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DISCLAIMER 1
I will only talk about 4j/6j background to HH/HHH

production at the muon collider

DISCLAIMER 2
all the results in this talk are preliminary
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Higgs self couplings at the muon collider
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δ3 related to the HHH vertex, can be measured from HHνν̄ production

δ4 related to the HHHH vertex, can be measured from HHHνν̄ production

Considering H → bb̄, the signature is

4b or 4j for HH production

6b or 6j for HHH production
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δ3 from µ+µ−→HHνν̄

boson propagator. On the other hand, the vector boson fusion cross section benefits from a t-channel
logarithmic enhancement and grows with the collider energy. Double Higgsstrahlung and vector boson
fusion cross sections are equal at a centre-of-mass energy of around 1 TeV. In this section we focus on
CLIC Stages 2 and 3 and we perform simulations using MadGraph [31].
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Figure 9: Illustrative diagrams contributing to the di-Higgs boson production at lepton colliders

The dependence of both di-Higgs production cross sections on the value of the trilinear Higgs
self coupling weakens with the centre-of-mass energy. At

√
s = 1.4 TeV, this dependence is already

relatively weak for the double Higgsstrahlung cross section. It is significantly larger in vector boson
fusion. The right panel in Figure 10 shows how the total cross section of the two Higgs pair-production
channels depends on the trilinear Higgs self coupling. The result is presented as a function of

δκλ = κλ − 1 = ĉ6 −
3

2
ĉH (10)

which denotes the correction to the Higgs self coupling normalized to its SM value, here given in terms
of the dimension-6 operator of Table 2.

The right panel of Figure 10 shows an interesting complementarity between the two Higgs pair
production channels. Due to a positive interference, the Zhh cross section grows for δκλ > 0, so
that it can more easily constrain positive deviations in the trilinear Higgs self coupling, but is mostly
insensitive to negative deviations. On the contrary, νν̄hh production is more sensitive to negative shifts
of the trilinear coupling that increase the cross section. Notice moreover that the vector-boson-fusion
cross section reproduces the SM one also for δκλ ∼ 1, therefore such large positive deviations can not be
tested with the νν̄hh inclusive rate. So, although the Zhh sensitivity is weaker than the νν̄hh one, the
former can still be useful to probe values δκλ ∼ 1. We stress that the above considerations are valid in
the case in which the true value of the Higgs trilinear self coupling is close to the SM one (i.e. δκλ � 0).
In the presence of sizeable deviations the sensitivity can become significantly different.

We find that, after combining both vector boson fusion and double Higgsstrahlung channels, CLIC
Stages 2 and 3 are sufficient to exclude the second fit minimum at δκλ ∼ 1 at 95%C.L. . Another
possibility to lift the degenerate minima is to consider the information on the invariant mass spectrum
of the two Higgs bosons, mhh, since it offers an excellent discrimination power thanks to the large
sensitivity to modifications of the Higgs trilinear coupling [32]. Large positive values of δκλ lead to
a spectrum with a sharp peak close to threshold followed by a steep fall off. A simple cut-and-count
analysis with a few bins is thus sufficient to distinguish this distribution from the SM one [33]. Here we
present a simplified version of the analysis in Section 2.2.2, where the mhh distribution is splitted in 5
bins.

18

Sensitivity to δ3 at the µ-coll. studied in:
A. Constantini et al. 2005.10289
T. Han et al. 2008.12204
D. Buttazzo et al. 2012.11555

roughly speaking (under reasonable assumptions on the luminosity):

δ3 ∈ ±6% for
√
s= 10 TeV at 2σ

δ3 ∈ ±2% for
√
s= 30 TeV at 2σ
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δ4 from µ+µ−→HHHνν̄ (1)
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δ4 from µ+µ−→HHHνν̄, 2003.13628
√
s [TeV] L [ab−1] δ4 (arbitrary δ3) δ4 (δ3 = 0)
6 12 [-1,1.7] [-0.45,0.8]
10 20 [-0.7,1.55] [-0.4,0.7]
14 33 [-0.55,1.4] [-0.35,0.6]
30 100 [-0.35,1.2] [-0.2,0.5]

under (reasonable) assumptions on the energy and the luminosity, the
muon collider can do a pretty good job in constraining the quartic Higgs
coupling

no background considered!

is the background really negligible?

should we adopt any background suppression strategy?
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Remark on detector acceptance

2 Beam-induced background characterization

The simulation of the beam-induced background has been performed with the MARS15 software [6]
and studied for machines with a center of mass energy of

√
s = 1.5 TeV and

√
s = 125 GeV, as

discussed in detail in Refs. [3, 4] and in Ref. [7]. The background particles reaching the detector
are mainly produced by the interactions of the decay products of the muon beams with the machine
elements. Their type, flux, and characteristics strongly depend on the machine lattice and the
interaction point configuration, which in turn depend on the collision energy. The background
particles may be produced tens of meters upstream the interaction point, as can be seen in Figure 1.
Therefore, a detailed layout of the machine and the machine-detector interface must be included in
the simulation. In particular, the opening angle of two shielding cones (“nozzles”), introduced to
mitigate the effects of the beam-induced background inside the detector, must be optimized for a
specific beam energy and it will affect the detector acceptance.

Figure 1. Illustration of the model of the machine and machine-detector interface built for the MARS15
simulation. The shielding nozzles, described in the text, are represented in yellow inside the detector. This
figure has been reproduced from Ref. [8].

Nevertheless, the flux of particles surviving the shielding is very high. Their main properties
are a relatively low momentum and an arrival time in each sub-detector asynchronous with respect
to the beam crossing. Figure 2 shows the momentum spectra of the electromagnetic (left) and
hadronic (central) components of the beam-induced background for a muon beam of 750 GeV. The
first one is relatively soft (�pph.� = 1.7 MeV and �pel.� = 6.4 MeV), whereas the second one has
an average momentum of about half a GeV (�pn� = 477 MeV and �pch.had.� = 481 MeV). The time
of arrival of the particles at the detector entry point with respect to the bunch crossing time for the
different background components is shown on the right of Figure 2. The peaks that are evident
around zero are primarily due to the leakage of photons and electrons around the interaction point,
where the shielding is minimal.

3 Detector performance

The detector model and software framework used for the studies presented in this paper can be
found also in Ref. [7] and [8]. Figure 3 presents a schematic view of the detector components, as

– 2 –

The detector must be shielded from the beam radi-
ation

5-10 degrees blind spot in the forward region
for
√
s= 3 TeV

angle could be reduced at higher energies
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Event selections
µ−

µ+

ν

ν

H H

H

Inclusive:

M(νν)> 150 GeV M(jj)> 30 GeV

Acceptance cuts:

M(νν)> 150 GeV M(jj)> 30 GeV

pj
T > 20 GeV −3< yj < 3
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µ+µ−→HHHνν̄, background estimate with b-tagging
signature: 6b+missing energy

signal: µ+µ−→HHHνν̄, H → bb̄

background processes:

µ+µ−→HHbb̄νν̄, if b(b̄) not from H and H → bb̄

µ+µ−→Hbb̄bb̄νν̄, if b(b̄) not from H and H → bb̄

µ+µ−→ bb̄bb̄bb̄νν̄, if b(b̄) not from H

µ+µ−→HHbb̄νν̄ (µ+µ−→Hbb̄bb̄νν̄ ?) can be generated with
Madgraph or Whizard

setting the b Yukawa to zero in the production matrix element

considering the on-shell decay H → bb̄ for FS Higgses

µ+µ−→ bb̄bb̄bb̄νν̄ it’s a different story...
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µ+µ−→ bb̄bb̄bb̄νν̄ background

µ+µ−→ bb̄bb̄bb̄νν̄:

too many final state particles

too many possible resonance histories

Madgraph and Whizard fail to converge in reasonable runtimes

in the following µ+µ−→ bb̄bb̄bb̄νν̄ simulated with a private version of
Alpgen

matrix elements computed with the same strategy used in Whizard

phase-space integration tailored on the process under consideration

this version of Alpgen used for these studies might become public at
some point: stay tuned!
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µ+µ−→HHHνν̄, with b-tagging, no H reconstruction
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only 1/5 of the signal survives after selecting H → bb

background not negligible

pure QCD 6b production suppressed
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µ+µ−→HHHνν̄, with b-tagging, H reconstruction (1)
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at least 3 jet pairs with |M(jj)−MH |< 20 GeV
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µ+µ−→HHHνν̄, with b-tagging, H reconstruction (2)
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only 1/5 of the signal survives after selecting
H → bb

Higgs reconstruction needed (at least with
20 GeV resolution, better with 10 GeV res)

full simulation for 6b quarks (no Higgses)
computed with a modified version of ALPGEN
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µ+µ−→HHHνν̄, background estimate without b-tagging
signature: 6j+missing energy

signal: µ+µ−→HHHνν̄, H → jj

background processes:

µ+µ−→ tt̄νν̄, with t→ bW and W → jj

µ+µ−→WWZνν̄, if W → jj and Z→ jj

µ+µ−→WWHνν̄, if W → jj and H → jj

µ+µ−→ ZZZνν̄, if Z→ jj

µ+µ−→ ZZHνν̄, if Z→ jj and H → jj

µ+µ−→ ZHHνν̄, if Z→ jj and H → jj

Background estimate in narrow width approx. can be generated with
Madgraph or Whizard

Mauro Chiesa 4j(6j) background to µ+µ− → HH(H)νν



µ+µ−→HHHνν̄, NO b-tagging, NO H reconstruction
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only 1/3 of the signal survives after selecting H → jj

very large background
full simulation for 6j still missing, however the largest contribution should be
from 6q (gluons have larger combinatorics, but pure QCD is suppressed)
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µ+µ−→HHHνν̄, NO b-tagging, H reconstruction (1)
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at least 3 jet pairs with |M(jj)−MH |< 20 GeV
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µ+µ−→HHHνν̄, NO b-tagging, H reconstruction (2)
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only 1/3 of the signal survives after selecting
H → jj

Higgs reconstruction needed (at least with
20 GeV resolution, better with 10 GeV res)

full simulation for 6j still missing, however
the largest contribution should be from 6q
(gluons have larger combinatorics, but pure
QCD is suppressed)
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No b-tagging, background suppression: veto W and/or Z
bosons
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|M(jj) −MH | < 20 GeV

|M(jj) −MH | < 10 GeV

|M(jj) −MH | < 20 GeV, pbT > 20 GeV, |yb| < 3

|M(jj) −MH | < 10 GeV, pbT > 20 GeV, |yb| < 3

vetoing W s and/or Zs does not kill too much signal (10 GeV resolution)

vetoing W s and/or Zs kills the corresponding background

best background suppression strategy should involve vetoes on W s
and/or Zs
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δ3 from µ+µ−→HHνν̄, H→ bb̄: background

Similar calculation is ongoing for µ+µ−→HHνν̄

√
s HHνν̄ ZHνν̄ ZZνν̄ sum νν̄ 4b(Yb = 0) 4b(EW)

1.5 0.06992(9) 0.2355(3) 0.3299(4) 0.6353 0.3077(9) 0.650(2)
3 0.2666(3) 0.784(1) 1.130(1) 2.180 1.069(2) 2.210(5)
6 0.6612(8) 1.807(2) 2.629(2) 5.098 2.55(8) 5.16(1)
10 1.100(1) 2.922(3) 4.248(4) 8.270 4.11(3) 8.35(2)
14 1.461(2) 3.825(5) 5.557(7) 10.843 5.46(1) 10.84(3)
30 2.501(2) 6.396(5) 9.233(8) 18.13 9.1(3) 18.00(5)

In this case, µ+µ−→ bb̄bb̄νν̄ (b(b̄) not from H) can be simulated using
Madgraph or Whizard, though event generation might take a while
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Conclusions

background processes for µ+µ−→HHHνν̄

are definitively there

might be large

they can be largely suppressed with some combination of:

b-tagging (soft?)

Higgs reconstruction

Z/W vetoes

optimal suppression strategy seems to require good resolution in dijet
invariant mass reconstruction

Mauro Chiesa 4j(6j) background to µ+µ− → HH(H)νν



Backup slides
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H self-couplings measurement: future colliders (HHHH)

the proposed future colliders can put strong constraints on the triple
Higgs coupling δ3: ±10% 1-σ bound at CLIC and ILC, ±5% at FCC

the bounds on the quartic couplings δ4 are very loose (68% CL)

ILC: ∼ [−10,+10] (±1000%!)
CLIC: ∼ [−5,+5]
FCC: ∼ [−5,+15], from pp→HHH
FCC: ∼ [−2,+4], from pp→HH

I will focus on the sensitivity of the muon collider to the quartic coupling

Spoiler:
under (reasonable) assumptions on the energy and the luminosity, the muon
collider can do a pretty good job in constraining the quartic Higgs coupling
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Details of the calculations

µ−

µ+

ν

ν

H H

H

H produced on shell
H → bb (on-shell) decays added at the LHE level
ΓW = ΓZ = ΓH = 0 to avoid issues with gauge invariance
technical cut M(νν)> 150 GeV
σ and dσ computed with WHIZARD at LO
all results cross-checked with MadGraph and an independent calculation
by X. Zhao
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µ+µ−→HHHνν: SM Higgs couplings (energy)

√
s (TeV) / L (ab−1) 1.5 / 1.2 3 / 4.4 6 / 12

σSM (ab) [Nev]
σtot 0.03 [0] 0.31 [1] 1.65 [20]

σ(MHHH < 3TeV) 0.03 [0] 0.31 [1] 1.47 [18]
σ(MHHH < 1TeV) 0.02 [0] 0.12 [1] 0.26 [3]

√
s (TeV) / L (ab−1) 10 / 20 14 / 33 30 / 100

σSM (ab) [Nev]
σtot 4.18 [84] 7.02 [232] 18.51 [1851]

σ(MHHH < 3TeV) 2.89 [58] 3.98 [131] 6.69 [669]
σ(MHHH < 1TeV) 0.37 [7] 0.45 [15] 0.64 [64]

σ increases with
√
s
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µ+µ−→HHHνν: SM Higgs couplings (luminosity)

the luminosities assumed for
√
s= 1.5, 3, 6, 14 TeV are based on MAP

studies

V. Shiltsev FERMILAB-FN_1083-AD-APC,

talks by D. Shulte and M. Palmer https://indico.cern.ch/event/847002/

at
√
s= 10, 30 TeV, the luminosity is fixed by (see arXiv:1910.06150)
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(3 TeV/10 TeV)2 6 ⋅ 1035

L ≳ 5 years
time

sμ

10 TeV

2

2 ⋅ 1035cm−2s−1

�

for the 10 and 30 TeV setups, it might be that higher luminosity could
be achieved
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Sensitivity to δ3 and δ4 (small δ3)
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no cuts
MHHH < 1 TeV

δ3 = 0

6 TeV δ4 ∼ [−0.45,0.8]

10 TeV δ4 ∼ [−0.4,0.7]

14 TeV δ4 ∼ [−0.35,0.6]

30 TeV δ4 ∼ [−0.2,0.5]
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the effect of δ3 and δ4

is independent of the energy
is larger for relatively small MHHH

changes sign in the TeV region for δ > 0



Sensitivity to δ3 and δ4
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Sensitivity to δ̃4 (deviation from SMEFT)
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Sensitivity to δ3 and δ4 (
√
s= 3 TeV, L= 100 ab−1)
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Sensitivity to δ3 and δ4 (arbitrary δ3)
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Sensitivity to δ3 and δ4: comments

stronger constraints on negative δs

constraints on positive δs improve with the cut MHHH < 1 TeV
(provided that the cross section after the cut is large enough)

the bounds improve at large
√
s because the cross section increases

the most interesting region is δ3 ∼ 0, as bounds on δ3 can be obtained
form other processes (i.e. µ+µ−→HHνν). It is reasonable to assume
that such bounds will be competitive or stronger than the ones form
linear colliders

if δ3 6= 0, one can constrain possible deviations from the SMEFT
expectation for δ4: δ̃4 = δ4−6δ3

Mauro Chiesa 4j(6j) background to µ+µ− → HH(H)νν



Sensitivity to δ̃4 (deviation from SMEFT)
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