) with absolute
pseudo-rapidity |7,| up to 7, and study in Section IV the
impact of a reduced angular acceptance for the forward
muon detector. We further require a lower energy thresh-
old, I/, = > 500 GeV, for the muons to cross the absorbers
and be detected. The contribution from virtual photons
splitting to u*u~ (or from Z bosons decay) is eliminated
by a loose angular separation cut AR,,, > 0.4. These se-
lections define the “baseline” cuts for our analysis.

On top of the kinematic properties of the individual
muons, signal and backgrounds are conveniently charac-
terised and discriminated by the invariant mass M,,,,, the
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azimuthal angular distance A¢,, and the total trans-
verse momentum P = (p,+ + p,-)L of the p*pu~

pair. Other useful variables are the minimal muon en-
ergy, Eg‘in =min (E,-, E,+), and the Missing Invariant
Mass (MIM)

MIM = /[(AP)?|, AP = (2Eb76) —Put —Pu—> (1)
where 2F}, = 10 TeV is the nominal centre of mass energy
of the collider. AP is the difference between the total 4-
momentum of the incoming muons with nominal energy
and the total 4-momentum of the final muons. The abso-
lute value in Eq. (1) ensures that MIM remains real and
positive even in the presence of beam energy spread and
experimental smearing of the final state muon momenta.

Monte Carlo (MC) data samples for signal and back-
grounds are generated using MadGraph5_aMC@NLO [26].
Photon showering from PYTHIA8 [27] is also performed
on the signal and on some of the background samples
(see below). Both final state radiation (FSR) and ini-
tial state radiation (ISR) showering are included. The
backwards evolution needed for ISR requires the muon
parton distribution function (PDF) of the muon to be
employed in the fixed-order event generators. This is
achieved in MadGraph by a simple modification of the
electron PDF implementation [28]. The relevant distri-
butions for the signal are shown in black in Fig. 2. The
total cross-section is 62 fb for unit branching ratio of
the invisible decay of the Higgs, after the baseline cuts

described above and P{* > 50 GeV. The signal is char-
acterised by a muon pseudo-rapidity between around 2.5
and 7, in accordance with the estimates described in the
Introduction. The muon p, is of order my as previ-
ously discussed, thus P{"* is of order hundred GeV as the
figure shows. Relevant backgrounds are those processes
that can produce a forward and energetic u* ™ pair, but
with some momentum unbalance in the transverse plane.
They fall into two categories.

The first class of backgrounds are those processes
that produce invisible neutrinos, namely the final state
uTp~vo shown in orange in Fig. 2. While we simulate
this final state as a single process, we notice that it con-
tains a number of different components. Subprocesses
where the neutrinos are emitted from the decay of a Z bo-
son dominantly emerge from the radiation of the Z from
the elastic scattering u™pu~ — puTu~. They are charac-
terised by a resonant Z-pole peak in the MIM distribu-
tion, while the signal peaks at MIM = mj. However, we
will see in the following section that the energy spread of
the muon beams eliminates these narrow peaks. The sec-
ond component of the up~ v background emerges from
the W boson produced in vW fusion, or radiated from
the elastic muon scattering, and decaying as W — puwv.
These processes produce a continuous spectrum in M,,,,
and in MIM. A third component of the process comes
from Z bosons or low-virtuality photons emitted from
the elastic process and decaying to muons. This compo-
nent is however eliminated by the AR, and E,+ cuts.

The top left panel in Fig. 2 shows that the P{"** distri-
bution of the u+u~ v background is very similar to the
one of the signal. On the other hand, P/ is an important
discriminant for other backgrounds, discussed below. For
this reason, in Fig. 2 we show (with solid lines) the effect
of a P{"* > 50 GeV cut on the distributions. The cut has
little impact on the u™u~ v background.

The second class of backgrounds are processes where
the p+ ™ pair is produced in association with any type
of object that cannot be vetoed because it falls outside
the angular acceptance of the main detector or because
it is softer than the assumed 20 GeV p, threshold.

The muons must be forward (while still below |1, | = 7)
for the process to be relevant. This naturally occurs for
neutral VBF or VBS processes initiated by virtual Z or
photons. The largest such process is ptu~ — ptp=ff,
where f denotes any light quark or lepton with the ex-
ception of the muons, which are detected in the forward
region. This final state includes VBF Higgs production
with the Higgs decaying to bb or 717~ as a subdominant
contribution. It also includes the production of a virtual
photon decaying to ff. The corresponding singularity is
eliminated by a 10 GeV cut on the invariant mass of the
ff pair. The ptpu~ — ptpu~ process, discussed later
in this section, accounts for the region below the cut.
We also include the u™p~ — utp~WTW = background,
which is the largest vector boson or Higgs pair production
process in neutral VBF [7]. This is estimated under the
conservative assumption that all the W bosons emitted
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Key kinematic distributions at truth level. The signal cross section corresponds to BRiny = 1. In the top left panel,

only baseline cuts are applied (i.e., |nu| <7, n,+ -1,- <0, AR, > 0.4 and E,+ > 500GeV, plus the veto with p, > 20 GeV
and |n| < 2.44). In all the other panels, dashed lines correspond to baseline cuts, while solid lines also include P{** > 50 GeV.

outside the angular acceptance or with a p; lower than
the threshold will pass the veto. Even with this setup,
the pTu~WTW~ background will be found to play a
minor role for the sensitivity.

We have been unable to include photon showering in
the utp~ ff process, which is thus simulated purely at
tree-level and without muon PDFs. The first technical
issue we encountered is that MadGraph event generation
fails for this process when employing the muon PDFs,
while PDFs are essential for ISR showering as previ-
ously mentioned. With PDF's, generation succeeds only

with relatively strong lower p, cuts on all the final par-
ticles, in addition to the muon acceptance cut and the
cut on the ff invariant mass. A second more conceptual
difficulty concerns the choice of the showering scale in
PYTHIA8. A large component of the process emerges from
the vy — ff fusion of low-virtuality effective photons.
This is effectively an electromagnetic radiation process in
itself, such that the adequate showering scale for photon
radiation from the muon legs should be commensurate to
the virtuality of the splitting rather than to the hardness
of the final fermions. A sophisticated showering scheme



should be adopted, which however does not seem to be
easily available in PYTHIA8. We consider that this lim-
itation of the simulation will not harm the accuracy of
our results, because the effects of showering are minor in
general and because pu~ ff will turn out not to be the
dominant background.

Elastic scattering u*u~ — pTup~ also produces for-
ward muons due to the t-channel enhancement. The
emission of real photons that are either too soft or too
forward to be detected generates a significant amount of
MIM and Pi*. Ideally, one would like to simulate this
process by generating a merged sample of u*u~ — ptpu”
plus additional photons and match it with QED shower-
ing. However, this is not straightforward to achieve with
any of the currently available multi-purpose MC genera-
tors, in contrast with the case of QCD radiation. We then
proceed as follows. We first generate a sample without
extra photons and shower it with PYTHIA8.! This pro-
duces the P distribution shown in brown color in the
top left panel of Fig. 2. The distribution extends above
around 50 GeV, where the signal starts, but with a very
weakly populated tail that makes event generation above
the analysis cut P > 50 GeV cumbersome. Further-
more, showering is arguably not the adequate description
of the process in the large P tail. We thus simulate
the tree-level process umpu~ — ptu~y with a lower cut
of 10 GeV on the photon p; and on the photon-muon
invariant mass in order to avoid the showering region.
The resulting p™p~7 simulation reproduces the results
of showering quite well for P{"** ~ 50 GeV, but with a big-
ger tail for large P/""*. We employ the former simulation
for the description of the elastic scattering background
and we do not include the u*tp~ showered sample to
avoid double-counting.?

The most peculiar feature of the 4+~ background is
the sharp peak at MIM = m., = 0. This peak is unphys-
ical because it would be smeared out by the radiation
of extra photons, which is not present in our purely tree-
level simulation. However, the smearing due to showering
is subdominant to the one due to the finite energy spread
of the incoming muons, to be discussed in the next sec-
tion. The tree-level modelling of the MIM distribution is
thus adequate, as we also verified explicitly by compar-
ing with showered event samples. We also generated the
process with one extra matrix-element photon emission,
wr vy, and checked that its addition does not affect
the distributions after beam effects are included.

The WHIZARD [29, 30] package has been employed to
validate the distributions of the signal and of some of the
backgrounds. An extensive and detailed comparison be-
tween MadGraph5_aMC@ONLO and WHIZARD predictions will
be presented elsewhere [18].

1 The PYTHIAS8 settings must be modified to enforce the ¢ Mandel-
stam variable as the cutoff of the shower. We verified that our
results agree with the native PYTHIA8 T u™ process results.

2 Including this sample as an additional background is found not
to affect our results, because it is subdominant to putpu~~.

IIT. BEAM EFFECTS

The truth-level MIM distributions in Fig. 2 offer in
principle a very good handle to discriminate the signal
from the backgrounds. However, the characteristic MIM
shapes of the signal and of the backgrounds at around
100 GeV are highly sensitive to any imperfections in the
knowledge of the final and of the initial muon momenta,
because of cancellations, as we will readily see. It is thus
mandatory to include in the simulations a realistic treat-
ment of the muon beams, accounting for the finite beam
energy spread (BES) and beam angular spread (BAS) at
the interaction point. At a high-energy muon collider,
their size is expected to be dE/E = dpgs = 0.1% and
d6 = 0.6 mrad, respectively [2]. The uncertainties on the
measurement of the momentum of the final-state muons
will we included in the next section.

The BES and the BAS cause a departure from the
nominal total momentum of the initial state, (2Eb76),
which in turn impacts the kinematics of the outgoing
muons. Clearly the MIM is still calculated according
to Eq. (1), since the initial momentum is not known on
an event-by-event basis. The beam smearing can be re-
garded as an uncertainty on the knowledge of the true
initial muon momenta, and in turn of the true AP. The
energy and longitudinal components of AP result from
a cancellation between the initial and final muons mo-
menta, which are of order 5 TeV. A relatively small MIM
of order 100 GeV is thus strongly affected even by a small
relative spread of the muon beams.

We begin with a discussion of the BES, which has two
main effects. First, the centre of mass energy of the ini-
tial muons, +/s, differs from the nominal collider centre
of mass energy 2F, = 10 TeV. Second, the centre of
mass frame of the muon collision does not coincide with
the detector frame, the two being related by a Lorentz
boost along the beam axis. The BES simulation is not
implemented in MadGraph, therefore we account for it by
proceeding as follows.

We generate truth-level p™p~ collision events in the
centre of mass frame, for different values of the centre
of mass energy +/s. If the energy of each beam is Gaus-
sian distributed, /s is also approximately Gaussian, with
mean 2F;, and standard deviation ¢ = V2 dggsEp. We
sample this distribution at three fixed values of /s given
by {2E,—0,2Ey, 2E, 40}, obtaining three event datasets
that we combine with equal weights of 1/3. Next, we
introduce the boost of the centre of mass frame. The
boost distribution conditional to /s is approximately
Gaussian, with zero mean and with standard deviation
0/(2y/s) ~ 0prs/(2v2). For each truth-level event we
generate the boost by sampling from this distribution
and we apply the corresponding Lorentz transformation
to the final-state particles. We have checked that this
simple method to simulate the BES is in good agreement
with the BES implementation available in WHIZARD.

The BES has a minor impact on all distributions,
which remain essentially identical to the truth-level ones
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FIG. 3. MIM distributions after the inclusion of beam en-

ergy spread (solid) compared to truth level (dashed). The cut
PH* > 50 GeV has been applied.

in Fig. 2, with the exception of the MIM distribution, as
expected. This is shown in Fig. 3. For the signal, and the
utp~ v or utu~ ff backgrounds, the effect is a consid-
erable broadening of the distribution that eliminates the
sharp resonant peaks at, respectively, my and myz. The
effect is less strong on puTu~WTW ™, as the truth-level
distribution is already rather broad. The major BES ef-
fect in this case is to populate the MIM < 2myy region.

In the case of the u* =+ background, instead, the BES
effect is dramatic: the distribution is turned from a sharp
peak at MIM = 0 into a wide plateau with a maximum at
MIM ~ 150 GeV. This can be understood by exploiting
momentum conservation and writing Eq. (1) in the form

o in in \2
MIM2=‘((2Eb,0)+p7—pﬂ,—pw) . @

where pi;i are the actual momenta of the initial-state
muons and p, is the momentum of the undetected pho-
ton. Clearly the MIM would vanish if the total momen-
tum of the initial muons was equal to (2Ey,0), because
pg = 0. However, in the presence of the BES, at the 1o
level we encounter configurations such as

P+ = By (2 + 0pEs, 0., 5BES) . (3)
By substituting in Eq. (2), we obtain the estimate

2 5BES |p;/| 2Eb ? (4)
103 0.2E, \10 TeV ) ’

where [p7| > p] was assumed, since the photon is typ-
ically emitted in the forward direction. The emission of
photons with |pY| ~ 0.2Ey ~ 1 TeV is relatively likely,
owing to the collinear enhancement of the photon split-
ting. In turn, these effects are responsible for the change
of shape of the MIM distribution for the u™u~~ back-
ground, observed in Fig. 3. These considerations also
show that relatively large values of the MIM can be at-
tained in the pu* ™7 background only in events charac-
terised by the emission of a rather energetic photon. In
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FIG. 4. MIM distributions after the inclusion of beam angu-
lar spread (solid) compared to truth level (dashed). The cut
P > 50 GeV has been applied.

these events, the energy of either the final muon or anti-
muon is significantly smaller than Ey,. Therefore, we will
still be able to partially eliminate them by a cut on Eﬁlin.

The starting point for the BAS simulation is again
truth-level samples generated in the centre of mass frame
of the initial muons and with center of mass energy 2FEj,.
We assume that the polar angle of each beam muon is
Gaussian distributed around zero, with standard devia-
tion 60 = 0.6 mrad, while the azimuthal angle is uni-
formly distributed. For each event, we determine the di-
rection of each muon by throwing the angles from these
distributions. We take the two muons to have the same
energy, which is computed by imposing that the centre
of mass energy is equal to 2E}, and we construct the
4-momenta of the initial muons. Then we consider the
Lorentz transform that brings the initial muons in their
centre of mass frame, and apply its inverse to all the
particles in the event.

The effect of the BAS is found to be minor for both
signal and backgrounds on all kinematic variables. The
largest effect, shown in Fig. 4, is a smearing of the MIM
for the u™pu~ v background to nonzero values, but this is
anyway much smaller than the impact of BES shown in
Fig. 3. Therefore, the BAS is neglected in the following.

IV. RESULTS

The target luminosity of the 10 TeV muon collider [2],
of 10ab™ !, will produce 10 million Higgs bosons in to-
tal, mostly in the charged vector boson fusion process.
Around one million of them—620°000, considering the
cross-section of 62 fb after the P{"* > 50 GeV cut—are
produced in the Z boson fusion process. With the SM
branching ratio of 1.2-1073, about 1’000 invisible decays
will be available, allowing in principle not only to ob-
serve the SM invisible decay, but also to measure BRyy,
with few percent relative accuracy. A BSM contribution
BRESM (ould thus be probed at the 107 level.

mv



Attaining 10~* level sensitivity would require strongly
discriminant kinematical features enabling the design
analysis cuts that eliminate the background while pre-
serving a large fraction of the signal. This is indeed
possible with the truth-level distributions in Fig. 2, very
discriminating variables being the MIM, Eﬁ‘i“ and M,,,,.
Thanks to the excellent background rejection, the sensi-
tivity to BRBSM would be in fact around 10~* for truth-
level events, as Fig. 5 shows. A forward muon detector
coverage up to 7,"** = 6 would be sufficient to achieve
this sensitivity.

Interestingly enough, nearly perfect selection cuts can
be designed also in the presence of a realistic spread of the
beam energy. The BES reduces the discriminating power
of the MIM distribution, as shown in Fig. 3, but stronger
lower cuts on EE““ and M, can still eliminate the back-

ground with limited signal rejection. The BREE,M sen-
sitivity (see again Fig. 5) thus remains at around 1074
even in the presence of beam effects. We conclude that if
the muon collider beam energy spread will be at the level
of 1073 as foreseen, its effect will not limit the sensitivity
to the Higgs invisible decay significantly. We saw in the
previous section that the beam angular spread does not
play an important role.

The finite resolution in the measurement of the energy
and of the angle of the final muons are instead expected
to play a major role in limiting the sensitivity. We include
these effects in our simulations by proceeding as follows.

We assume a constant relative uncertainty d,es on the
muon energy measurement, which we simulate by throw-
ing the measured energy of each muon from a Gaussian
distribution centred around the true energy E,, and with
standard deviation é,es - £,. The actual response func-
tion of the forward muon detector will most likely not be
centred at E,, , because the muons will lose energy while
crossing the absorbers, nor will it be symmetric around
the centre. However, preliminary results obtained with
a more realistic response function confirm the adequacy
of employing a Gaussian smearing.? The smearing is ap-
plied only to muons outside the acceptance of the main
detector, |,| > 2.44. The muons inside the acceptance
of the main detector play a very limited or no role in the
analysis, and moreover we expect that their energy will
be measured more accurately.

In order to simulate the uncertainty in the measure-
ment of the muon direction we generate a polar angle 6,
thrown from a Gaussian centred at zero and with stan-
dard deviation Af, and an azimuthal angle ¢ with uni-
form distribution. The measured muon direction is cho-
sen to form an angle of # with the true direction 7y,.
The orientation of the measured direction in the plane
transverse to 7y, is determined by the azimuthal angle ¢.

The most effective distributions for signal /background
discrimination, namely MIM,EI{““ and M,,, are signif-

3 We thank Daniele Calzolari and Federico Meloni for sharing their
initial estimate of the response function with us.
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FIG. 5. 95% CL limit on BRESM at a 10 TeV muon collider
with 10 ab™!, as a function of the angular acceptance 2.44 <

[nu] < ™ of a forward muon detector.

icantly affected by the energy measurement uncertainty,
as Fig. 6 shows. All other distributions remain essentially
identical to the truth-level ones in Fig. 2.

The effect on the MIM is considerable even with en-
ergy resolution as small as d,es = 1%. However, although
broadened, the MIM distribution for the signal maintains
a peak at around 200 GeV that is still useful to reject the
background. Furthermore, the EL“i“ and M, distribu-
tions are almost unaffected by the &, = 1% smearing
and retain a good discriminating power. Effective anal-
ysis cuts can thus be designed and the sensitivity degra-
dation due to the inclusion of the energy uncertainty is
marginal as we see in Fig. 5 by comparing the red and
the green curves. An optimised cut-flow for an angular
acceptance of '™ = 6 is reported in Table 1. After the
cuts, 130 invisible decays are expected for SM branch-
ing ratio, with a background of around 600. The SM
decay could thus be easily observed and, in the case of
agreement with the SM, BSM effects could be bounded
to BRESM < 4.107* at 95% CL. At the exclusion, the ra-
tio of signal to background is relatively large, S/B =~ 6%.
Background estimates should be possible with better or
comparable accuracy. Systematic uncertainties are thus
not expected to reduce the sensitivity strongly.

An energy resolution dyes = 1% is most likely unreal-
istic, and larger uncertainties will deteriorate the reach
significantly, limiting the muon collider sensitivity above
the 107* level. This is illustrated by our results for
Ores = 10%. With this uncertainty, the MIM is no longer
a useful discriminant. The Eg‘m distributions of both sig-
nal and backgrounds extend beyond the truth-level end-
point E}, (see Fig. 6), significantly reducing the rejection
power of this variable. Similar considerations hold for
M,,,. The optimal sensitivity is obtained through softer
cuts than in the d,s = 1% scenario, as displayed by the
cut-flow in Table II. The SM branching ratio produces
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FIG. 6. Key kinematic distributions after BES and smearing of the forward muon energies (solid), compared to those including
only BES (dashed). The left (right) panels correspond to a forward detector resolution dyes = 1(10)%. The signal cross section
corresponds to BRiny = 1. In all panels, the baseline cuts and P{* > 50 GeV are applied.

100 events in the selected region, with more than 2000
background events. It should be possible to observe the
SM Higgs to invisible decay, but only at the 95% confi-
dence level. A 50 “discovery” of the SM invisible decay
could be impossible. The sensitivity to new physics is
BRZM < 1072 as in Fig. 5. At the exclusion, S/B ~ 3%.

It should be noted that our sensitivity projections
based on cut-and-count could be improved by a more so-
phisticated statistical analysis. On the other hand, these
possible improvements are not expected to modify the
picture radically.

We finally turn to the investigation of the effect of un-
certainties in the muon direction measurement. The sen-
sitivity is shown in Fig. 7 as a function of the angular
uncertainty Af assuming a forward detector coverage up
to na* = 6. For 1% energy resolution, an angular res-
olution Af < 2 mrad would be needed not to affect the
sensitivity. If instead d,.s = 10%, the sensitivity is in-
ferior and it does not get degraded significantly up to
Af =5 mrad. Larger Af, above around 10 mrad, would
most likely prevent the observation of the SM decay re-
gardless of the energy measurement accuracy.



[number of events, 10 ab™"] BSM signal pwru ov  ptpmy  pTutff o ptpmWEIWT o utuT (b — inv)sa
baseline & P/* > 50 GeV 6.2-10°-BRESM  1.1.10° 1.3-107 1.3-10° 6.2-10° 7.4 -10?
MIM < 0.8 TeV 5.6-10° - BRESM  6.3.10° 1.0-107 9.4-10° 1.8-10° 6.7 - 102
|An.| > 8 4.8-10°-BRESM  23.10° 5.8-10° 6.3-10° 1.3-10° 5.8 -10°
|Ad, — | > 0.8 3.9-10°-BRESM  1.7.10° 22-105 4.9-10° 8.5 10* 4.6 - 107
P > 80 GeV 3.4-10°-BRESM  11.10° 8.9-10° 2.5-10° 5.9-10% 4.1-10?
M, > 9.5 TeV 1.6-10° -BRESM  1.4-10° 1.5-10° 3.1-10? 28 1.9-102
EP™ > 4.7 TeV 1.1-10° -BREEM  6.2-102 (< 65) (< 31) (< 7.0) 1.3-102

TABLE I. Cut-flow for 2E;, = 10 TeV and a forward detector coverage n,** = 6.

An energy smearing of 1% is applied to

muons with |n,| > 2.44. The baseline cuts are listed in Section II.

[number of events, 10 ab™!] BSM signal pwtp ov  ptpmy  pTutff ptpmWITWT o T (b — inv)sa
baseline & P! > 50 GeV 6.2-10° -BRESM  11.10° 1.5-107 1.3-10° 6.2-10° 7.4 -10?
|AnL.| > 6.5 6.1-10°-BRESM  76-10° 1.3-10" 1.1-10° 5.5-10° 7.3 102
[A¢p, — 7| > 1 4.4-10°-BRESM  3.9.10° 29-105 6.4-10° 3.0-10° 5.3 - 102

P > 180 GeV 1.9-10°-BRESM  1.1.10° 2.7-10° 8.2-10* 7.0-10% 2.2 102
M, > 8.75 TeV 1.2-10° -BREEM  44.10° 7.6-10° 1.9-10° 1.6 -10° 1.4-102
Ep™ > 4.3 TeV 8.1-10*-BRESM  1.8-10° 2.6-10° 1.6-10° 2.6 - 10 97

TABLE II. Cut-flow for 2E),, = 10 TeV and a forward detector coverage 7, = 6. An energy smearing of 10% is applied to
muons with |n,| > 2.44. The baseline cuts are listed in Section II.

Saes = 0.1% + Gres = 10%
BrEs=01% + 6062 1%

Oges = 0.1%

,lmax = 6 E
i
2E, =10 TeV, 10 ab™!

0 5 10 15 20 25

A6 [mrad]

FIG. 7. 95% CL limit on BRESM at a 10 TeV muon collider
with 10 ab™?, as a function of the uncertainty on the muon
direction measurement. An angular acceptance 1,** = 6 of
the forward muon detector is assumed.

V. CONCLUSIONS

The installation of a forward muon detector would fur-
ther improve the perspectives to detect and to investigate
vector boson fusion or scattering processes at a muon
collider. An extensive survey of specific opportunities
offered by the forward muon detector will be presented
elsewhere [18]. In this paper we studied the Higgs boson
decay to invisible particles.

Our main results are displayed in Figs. 5 and 7. A

sensitivity to BRESM 45 small as 1074, competitive with

mv

©w

the FCC-hh projection, is ideally possible assuming per-
fect discrimination of the pu*u~(h — inv) process from
the backgrounds. We have shown that nearly perfect
discrimination is in principle possible, and the ideal sen-
sitivity is attainable, by fully realistic simulations of the
underlying physical processes that also account for the
energy and angular spread of the colliding muon beams.

However, a strong sensitivity degradation is expected
due to the finite resolution in the measurement of the
energy and of the angle of the muons in the forward
detector. An energy resolution as small as 1% and an
angular uncertainty below 2 mrad would be needed to
maintain a sensitivity at the 10™% level. With more real-
istic resolutions, such as for instance 10% on the energy,
the sensitivity drops to the 1072 level and even the possi-
bility of observing the SM Higgs to invisible decay cannot
be taken for granted. Our results motivate design studies
of the forward muon detector targeting the best possible
accuracy on the muon momentum measurement. There
could be margins to improve the sensitivity by multivari-
ate shape analyses that should be also investigated.

Our findings rely on assumptions on the performances
of the main detector. In particular, we assumed coverage
up to 8 = 10° from the beam axis, and 20 GeV threshold
for the veto of any object within the angular acceptance.
The validity of these assumptions cannot be verified at
the current stage, because the design of the 10 TeV muon
collider detector has not been completed yet. We show in
Appendix A (see Fig. 8) that our findings depend weakly
on them.



A first stage of the muon collider project could fore-
see a 3 TeV centre of mass energy collider with 2 ab™!
integrated luminosity [2]. The projected sensitivity of a
3 TeV muon collider is studied in Appendix B. We find,
in Fig. 9, that observing the SM Higgs to invisible de-
cay will most likely be impossible for d..s = 10%. The
reduced prospects are due to the smaller number of pro-
duced Higgs bosons. On the other hand, the 3 TeV muon
collider will still improve over the HL-LHC sensitivity.
An angular coverage of the forward muon detector up to
4 or 5 pseudo-rapidity would be sufficient, while coverage
up to 5 or 6 is needed for the 10 TeV collider.
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Appendix A: Impact of angular coverage and veto
threshold of the main detector

Here we study the sensitivity of our results to varia-
tions of the angular coverage and of the veto p, thresh-
old of the main detector. Specifically, we consider the
possibility that the size of the absorbers is reduced with
respect to current design, thus freeing space to extend
the angular coverage up to 6 = 5° (|n| &~ 3.1) instead of
the 10° assumed in the main text. We also investigate
the effect of increasing the veto p, threshold to 50 GeV
from the 20 GeV considered so far.

The major effect of extending the angular coverage of
the main detector is a better rejection of background pro-
cesses where the u™p™ pair is produced together with
an additional object at moderate pseudo-rapidity. These
include the ptpu~W*TW~ and putpu~ff processes, for
which we find significant suppression. The u™u~~ back-
ground is mildly reduced as well. Even though the emit-
ted photons are preferentially collinear with the initial
or final state muons and thus very forward, the P cut
applied in our analysis eventually selects events where
the photon has larger p, and is therefore more central.
Quantitatively, assuming a forward detector coverage of
7™ = 6 and after the combination of baseline cuts and
P > 50 GeV, the reduction amounts to 65%, 40%
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FIG. 8. 95% CL limit on BRESM at a 10 TeV muon collider
with an extended angular coverage up to § = 5° (dashed)
and a larger energy threshold (dotted) for particle detection
of the main detector. A 10% energy measurement uncertainty
for forward muons, and no angular uncertainty, is included.

and 13% for the ptpu " WFTW—, puTpu~ff, and ptp=~y
backgrounds, respectively. The signal is not affected.
This results in a mild improvement of the sensitivity to
BREE,M < 8-107% for 8yes = 10% and n; > = 6, as shown
by the dashed line in Fig. 8. This weak dependence on
the angular acceptance of the main detector can be un-
derstood by noticing that the dominant background after
all cuts is u™p~ v, which is not affected by the veto.

If the veto py threshold is larger than the 20 GeV
assumed in the main text, the rejection of background
events with soft particles in the central region becomes
less effective. We find that increasing the threshold to
piL > 50 GeV (while keeping the angular coverage of
the main detector fixed to # > 10°) has a very mild ef-
fect. The pTp~WFW~ and ptpu~ ff backgrounds are
larger by 25% after baseline cuts and P{* > 50 GeV,
whereas all remaining backgrounds, including the domi-
nant p*pu~ v process, and the signal are approximately
unchanged. This small increase in the background rate
results in a modest 10% degradation of the sensitivity to
BRESM | displayed by the dotted line in Fig. 8.

We conclude that the design of the main detector has
far milder impact on the sensitivity to BREE,M compared
to the energy and angular resolution of the forward muon
detector.

Appendix B: The 3 TeV muon collider

In this Appendix we study the sensitivity of a muon
collider at a centre of mass energy of 3 TeV and inte-
grated luminosity of 2 ab™! to invisible Higgs decays us-
ing forward muons. The generation of MC data samples
and the analysis are analogous to the 10 TeV study dis-
cussed in the main text, including the simulation of the



finite energy resolution of the forward detector. However,
we do not consider the uncertainties in the measurement
of the muon direction. At 3 TeV the muons produced
by the signal process have smaller pseudo-rapidity, with
a distribution peaking at 6 ~ 61 mrad (|n| ~ 3.5). This
implies that muons inside the acceptance of the main de-
tector, taken to be 8 > 10° here, play a non-negligible
role. Therefore, when a finite energy resolution d,s is as-
sumed for the forward detector we also apply a 1% energy
smearing to muons with |n| < 2.44.

The expected reach is shown in Fig. 9, demonstrating
that a smaller angular coverage compared to the 10 TeV
case, up to 7™ ~ 4-5, would be sufficient to obtain
optimal sensitivity. The limits on BR?HI\\/,[ are weaker by a
factor of a few compared to a 10 TeV collider owing to
the much lower number of produced Higgs bosons. For

instance, assuming angular coverage 1,;** = 5 and energy

resolution d,es = 10% we find BRESM < 3.1073. These
results suggest it is unlikely that the SM Higgs invisible
decay can be observed at a 3 TeV muon collider, but a

decisive sensitivity improvement relative to HL-LHC is
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FIG. 9. 95% CL limit on BRESM at a 3 TeV muon collider
with 2 ab™!, as a function of the angular acceptance 2.44 <
[nu] < np** of a forward muon detector. The main detector
is assumed to cover 6 > 10°.
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