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Higgs	  boson	  production	  (1)	  
q  Muons	  are	  leptons,	  like	  electrons	  

◆  Muon	  colliders	  can	  a	  priori	  do	  everything	  that	  e+e-	  colliders	  can	  do,	  e.g.:	  

◆  However,	  for	  a	  similar	  beam	  energy	  spread	  (δE/E	  ~	  0.12%)	  at	  √s	  =	  240-‐350	  GeV	  
●  FCC-‐ee	  luminosity:	  0.5	  –	  1.1	  ×	  1035	  cm-‐2s-‐1	  /	  IP	  and	  up	  to	  4	  IPs	  
●  Muon	  collider	  luminosity:	  0.4	  –	  1.5	  ×	  1033	  cm-‐2s-‐1	  /	  IP	  and	  only	  one	  IP	  (R	  ~	  50	  m!)	  

◆  Precision	  on	  branching	  ratios,	  couplings,	  width,	  mass,	  etc.	  ,	  with	  2	  IPs	  
●  A	  factor	  10	  better	  at	  FCC-‐ee	  (and	  twice	  better	  at	  ILC)	  than	  at	  a	  muon	  collider	  	  
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Figure 7. The Higgs boson production cross section as a function of the centre-of-mass energy
in unpolarized e+e− collisions, as predicted by the HZHA program [39]. The thick red curve shows
the cross section expected from the Higgs-strahlung process e+e− → HZ, and the thin red curve
shows the fraction corresponding to the Z → νν̄ decays. The blue and pink curves stand for the
WW and ZZ fusion processes (hence leading to the Hνeν̄e and He+e− final states), including their
interference with the Higgs-strahlung process. The green curve displays the total production cross
section. The dashed vertical lines indicate the centre-of-mass energies at which TLEP is expected
to run for five years each,

√
s = 240GeV and

√
s ∼ 2mtop.

rapidly decreasing with the new physics scale Λ, typically like 1/Λ2. For Λ = 1TeV,

departures up to 5% are expected [7, 8]. To discover new physics through its effects on the

Higgs boson couplings with a significance of 5σ, it is therefore necessary to measure these

couplings to fermions and gauge bosons with a precision of at least 1%, and at the per-mil

level to reach sensitivity to Λ larger than 1TeV, as suggested at by the negative results of

the searches at the LHC.

The number of Higgs bosons expected to be produced, hence the integrated luminosity

delivered by the collider, are therefore key elements in the choice of the right Higgs factory

for the future of high-energy physics: a per-mil accuracy cannot be reached with less

than a million Higgs bosons. The Higgs production cross section (obtained with the HZHA

generator [39]), through the Higgs-strahlung process e+e− → HZ and the WW or ZZ fusion

processes, is displayed in figure 7. A possible operational centre-of-mass energy is around

255GeV, where the total production cross section is maximal and amounts to 210 fb.

The luminosity profile of TLEP as a function of the centre-of-mass energy (figure 3)

leads to choose a slightly smaller value, around 240GeV, where the total number of Higgs

bosons produced is maximal, as displayed in figure 8. The number of WW fusion events

has a broad maximum for centre-of-mass energies between 280 and 360GeV. It is therefore

convenient to couple the analysis of the WW fusion with the scan of the tt̄ threshold, at√
s around 350GeV, where the background from the Higgs-strahlung process is smallest

and most separated from the WW fusion signal.

– 14 –

“First look at the TLEP Physics case”   
 JHEP 01 (2014) 164 
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Figure 6: Line-shape of the direct Higgs production process in the µ+µ� collider including
e↵ect of ISR type and the machine energy spread. The same input and notation as in Fig. 4
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Higgs	  boson	  production	  (2)	  
q  Muons	  are	  heavy,	  unlike	  electrons:	  mµ/me	  ~	  200	  

◆  Large	  direct	  coupling	  to	  the	  Higgs	  boson:	  σ(µ+µ-	  →	  H)	  ~	  40,000	  ×	  σ(e+e-	  →	  H)	  	  
◆  Much	  less	  synchrotron	  radiation,	  hence	  potentially	  superb	  energy	  definition	  

●  δE/E	  can	  be	  reduced	  to	  3-‐4	  ×	  10-‐5	  with	  more	  longitudinal	  cooling	  
➨  Albeit	  with	  equivalent	  reduction	  of	  luminosity:	  2	  –	  8	  ×	  1031	  cm-‐2s-‐1	  	  
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(1):	  with	  ISR	  
(2):	  δE/E	  =	  3×10-‐5	  	  
(3):	  δE/E	  =	  6×10-‐5	  	  

S. Jadach, R.A. Kycia 
 arXiV:1509.02406 

•  σ(µ+µ- → H) ~ 15 pb 
	  	  	  	  	  	  (ISR	  often	  forgotten:	  28	  pb)	  

•  200	  –	  800	  pb-‐1	  /	  yr	  

•  3000	  –	  12000	  Higgs	  /	  yr	  
	  

Reminder: At FCC-ee 
400,000 to 800,000 Higgs/yr 

√s (GeV) 
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Higgs	  boson	  production	  (3)	  
q  Muons	  are	  heavy,	  similar	  to	  protons	  

◆  Limited	  synchrotron	  radiation	  
●  Can	  reach	  very	  high	  energy	  in	  small	  rings	  	  
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FCC-‐ee	  
(0.35	  TeV)	  

E. Eichten, A. Martin / Physics Letters B 728 (2014) 125–130 127

width. However, this combination does not occur in supersymme-
try or Type II 2HDM. The couplings of the top quark to H/A are
suppressed by tanβ , while the couplings of H/A to b/τ are en-
hanced by tan β but come with the price of the small bottom/tau
mass.5 Finally, there is a Zµ(H∂µ A) interaction that could conceiv-
ably lead to an mH -enhanced partial width, however this mode is
typically strongly suppressed by phase space since the H/A are of-
ten nearly degenerate.

Extra light matter that interacts with H/A will also contribute
to the width, so there is no model-independent way to guarantee
that H/A remain narrow, even in the alignment limit. However, in
scenarios where the extra matter is only weakly coupled to H/A,
such as supersymmetry, the H/A width typically remains low. The
heavy Higgses do couple strongly to third generation squarks, but
the resulting partial widths do not grow with mH/A :

ΓH/A

mH/A
∼

m2
q

v2

µ2

m2
H,A

,
m2

q

v2

A2
q

m2
H/A

. (6)

The only corner of parameter space where the H/A partial width
into superpartners can become large is where µ, At ≫ mH/A while,
simultaneously, at least one stop/sbottom mass eigenstate remains
far lighter than mH,A .

While the fact that the hV V couplings are close to their SM
values allows us to make fairly general statements about the H/A
width, we know much less about the H/A mass. Within supersym-
metry, the Higgs potential simplifies (compared to general 2HDM
form) and deviations from the alignment limit can be expressed in
terms of the mA :

cos(β − α)|align = m2
Z sin 4β

2 m2
A

. (7)

Because of the quadratic dependence on mA , limits on sin(β − α)
need to improve significantly before indirect limits on mA limits
are pushed much above the weak scale.

While the widths we are discussing are low, a ΓH/mH ∼ 1
16π2 is

still an order of magnitude larger than the nominal muon collider
beam-energy resolution.

4. Benchmark scenarios

We illustrate the general picture with specific supersymmetry
benchmark examples for which complete spectra are specified. For
ease of comparison, we will use some of the supersymmetry spec-
tra proposed in Ref. [44] as benchmarks for Linear Collider studies.

A comparison of the cross section for resonant H/A produc-
tion with other Higgs production processes is shown in Fig. 1. The
top panel of Fig. 1 compares the cross sections for s-channel reso-
nances H/A for a number of different supersymmetry benchmark
models. In all these cases, the s-channel rates dominate the cross
sections for associated production of the light SM-like Higgs. The
bottom panel of Fig. 1 compares the s-channel for the Natural Su-
persymmetry benchmark with other production modes for these
heavy Higgses available to both a muon collider and a linear elec-
tron collider. The resonant production available in a muon collider
is over two orders of magnitude larger than the other processes.

5. Natural supersymmetry example

In order to study the opportunities of the muon collider as
a H/A factory in detail, we focus here only one benchmark of

5 For Type-I 2HDM all SM fermion decay modes of H/A are suppressed by tanβ .

Fig. 1. Top panel: comparison of resonant H/A production in several benchmark su-
persymmetry scenarios [44] with Z 0h and γ ∗/Z 0 production. The models are: HS =
Hidden Supersymmetry, NS = Natural Supersymmetry, NUGM = non-universal
Higgs mass, and TDR4 = light-slepton, stau NLSP model. For the complete spec-
tra in these scenarios, see Ref. [44]. Bottom: comparison of H/A production in the
Natural Supersymmetry model with Z 0h, Z 0 H and heavy Higgs pair production. In
both plots H/A production is the sum of µ+µ− → H and µ+µ− → A as the states
are nearly degenerate.

Ref. [44] the Natural Supersymmetry model. The masses and prin-
cipal decay modes of the H/A in this model are given in Table 1.6

First, we consider cross section for the largest decay mode of
the H/A, i.e. bb̄. Since a muon collider requires shielding in the
forward and backward cones, we make fiducial cuts at 10o about
the beam axis. In Fig. 2 the bb̄ cross section is shown for a scan
from

√
s = 1450–1650 GeV in 100 steps of 2 GeV with a lumi-

nosity of 5.0 fb−1 per step. The cross section at a given nominal
luminosity is calculated using PYTHIA6 [45] with modifications to

6 This particular benchmark yields a Higgs mass that is too low, mh ∼ 121 GeV.
However this can be remedied by increasing the stop squark mass/mixing without
changing any of the physics relevant to this study.

CLIC 

Luminosity	  	  
•  Similar	  to	  linear	  colliders	  for	  √s	  >	  1	  TeV	  

•  HHH	  coupling	  with	  similar	  precision	  
•  (Also	  done	  at	  FCC-‐hh)	  

	  
Energy	  
•  Can	  go	  to	  higher	  energy	  	  

•  Advantage	  for	  2HDM	  (e.g.,	  SUSY)	  
•  Heavy	  Higgs	  with	  µ+µ- → H,A	  

•  √s	  ~	  6	  TeV	  possible	  in	  the	  Tevatron	  tunnel	  
E. Eichten, A. Martin 
 PLB 728 (2014)125 
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Higgs	  boson	  production	  (4)	  
q  Luminosity	  and	  energy	  at	  lepton	  colliders	  
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Higgs	  boson	  production	  (5)	  
q  When	  muon	  colliders	  try	  to	  do	  what	  the	  other	  collider	  do	  	  

◆  They	  do	  a	  factor	  10	  worse	  than	  FCC-‐ee,	  a	  factor	  2	  worse	  than	  ILC	  at	  √s	  <	  500	  GeV	  
◆  They	  reach	  a	  performance	  similar	  to	  that	  of	  CLIC	  at	  1.5	  TeV	  <	  √s	  <	  3	  TeV	  

q  Muon	  colliders	  are,	  however,	  unique	  on	  two	  aspects	  
◆  They	  can	  scan	  the	  Higgs	  resonance(s)	  by	  direct	  µ+µ-	  →	  H	  production	  (*)	  
◆  They	  can	  reach	  √s	  >	  3	  TeV	  with	  reasonably-‐sized	  rings,	  and	  low	  power	  consumption	  

●  I	  focus	  on	  these	  specificities	  in	  the	  rest	  of	  the	  presentation	  

q  (*)	  Note:	  Scan	  of	  the	  SM	  Higgs	  resonance	  at	  FCC-‐ee	  with	  e+e-	  →	  H	  	  
◆  σ(e+e-	  →	  H)	  ~	  50	  ab	  with	  nominal	  δE/E	  

●  200-‐	  500	  ab	  with	  monochromators?	  
➨  ~10,000	  events/yr	  	  (40	  ab-‐1/yr)	  
➨  S/B	  ×	  10-‐5	  	  wrt	  muon	  collider	  

●  No	  way	  to	  study	  resonance	  parameters	  

➨  See	  study	  from	  d’Enterria	  et	  al.	  
➨  Optimistically	  expect	  ~2σ	  excess	  	  

24 Sept 2015 
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Figure 2: Higgs production cross section in the electron-positron collider for several values of
the machine energy spread � = 0, 4.2, 8, 15, 30, 100MeV. The QED ISR e↵ect is not included.
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Scan	  of	  the	  SM	  Higgs	  resonance	  (1)	  
q  Resonant	  production	  	  

◆  Convoluted	  with	  	  
●  Beam	  energy	  spectrum	  
●  Initial	  state	  radiation	  (ignored	  in	  most	  studies)	  

◆  The	  measurement	  of	  the	  lineshape	  gives	  access	  to	  	  
●  The	  Higgs	  mass,	  mH	  	  	  	  
●  The	  Higgs	  width,	  ΓH	  

●  The	  branching	  ratio	  into	  µ+µ-, BR(H	  →	  µµ)	

➨  Hence,	  the	  coupling	  of	  the	  Higgs	  to	  the	  muon,	  gHµµ	  	  

●  Some	  branching	  fractions	  and	  couplings,	  with	  exclusive	  decays	  

24 Sept 2015 
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and a circular µ+µ� collider.[1] This report examines the potential ability of
a proposed muon collider to fill that role and probe the Standard Model to
its limits. We examine the physics backgrounds relevant to a muon collider
operating at the Higgs s-channel resonance and explore an energy scanning
search strategy for locating the narrow Higgs peak. We find that the high beam
energy resolution and ability to use s-channel resonance Higgs production at a
muon collider make it an attractive option for further research and development.

In this report we assume a Standard Model Higgs. Unless stated otherwise,
we assume a mass and width of

MH = 126.0GeV, �H = 4.21MeV (1)

1.1 S-Channel Resonant Higgs Boson Production

The Higgs boson’s resonant production cross section is given by the Breit-
Wigner formula. For a center of mass energy

p
ŝ, this is given by [5]

�(µ+µ� ! H0) =
4⇡�2

HBr(H0 ! µ+µ�)

(ŝ�M2
H)

2
+ �2

HM2
H

(2)

�H is referred to as the ‘width’ of the Higgs peak. The peak value of the cross
section, using Standard Model values for the width and branching fractions of
a 126 GeV Higgs, is approximately 64pb. The observable cross section is in
practice the convolution of this Higgs peak with the energy distribution of the
collider. We assume that the distribution of the center of mass energy is a
Gaussian and unless otherwise stated, use a beam with a standard deviation inp
ŝ of 4.2 MeV, roughly the same as the Higgs peak. As will be shown later,

this is an optimal width for discovering the Higgs. To calculate cross sections
and to fit simulated data we numerically convolute the Higgs Breit-Wigner with
a Gaussian. The peak value of the smeared cross section is 28.3pb.

2 Muon Collider as a Higgs Factory

2.1 Lepton Mass Coupling

The Higgs mechanism couples to the square of a leptons’s mass so s-channel
resonance Higgs production is enhanced by a factor of 4.28 ⇥ 104 in a muon
collider as compared to an electron collider[4].

gHµµ

gHee
/

m2
µ

m2
e

= 4.28⇥ 104 [4] (3)

In e+e� colliders the only feasible channels for Higgs production are Higgs-
strahlung (e+e� ! ZH) and vector boson fusion (e+e� ! H⌫e⌫̄e), which have
lower cross sections, higher physics backgrounds and do not allow for direct
measurement of the Higgs mass and width.

2.2 Beam Energy Resolution

Many properties of a muon collider make it an attractive option for a Higgs
factory. The high mass of the muon compared to the electron, a ratio of about

3

X 

X 

Major	  background:	  
µ+µ- →	  Z/γ* →	  XX	  
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Scan	  of	  the	  SM	  Higgs	  resonance	  (2)	  
q  Finding	  the	  resonance	  (ΓH	  =	  4.2	  MeV	  ~	  δE)	  	  

◆  Today,	  mH	  is	  known	  to	  ±250	  MeV	  
●  Improves	  to	  ±100	  MeV	  (LHC14),	  ±30	  MeV	  (ILC),	  or	  ±8	  MeV	  (FCC-‐ee)	  

◆  Scan	  the	  √s	  region	  of	  interest	  in	  optimal	  bins	  of	  4.2	  MeV	  
●  Count	  the	  number	  of	  bb	  and	  semi-‐leptonic	  WW	  events	  (see	  next	  slides)	  	  

◆  Without	  ISR,	  needs	  about	  2	  pb-‐1	  /	  point	  for	  a	  5σ	  significance	  
●  Reduced	  to	  3σ	  when	  ISR	  is	  included	  

➨  Probably	  enough	  

◆  Total	  luminosity	  needed	  for	  3σ	

●  300	  pb-‐1	  	  (1.5	  yr)	  for	  ±300	  MeV	  	  
●  90	  pb-‐1	  (6	  months)	  for	  ±90	  MeV	  
●  25	  pb-‐1	  (2	  months)	  for	  ±	  24	  MeV	  	  	  	  

➨  With	  L	  =	  2×1031	  cm-‐2s-‐1	  	  

◆  Can	  be	  long	  …	  
●  …	  but	  feasible	  

➨  Especially	  after	  ILC	  /	  FCC-‐ee	  

24 Sept 2015 
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√s – mH 

A. Conway, H. Wenzel 
 arXiV:1304.5270 

~2 pb-1/point 
No ISR 
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Scan	  of	  the	  SM	  Higgs	  resonance	  (3)	  
q  Measurement	  of	  the	  lineshape	  

◆  Assume	  1	  p-‐1	  (5	  yrs	  at	  2×1031	  and	  ≥	  1	  yr	  at	  8×1031)	  :	  70	  pb-‐1	  /	  point	  around	  mH	  

●  The	  detector	  is	  assumed	  to	  have	  the	  performance	  of	  an	  ILC	  detector	  
●  No	  beam	  background	  (e.g.,	  from	  muon	  decays)	  is	  simulated	  	  

◆  Count	  either	  all	  events,	  or	  only	  those	  with	  Evis	  >	  98	  GeV	  	  [	  reject	  Z(γ)	  events	  ]	  

●  ISR	  reduces	  the	  signal	  by	  a	  factor	  2	  (but	  not	  the	  background)	  
➨  All	  errors	  to	  be	  increased	  by	  a	  factor	  2	  

●  mH	  and	  ΓH	  measurements	  require	  knowledge	  of	  E	  and	  δE	  with	  great	  precision	  
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Figure 2: Simulated event counts for a scan across a 126.0 GeV Higgs peak with
a 4.2 MeV wide Gaussian beam spread, counting all events except for Z0 ! ⌫`⌫̄`
decays. Data is taken in a 60 MeV range centered on the Higgs mass in bins
separated by the beam width of 4.2 MeV. Total luminosity is 1 fb�1. Event
counts are calculated as Poisson-distributed random variables and the data is
fit to a Breit-Wigner convoluted with a Gaussian peak plus linear background.
Fitted values of the free parameters are in Table 2.

4.1 Low-Mass Z bosons

Fortunately, this background is reducible. The s-channel resonance production
of Higgs bosons only happens with a center of mass energy within a few MeV
of its peak. Z bosons however are produced in several di↵erent processes with
a wide range of masses, as seen in Figure 3. At an s-channel Higgs factory
muon collider, Z bosons are primarily produced as real, on-shell bosons along
with an intial state photon that makes up the di↵erence in energy between the
Higgs s-channel and the Z mass (Fig. 4b). There is also a small number of very
low mass Z bosons produced in a Drell-Yan process. The only events that are
theoretically indistinguishable from Higgs events are those where a virtual Z is
produced at the center of mass energy and decays into a channel shared with
the Higgs (Fig. 4a).

Before looking into how the kinematics of these events might di↵er from
Higgs events, the simple thing to do is a cut on the total energy potentially
visible to the detector. This is accomplished by summing the energies of all
final state particles which pass a cos ✓ < 0.94 cut and finding the energy cut
which maximizes S/

p
B. The cos ✓ cut is e↵ective because most of the high-

energy initial state radiation is colinear with the beam. We use a cut of Etotal >
98.0 GeV , which selects 79.2% of the Higgs signal events and 41.9% of the Z
background. This results in an e↵ective Higgs cross section of 22.4 pb and a

6

Figure 5: Simulated event counts for a scan across a 126.0 GeV Higgs peak
with a 4.2 MeV wide Gaussian beam spread, counting all events with a total
energy of at least 98.0 GeV visible to the detector. Data is taken in a 60 MeV
range centered on the Higgs mass in bins separated by the beam width of 4.2
MeV. Event counts are calculated as Poisson-distributed random variables and
the data is fit to a Gaussian peak plus linear background. The fit width is
5.16± 0.24 MeV and the error in the mass measurement is 0.26± 0.19 MeV.

4.3 H0 ! WW ⇤

There are several channels with very little physics background that are of im-
portance, despite their smaller cross sections. One of these is the H0 ! WW ⇤

decay mode, with a branching fraction of 0.226 (cross section 6.39 pb) and no
real background from the corresponding Z decays. The W boson decays into a
charged lepton and corresponding neutrino 32.4% of the time, with e↵ectively
equal rates for each type of lepton. The majority of the remaining branching
fraction is the decay into pairs of light quarks. While it is certainly possible
to reconstruct W bosons from four-jet events, in this report we focus on the
decays with missing energy in the form of neutrinos since they can be identified
by the presence of one or two isolated leptons and missing energy and are the
most common. Further study will be required for a detailed analysis of the
four-jet case. Since the W boson decays into a lepton and neutrino 32.4% of
the time and we require at least one such decay between a pair of W’s, these
make up 54.3% of WW ⇤ events. Thus the theoretical cross section is 6.39 pb
with virtually no background.

Because the detector will have a non-sensitive cone, there will be a small
amount of ‘fake’ background, eg. when the photon in the decay µ+µ� ! Z0 +
� ! `+ + `� boosts the two leptons and disappears into the cone as missing
energy. Figure 26 in Appendix A.3 shows an example event display for a WW ⇤
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All events 
Background: Z/γ*	

No ISR 

Evis > 98 GeV 
No ISR 

Δσµµ→H ~ 5% 
ΔmH ~ 0.16 MeV 
ΔΓH ~ 1.5 MeV 

Δσµµ→H ~ 4% 
ΔmH ~ 0.14 MeV 
ΔΓH ~ 1.3 MeV 

A. Conway, H. Wenzel 
 arXiV:1304.5270 

A. Conway, H. Wenzel 
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Efficiency ~ 80% 
Biased against 
H→ττ,WW,ZZ,… 
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Scan	  of	  the	  SM	  Higgs	  resonance	  (4)	  
q  Exclusive	  decays	  

◆  	  	  	  	  H	  →	  bb	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  H	  →	  WW	  →	  lνqq	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  H	  →	  ττ 	  	  

	  

◆  Notes	  

●  Some	  optimism	  in	  these	  numbers	  (perfect	  b	  tag,	  only	  Z	  bkgd,	  no	  beam	  bkgd…)	  
●  Errors	  to	  be	  increased	  anyway	  to	  account	  for	  ISR	  
●  A	  better	  scan	  strategy	  could	  be	  thought	  of	  (less	  in	  the	  sides,	  more	  in	  the	  peak)	  
●  The	  numbers	  are	  for	  5	  years	  at	  low	  luminosity,	  and	  1.2	  year	  after	  lumi	  upgrade	  

➨  Combined	  numbers	  (next	  slide)	  given	  for	  5	  (low	  lumi)	  +	  5	  (upgrade)	  years.	  	  

24 Sept 2015 
FCC-ee Higgs mini-workshop 
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Figure 7: Simulated event counts for a scan across a 126.0 GeV Higgs peak
with a 4.2 MeV wide Gaussian beam spread, counting X ! bb̄ events with a
total energy of at least 98.0 GeV visible to the detector and cutting on event
shape parameters. Data is taken in a 60 MeV range centered on the Higgs mass
in bins separated by the beam width of 4.2 MeV. Event counts are calculated
as Poisson-distributed random variables and the data is fit to a Breit-Wigner
convoluted with a Gaussian plus linear background. The fit width is 4.78±0.48
MeV, the error in the mass measurement is 0.01± 0.05 MeV and the branching
ratio is measured at 0.271 ± 0.001. Total luminosity is 1000pb�1, or 71.4pb�1

per point.
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Figure 16: Simulated event counts for a scan across a 126.0 GeV Higgs peak
with a 4.2 MeV wide Gaussian beam spread, counting all H0 ! WW ⇤ events
with a minimal background. Data is taken in a 60 MeV range centered on the
Higgs mass in bins separated by the beam width of 4.2 MeV. Event counts
are calculated as Poisson-distributed random variables and the data is fit to a
Breit-Wigner convoluted with a Gaussian plus linear background. The fit width
is 4.06± 0.24 MeV, the error in the mass measurement is 0.00± 0.07 MeV and
the branching ratio is measured at 0.217± 0.001. Total luminosity is 1000pb�1,
or 71.4pb�1 per point.

Figure 17: Simulated event counts for a scan across a 126.0 GeV Higgs peak
with a 4.2 MeV wide Gaussian beam spread, counting all H0 ! WW ⇤ !
lepton + missing energy events with a minimal background. Data is taken in
a 60 MeV range centered on the Higgs mass in bins separated by the beam
width of 4.2 MeV. Event counts are calculated as Poisson-distributed random
variables and the data is fit to a Breit-Wigner convoluted with a Gaussian
plus linear background. The fit width is 3.96 ± 0.17 MeV, the error in the
mass measurement is �0.16± 0.04 MeV and the branching ratio is measured at
0.1271± 0.0002. Total luminosity is 1000pb�1, or 71.4pb�1 per point.

25

Figure 18: Simulated event counts for a scan across a 126.0 GeV Higgs peak
with a 4.2 MeV wide Gaussian beam spread, counting all X ! ⌧+⌧� events.
Data is taken in a 60 MeV range centered on the Higgs mass in bins separated by
the beam width of 4.2 MeV. Event counts are calculated as Poisson-distributed
random variables and the data is fit to a Breit-Wigner convoluted with a Gaus-
sian plus linear background. The fit width is 4.82± 4.46 MeV, the error in the
mass measurement is �0.54± 0.47 MeV and the branching ratio is measured at
0.0623± 0.0005. Total luminosity is 1000pb�1, or 71.4pb�1 per point.

Figure 19: Simulated event counts for a scan across a 126.0 GeV Higgs peak
with a 4.2 MeV wide Gaussian beam spread, counting X ! ⌧+⌧� events with
a total energy of at least 60.0 GeV visible to the detector and cutting on event
shape parameters. Data is taken in a 60 MeV range centered on the Higgs mass
in bins separated by the beam width of 4.2 MeV. Event counts are calculated
as Poisson-distributed random variables and the data is fit to a Breit-Wigner
convoluted with a Gaussian plus linear background. The fit width is 0.84±2.97
MeV, the error in the mass measurement is 1.07± 0.30 MeV and the branching
ratio is measured at 0.24± 0.23. Total luminosity is 1000pb�1, or 71.4pb�1 per
point.

26

Perfect b tagging 
No ISR 

Δσµµ→H→bb ~ 4% 
ΔmH ~ 0.3 MeV 
ΔΓH ~ 0.6 MeV 

No background 
No ISR 

Δσµµ→H→WW ~ 3% 
ΔmH ~ 0.4 MeV 
ΔΓH ~ 0.8 MeV 

Δσµµ→H→ττ ~ 25% 

No ISR 
A. Conway, H. Wenzel 
 arXiV:1304.5270 
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Scan	  of	  the	  SM	  Higgs	  resonance	  (5)	  
q  Summary	  of	  precision	  measurements	  (after	  ~10	  years	  of	  running)	  

◆  Note:	  BR(H→	  µµ)	  can	  also	  be	  measured	  with	  %	  precision	  at	  FCC-‐hh.	  (Will	  be	  already	  10%	  after	  LHC.)	  

24 Sept 2015 
FCC-ee Higgs mini-workshop 
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Error	  on	   µµ	  Collider	   ILC	   FCC-‐ee	  

mH	  (MeV)	   0.06	   30	   8	  

ΓH	  (MeV)	   0.17	   0.16	   0.04	  

gHbb	   2.3%	   1.5%	   0.4%	  

gHWW	   2.2%	   0.8%	   0.2%	  

gHττ	
 5%	   1.9%	   0.5%	  

gHγγ	
 10%	   7.8%	   1.5%	  

gHµµ	   2.1%	   20%	   6.2%	  

gHZZ	   	  –	   0.6%	   0.15%	  

gHcc	   	  –	   2.7%	   0.7%	  

gHgg	   	  –	   2.3%	   0.8%	  

BRinvis	   	  –	   <0.5%	   <0.1%	  

Not	  sure	  of	  the	  practical	  use	  	  
of	  such	  a	  precision	  on	  mH	  	  

The	  Higgs	  width	  is	  	  
best	  measured	  at	  ee	  	  colliders	  	  

The	  SM	  Higgs	  coupling	  to	  muons	  
is	  the	  added	  value	  of	  a	  µµ	  collider	  *	  	  	  

These	  Higgs	  couplings	  are	  	  
best	  measured	  at	  ee	  	  colliders	  	  

These	  Higgs	  couplings	  are	  	  
only	  measured	  at	  ee	  	  colliders	  	  *	  

*	  pp	  colliders	  have	  their	  say,	  too	  
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Beam	  energy	  and	  beam-‐energy	  spread	  (1)	  
q  Muons	  are	  naturally	  100%	  polarized	  (from	  π±	  decays)	  

◆  It	  is	  hoped	  that	  ~20%	  of	  this	  polarization	  can	  be	  kept	  in	  the	  collider	  ring	  
●  Then,	  the	  spin	  precesses	  around	  B	  with	  a	  frequency	  ν0	


➨  For	  mH	  =	  125	  GeV,	  ν0	  =	  0.68967593(35)	  
●  Without	  energy	  spread,	  PL	  oscillates	  between	  -‐20%	  and	  +20%	  
●  With	  energy	  spread,	  PL	  gets	  diluted	  turn	  after	  turn	  

➨  PL(T)	  is	  the	  Fourier	  transform	  of	  S(ν)	  
●  For	  example,	  with	  a	  Gaussian	  energy	  spread	  

●  Experimentally,	  measure	  PL	  at	  each	  turn	  T	  
➨  And	  deduce	  the	  complete	  beam	  energy	  spectrum	  by	  inverse	  Fourier	  transform	  

i.e.,	  δE/E	  for	  a	  Gaussian	  energy	  spread	  

24 Sept 2015 
FCC-ee Higgs mini-workshop 
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5 GeV 15 GeV 
40 GeV 

25 GeV 

Beam	  energy	  and	  beam-‐energy	  spread	  (2)	  

24 Sept 2015 
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q  Use	  decay	  electrons	  to	  measure	  PL(T)	  
◆  Energy	  distribution	  depends	  on	  the	  muon	  helicity	  

●  Ne(E)	  /	  Ntot	  oscillates	  according	  to	  PL	  

➨  Count	  electrons	  in	  the	  first	  dipole:	  

◆  Fraction	  of	  e+	  from	  30	  to	  40	  GeV	  

●  The	  amplitude	  gives	  P0	


●  The	  frequency	  gives	  ν0	  (EBeam)	  
●  The	  damping	  gives	  δE/E	  

δE/E	  =	  0.1%	  

A. Blondel (1999) 
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Beam	  energy	  and	  beam-‐energy	  spread	  (3)	  
q  Expected	  statistical	  accuracy	  of	  the	  method	  	  

◆  For	  L	  =	  2×1031	  cm-‐2s-‐1	  and	  δE/E	  =	  3×10-‐5	  ,	  for	  each	  “fill”	  (i.e.,	  1000	  turns)	  
●  10-7	  on	  the	  beam	  energy	  (	  6	  keV	  )	  

➨  Limited	  to	  5×10-‐7	  (30	  keV)	  by	  the	  precision	  on	  gµ-2	  (!)	  

●  3⋅10-7 on	  the	  beam	  energy	  spread	  δE/E	  (1%)	  
➨  Corresponds	  to	  a	  systematic	  uncertainty	  of	  0.5%	  on	  σ(µµ→	  H)	  
➨  Corresponds	  to	  a	  systematic	  uncertainty	  of	  50	  keV	  on	  ΓH	  	  

●  10-4	  on	  the	  polarization	  value	  
➨  Negligible	  impact	  on	  σ(µµ→	  H)	  

◆  These	  uncertainties	  are	  appropriately	  smaller	  than	  the	  statistical	  precision	  
●  On	  the	  Higgs	  mass	  (60	  keV)	  
●  On	  the	  Higgs	  width	  (170	  keV)	  
●  On	  the	  production	  cross	  section	  (1.5%)	  

24 Sept 2015 
FCC-ee Higgs mini-workshop 
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Additional	  Higgs	  bosons	  (1)	  
q  Is	  H(125)	  made	  of	  several	  quasi-‐degenerate	  Higgs	  bosons	  ?	  	  

◆  At	  LHC,	  the	  typical	  mH	  resolution	  in	  the	  H	  →	  ZZ*	  →	  µµ	  channel	  is	  ~1	  GeV	  
●  Two	  quasi-‐degenerate	  Higgs	  bosons	  difficult	  to	  infer	  if	  ΔM	  <	  few	  100	  MeV	  

◆  Would	  be	  a	  piece	  of	  cake	  at	  a	  muon	  collider	  
●  Examples	  shown	  for	  	  

➨  ΔM	  =	  10,	  15,	  20	  MeV	  
➨  Destructive/constructive	  interference	  
➨  Similar	  coupling	  to	  muons	  and	  b	  quarks	  

●  Lineshape	  sensitive	  to	  ΔM	  ~	  MeV	  
➨  If	  both	  Higgs	  bosons	  couple	  to	  µ	  and	  b/W	  

	  
◆  Probably	  observable	  at	  FCC-‐ee	  via	  pair	  production	  with	  √s	  >	  250	  GeV	  (to	  be	  studied)	  

●  e+e-	  →	  hA	  present	  at	  tree	  level	  with	  large	  cross	  section	  (A	  pseudoscalar,	  mA~mh~mH)	  

●  [e+e-	  →	  hH	  only	  at	  loop	  level	  with	  a	  few	  ab	  cross	  section	  (H	  scalar)]	  
➨  A	  small	  mass	  difference	  is	  not	  measurable	  this	  way	  	  

…	  but	  the	  pair	  production	  proves	  the	  existence	  of	  two	  (three)	  states	  
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Figure 5: Resolving high degenerate Higgs bosons at the muon collider through scanning.
The b-tagging e�ciency is assumed to be 60 %, and the acceptance ✏ is thus 0.84 with
at least one b-jet tagged. The solid, dashed and dotted lines represent mass splitting of
the Higgs bosons 20 MeV, 15 MeV and 10 MeV. The blue and red curves represent
constructive and destructive interferences, respectively.

we have at a given integrated luminosity. The relative strength a↵ects the resolution in

the sense that when one Higgs is dominate, the other insignificant one would be hard to

separate at a fixed overall number of events. The optimal scenario would be both Higgs

bosons having same total width and signal strength. Instead of this optimal scenario, our

choice in Fig. 5 is more realistic with both Higgs bosons having same order of strength

and total width. We can see the shape fitting is very necessary to resolute 10 MeV

degeneracy. As a result, we argue the muon collider could resolve mass degeneracy to the

level of these Higgs bosons’ total widths.

There are other ways to resolve the mass degeneracy at the muon collider. For example,

for 2HDM and related models, the other Higgs usually is expected not to couple to the

vector bosons much. One could fit the mass from the WW ⇤ mode to sub MeV level for

the SM-like Higgs and fit the mass from bb mode to similar level. These two fittings

shall have di↵erent best fitting masses and thus resolve the degeneracy. This scenario

15

Snowmass 2013 
arXiV:1308.2143 

A. Djouadi et al. 
PRD 54 (1996) 759 

Similar at FCC-ee 
(Recoil mass) 
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Additional	  Higgs	  bosons	  (2)	  
q  Can	  be	  applied	  to	  heavier	  H	  and	  A	  in	  2HDM	  (e.g.,	  from	  SUSY)	  

◆  Example	  1:	  mA	  =	  400	  GeV	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Example	  2:	  mA	  =	  1.55	  TeV	  

◆  Notes:	  	  
●  Higgs	  width	  of	  the	  order	  of	  0.1	  to	  1%	  of	  the	  Higgs	  mass	  

➨  δE/E	  ~	  0.1%	  enough,	  large	  integrated	  luminosities	  (100’s	  p-‐1	  or	  ab-‐1)	  possible	  
●  Each	  value	  of	  mA	  correspond	  to	  a	  specific	  ring	  diameter	  

➨  Need	  to	  know	  the	  mass	  beforehand	  	  

24 Sept 2015 
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tanβ	  =	  10	  

tanβ	  =	  8	  

tanβ	  =	  6	  

Background 

128 E. Eichten, A. Martin / Physics Letters B 728 (2014) 125–130

Table 1
Properties of the H and A states in the Natural Supersymmetry benchmark model
[44]. In addition to masses and total widths, the branching ratios for various decay
modes are shown. For this benchmark point, tanβ = 23a.

H A

Mass 1.560 TeV 1.550 TeV
Width 19.5 GeV 19.2 GeV

(Decay) Br (Decay) Br

(bb̄) 0.64 (bb̄) 0.65

(τ+τ−) 8.3 × 10−2 (τ+τ−) 8.3 × 10−3

(ss̄) 3.9 × 10−4 (ss̄) 4.0 × 10−3

(µ+µ−) 2.9 × 10−4 (µ+µ−) 2.9 × 10−4

(tt̄) 6.6 × 10−3 (tt̄) 7.2 × 10−3

(gg) 1.4 × 10−5 (gg) 6.1 × 10−5

(γ γ ) 1.1 × 10−7 (γ γ ) 3.8 × 10−9

(Z 0 Z 0) 2.6 × 10−5 (Z 0γ ) 4.3 × 10−8

(h0h0) 4.4 × 10−5

(W +W −) 5.3 × 10−5

(τ̃±
1 τ̃∓

2 ) 9.2 × 10−3 (τ̃±
1 τ̃∓

2 ) 9.5 × 10−3

(t̃1 t̃∗
1) 3.1 × 10−3 (t̃1 t̃∗

2) 1.1 × 10−3

(χ0
1 χ0

1 ) 2.6 × 10−3 (χ0
1 χ0

1 ) 3.2 × 10−3

(χ0
2 χ0

2 ) 1.3 × 10−3 (χ0
2 χ0

2 ) 1.1 × 10−3

(χ0
1 χ0

3 ) 2.8 × 10−2 (χ0
1 χ0

3 ) 3.9 × 10−2

(χ0
1 χ0

4 ) 1.7 × 10−2 (χ0
1 χ0

4 ) 4.0 × 10−2

(χ0
2 χ0

3 ) 3.8 × 10−2 (χ0
2 χ0

3 ) 2.7 × 10−2

(χ0
2 χ0

4 ) 4.0 × 10−2 (χ0
2 χ0

4 ) 1.5 × 10−2

(χ±
1 χ∓

2 ) 5.7 × 10−2 (χ±
1 χ∓

2 ) 6.0 × 10−2

a For tanβ = 10 (5), the branching ratio to muons drops by a factor of 4 (15),
while the branching fraction increases by a factor of 1.3 for tanβ = 30.

include gaussian beam-energy smearing with a resolution param-
eter R = 0.001. As can be seen from the top panel of Fig. 2, the
peak signal is more than an order of magnitude larger than the
background.

We use this channel to study the ability of extracting separate
information about the two nearby resonances. We fit the cross sec-
tion in this region by a sum of background, σB given by:

σB(
√

s) = c1
(mHmA)

s
(8)

and one or two Breit–Wigner’s (Eq. (1)) for the signal contribu-
tions.

The resulting fits are shown in Table 2. A single Breit–Wigner is
completely ruled out while the two resonance fit provides an ex-
cellent description of the total cross section and allows an accurate
determination of the individual masses, widths and Bbb̄ branching
ratios of the A and H .7

As can be seen in Fig. 1, a large H/A signal to background ratio
at a muon collider is fairly independent of mH/A , provided H/A are
narrow and assuming ŝ has been tuned to mH/A . The separability
of the signal into two distinct resonances, however, is more model
dependent because depends on the overall H/A mass, and the ra-
tio of the H/A mass difference &mH/A to the width ΓH/A . The
mass sets the overall rate, and thereby the number of events one

7 Note that interpreting the improved fit as evidence for a 2DHM Higgs sector
requires some caution: a scenario with three resonances where two of the three
states are degenerate (or a similar configuration with more than three resonances)
would generate the same rate vs.

√
s shape as H/A.

Fig. 2. Pseudo-data (in black) along with the fit results in the b̄b (top) and τ+τ−

(bottom) channels. The two Breit–Wigner components (A in green, H in red) along
with the background component (yellow) are also shown. In each bin, the expected
number of events – the PYTHIA cross section times 5 fb−1 was allowed to fluctuate
according to Poisson statistics. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

Table 2
Fit of the H/A region to background plus Breit–Wigner resonances. Both a sin-
gle and two resonance fits are shown. General form of the background fit is
σB (

√
s) = c1(1.555)2/s (in TeV2). The values of the best fit for one or two Breit–

Wigner resonances are given.

Mass (GeV) Γ (GeV) σpeak (pb)

One resonance
1555 ± 0.1 GeV 24.2 ± 0.2 1.107 ± 0.0076
χ2/ndf = 363/96 c1 = 0.0354 ± 0.0006

Two resonances
1550 ± 0.5 GeV 19.3 ± 0.7 0.6274 ± 0.0574
1560 ± 0.5 GeV 20.0 ± 0.7 0.6498 ± 0.0568
χ2/ndf = 90.1/93 c1 = 0.040 ± 0.0006

can fit, while &mH/A/ΓH/A quantifies how much the resonances
overlap.

To study the separability, we performed a small Monte Carlo
study. Specifically, we created pseudodata by randomly draw-
ing a fixed number of events from a truth distribution made
from two Breit–Wigner lineshapes with a given width-to-mass
and mass-difference-to-width ratio. We then compared a fit to
the pseudodata using a single resonance to a fit from two sepa-
rate resonances. If the difference in χ2 between the double- and

δE/E	  =	  0.1%	   δE/E	  =	  0.1%	  P. Janot (1999) 

tanβ	  =	  20	  
E. Eichten, A. Martin 
 PLB 728 (2014)125 
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Additional	  Higgs	  bosons	  (3)	  
q  Automatic	  mass	  scan	  with	  radiative	  returns	  in	  µµ	  collisions	  

◆  Go	  to	  the	  highest	  energy	  first	  
●  √s	  =	  1.5,	  3	  or	  6	  TeV	  

◆  Select	  event	  with	  an	  energetic	  photon	  
●  Check	  the	  recoil	  mass	  mRecoil	  =	  [s	  –	  2Eγ√s]1/2	  	  	  

◆  Can	  “see”	  H	  and	  A	  
●  If	  tanβ	  >	  5	  

◆  Build	  the	  next	  collider	  
●  At	  √s	  ~	  mA,H	  
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fraction to this final state to be 80%. We also assume 80%
b-tagging efficiency and require at least one b-jet tagged.
In fact, any visible decay of the heavy Higgs boson except
for the dimuon final state, negligible in most of models,
would be very efficient in background suppression. One
could also interpret our assumption as that 80% of the
decays of the Higgs boson could be utilized.
We employ MADGRAPH5 [36] for parton level signal and

background simulations and tuned PYTHIA 6.4 [37] mainly
for ISR and FSR, and further implement detector smearing
and beam energy spread with our own code. We show the
recoil mass distribution for the heavy Higgs boson mass of
0.5, 1, 1.5, 2, 2.5, 2.9 TeVeach with 1, 10, 100 GeV width
at a 3 TeV muon collider in Fig. 3 (right panel). Both cross
sections of the signal and the background at fixed beam
energy increase as the recoil mass increases due to the
infrared nature of the photon radiation. The spread of recoil
mass peak increases at a lower mass, due to the larger
photon energy detector resolution smearing at a higher
photon energy. We can see that the pronounced mass peaks
look promising for the signal observation, and the RR
process is a plausible discovery production mechanism that
does not rely on the precise knowledge of the new heavy
Higgs boson mass. We discuss the observability of this
mode in the next subsection.

2. Estimated sensitivities

To quantify the reach of the signal observation, we
choose different bin sizes according to the spread of the
photon energy distribution. This is because the recoil mass
spread is broader than the photon energy smearing, as
scaled by a factor of

ffiffiffi
ŝ

p
=mH=A. This implies the Higgs

mass resolution would be much worse than the photon
energy resolution if the mass is far away from the beam

energy. We find the bin sizes in step of 1 GeV that optimize
statistical significance of signal at κμ ¼ 10 over the
background. With this optimal choice of number of bins,
we show the 2 σ exclusion (solid) and 5 σ discovery
(dashed) limits from RR in Fig. 4 for both 1.5 and 3 TeV
muon colliders as described in Table II, for three different
benchmark heavy Higgs width values 1, 10 and 100 GeV
in red, blue and green, respectively. The results show
that the RR production mode could cover a large κμ
(tan β in type II 2HDM) region. To put these results into
perspective, we reproduce the LHC curves for the discov-
ery reach on the mA − tan β plane in solid black lines
for 300 fb−1 and 3000 fb−1 [17]. These LHC discovery
projections are mainly from searches on heavier Higgs
bosons decaying into SM particles such as τþτ− and tt̄, in
the maximal mixing scenario in the MSSM. This “wedge”
shape indicates the LHC’s limitation in discovering heavy
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FIG. 3 (color online). (Left panel) Total cross section for H=A → bb̄ (solid lines) and tt̄ (dashed lines) as a function of mH=A atffiffiffi
s

p
¼ 3 TeV, in type II 2HDM scenario for tan β ¼ 5 (blue) and 40 (red). (Right panel) Recoil mass distribution for heavy Higgs mass

of 0.5, 1, 1.5, 2, 2.5, 2.9 TeV with total width 1 (red), 10 (blue) and 100 (green) GeV at a 3 TeV muon collider. The beam energy
resolution and photon energy resolution are as shown in Table II. ISR and FSR are included but not beamstrahlung. Background (black)
includes all events with a photon that has pT > 10 GeV. Note that signal and background have different multiplication factors for
clarity.

FIG. 4 (color online). Estimated 2σ exclusion limits (solid
lines) and 5σ discovery limits (dashed lines) in the Higgs mass
and κμ plane, shown as the shaded region. We include the cases
with Higgs width 1 (red), 10 (blue) and 100 (green) GeV. We
overlay the 3 TeV muon collider reach (gray shade) over 1.5 TeV
muon collider results (pink shade). For comparison, the two
solid black wedged curves reproduce the LHC coverage in the
mA-tan β plane for 300 fb−1 and 3000 fb−1, respectively.
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fraction to this final state to be 80%. We also assume 80%
b-tagging efficiency and require at least one b-jet tagged.
In fact, any visible decay of the heavy Higgs boson except
for the dimuon final state, negligible in most of models,
would be very efficient in background suppression. One
could also interpret our assumption as that 80% of the
decays of the Higgs boson could be utilized.
We employ MADGRAPH5 [36] for parton level signal and

background simulations and tuned PYTHIA 6.4 [37] mainly
for ISR and FSR, and further implement detector smearing
and beam energy spread with our own code. We show the
recoil mass distribution for the heavy Higgs boson mass of
0.5, 1, 1.5, 2, 2.5, 2.9 TeVeach with 1, 10, 100 GeV width
at a 3 TeV muon collider in Fig. 3 (right panel). Both cross
sections of the signal and the background at fixed beam
energy increase as the recoil mass increases due to the
infrared nature of the photon radiation. The spread of recoil
mass peak increases at a lower mass, due to the larger
photon energy detector resolution smearing at a higher
photon energy. We can see that the pronounced mass peaks
look promising for the signal observation, and the RR
process is a plausible discovery production mechanism that
does not rely on the precise knowledge of the new heavy
Higgs boson mass. We discuss the observability of this
mode in the next subsection.

2. Estimated sensitivities

To quantify the reach of the signal observation, we
choose different bin sizes according to the spread of the
photon energy distribution. This is because the recoil mass
spread is broader than the photon energy smearing, as
scaled by a factor of
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p
=mH=A. This implies the Higgs

mass resolution would be much worse than the photon
energy resolution if the mass is far away from the beam

energy. We find the bin sizes in step of 1 GeV that optimize
statistical significance of signal at κμ ¼ 10 over the
background. With this optimal choice of number of bins,
we show the 2 σ exclusion (solid) and 5 σ discovery
(dashed) limits from RR in Fig. 4 for both 1.5 and 3 TeV
muon colliders as described in Table II, for three different
benchmark heavy Higgs width values 1, 10 and 100 GeV
in red, blue and green, respectively. The results show
that the RR production mode could cover a large κμ
(tan β in type II 2HDM) region. To put these results into
perspective, we reproduce the LHC curves for the discov-
ery reach on the mA − tan β plane in solid black lines
for 300 fb−1 and 3000 fb−1 [17]. These LHC discovery
projections are mainly from searches on heavier Higgs
bosons decaying into SM particles such as τþτ− and tt̄, in
the maximal mixing scenario in the MSSM. This “wedge”
shape indicates the LHC’s limitation in discovering heavy
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of 0.5, 1, 1.5, 2, 2.5, 2.9 TeV with total width 1 (red), 10 (blue) and 100 (green) GeV at a 3 TeV muon collider. The beam energy
resolution and photon energy resolution are as shown in Table II. ISR and FSR are included but not beamstrahlung. Background (black)
includes all events with a photon that has pT > 10 GeV. Note that signal and background have different multiplication factors for
clarity.

FIG. 4 (color online). Estimated 2σ exclusion limits (solid
lines) and 5σ discovery limits (dashed lines) in the Higgs mass
and κμ plane, shown as the shaded region. We include the cases
with Higgs width 1 (red), 10 (blue) and 100 (green) GeV. We
overlay the 3 TeV muon collider reach (gray shade) over 1.5 TeV
muon collider results (pink shade). For comparison, the two
solid black wedged curves reproduce the LHC coverage in the
mA-tan β plane for 300 fb−1 and 3000 fb−1, respectively.
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lþl− → AHðl ¼ e; μÞ in Sec. II B. To make the illustration
more concrete, we compare these production modes in
Sec. II C in the framework of 2HDM. Because of the
rather clean experimental environment and the model-
independent reconstruction of the Higgs signal events at
lepton colliders, we also study the sensitivity of the
invisible decay from the radiative return process in
Sec. III. Finally, we summarize our results and conclude
in Sec. IV.

II. PRODUCTION MECHANISMS

Peraps the most useful feature of a muon collider is the
potential to have s-channel resonant production of the
Higgs boson [6–8,10,22]. As has been already mentioned
in the previous section, such a machine undoubtedly has its
merits in analyzing in detail the already discovered Higgs
boson near 125 GeV. When it comes to identifying a
heavier additional (pseudo)scalar, however, we do not have
any a priori knowledge about the mass, rendering the new
particle search rather difficult. If one envisions a rather
wide-ranging scanning, it would require one to devote a
large portion of the design to integrated luminosity [9,10].
In this section, we discuss the three different production
mechanisms for the associated production of the heavy
Higgs boson. Besides the radiative return as in Eq. (1),
we also consider

μþμ− → Z% → ZH and HA: ð2Þ

The relevant Feynman diagrams are shown in Figs. 1(b)
and 1(c).
We first parametrize the relevant heavy Higgs boson

couplings as

Lint ¼ −κμ
mμ

v
Hμ̄μþ iκμ

mμ

v
Aμ̄γ5μþ κZ

m2
Z

v
HZμZμ

þ g
2 cos θW

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1 − κ2ZÞ

q
ðH∂μA − A∂μHÞZμ: ð3Þ

The two parameters κμ and κZ characterize the coupling
strength with respect to the SM Higgs boson couplings to
μþμ− and ZZ. The coupling κμ controls the heavy Higgs
resonant production and the radiative return cross sections,
while κZ controls the cross sections for ZH associated

production and heavy Higgs pair HA production. We have
used κμ as the common scale parameter for Yukawa
couplings of both the CP-even H and the CP-odd A,
although in principle they could be different. For the HAZ
coupling we have used the generic 2HDM relation: κZ is
proportional to cosðβ − αÞ and the HAZ coupling is
proportional to sinðβ − αÞ.2 In the heavy Higgs decoupling
limit of 2HDM at large mA, κZ ≡ cosðβ − αÞ ∼m2

Z=m
2
A is

highly suppressed and κμ ≈ tan βð− cot βÞ in type II [28,29]
and lepton-specific [30–33] (type I [23,28] and flipped
[30–33]) 2HDM. Note that many SUSY models, including
minimal supersymmetric Standard Model (MSSM) and
next-to-minimal supersymmetric Standard Model, are
essentially type II 2HDM, subject to fewer tree-level
parameters for the Higgs potential and potentially large
supersymmetric loop corrections. We tabulate our choices
of parameters and their 2HDM correspondences in Table. I.
We reiterate that such a notation can be carried over to any
scenario where there is another multiplet in addition to the
SM Higgs doublet contributing to the W and Z masses,
whereby the WW and ZZ couplings of the two neutral
CP-even scalars are connected by a unitary relationship, with
some SUð2Þ Clebsch-Gordan coefficients arising in addition.
We choose the following configuration as shown in

Table II for the muon collider parameters and the detector
acceptance, to study feasibilities of these different produc-
tion channels. The beam energy spread is defined as

dLð
ffiffiffi
s

p
Þ

d
ffiffiffi
ŝ

p ¼ 1

2πΔ
exp

"
−
ð

ffiffiffi
s

p
−

ffiffiffi
ŝ

p
Þ2

2Δ2

#
; ð4Þ

with Δ ¼ R
ffiffiffi
s

p
=

ffiffiffi
2

p
.

A. Radiative return

Due to the radiative return, when the heavy Higgs boson
mass is below the center-of-mass energy of the muon
collider, the photon emission from the initial state provides
an opportunity of the heavy Higgs boson back to reso-
nance. The signature is quite striking: a monochromatic
photon plus other recoil particles. The “recoil mass” is a

FIG. 1. Main production mechanisms of heavy Higgs boson H=A at lepton colliders. (a) H=A “Radiative Return.” (b) ZH associated
production. (c) HA pair production.

2Customarily, tan β is the ratio of the two vev’s, and α is the
mixing angle of the two scalar states.
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Additional	  Higgs	  bosons	  (4)	  
q  Unique	  CP	  (violation)	  and	  H/A	  mixing	  studies	  can	  start	  

◆  From	  H,A	  →	  τ+τ-	  →	  	  π+π-ντντ	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  From	  H,A	  →	  τ+τ-	  →	  	  ρ+ρ-ντντ	  	  	  with	  ρ±	  →	  π±π0	  	  

	


◆  From	  beam	  transverse	  polarization	  	  

●  No	  idea	  of	  whether	  it	  is	  feasible	  or	  not…	  
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Fig. 1. The π+π− acoplanarity distribution (angle φ∗) in the Higgs boson rest
frame. The thick line denotes the case of the scalar Higgs boson and thin line the
pseudoscalar one.

Fig. 2. The π+π− acollinearity distribution (angle δ∗) in the Higgs boson rest frame.
Parts of the distribution close to the end of the spectrum; δ∗ ∼ π are shown. No
smearing is done. The thick line denotes the case of the scalar Higgs boson and the
thin line the pseudoscalar one.

9

Fig. 5. The ρ+ρ− decay products’ acoplanarity distribution angle, ϕ∗, in the rest
frame of the ρ+ρ− pair. A cut on the differences of the π± π0 energies defined in
their respective τ± rest frames to be of the same sign, selection y1y2 > 0, is used in
the left plot and the opposite sign, selection y1y2 < 0, is used for the right plot. No
smearing is done. Thick lines denote the case of the scalar Higgs boson and thin
lines the pseudoscalar one.

Fig. 6. The ρ+ρ− decay products’ acoplanarity distribution angle, ϕ•, in the rest
frame of the ρ+ρ− pair. A cut on the differences of the π± π0 energies defined
in their respective replacement τ± rest frames to be of the same sign, selection
y1y2 > 0, is used in the left plot and the opposite sign, selection y1y2 < 0, is used
for the right plot. All smearing is included. Thick lines denote the case of the
scalar Higgs boson and thin lines the pseudoscalar one.

π+π- acollinearity  
ρ+ρ- acoplanarity  

H 
A 

A A H H 

y+y- > 0 y+y- > 0 

8

Thus, to exploit this part of the polarimetric vector, we need to have some
handle on the difference of the π± and π0 energies in their respective τ± lep-
tons rest frames. Otherwise, the effect of this part of the polarimetric vector
cancels out and one is left with the part proportional to the ρ (equivalently
ντ ) momentum.

Let us now discuss a new observable which we have introduced to distin-
guish between the scalar and the pseudoscalar Higgs boson. We advocate
the observable where we ignore the part of the polarimetric vector propor-
tional to the ρ± (equivalently ντ ) momentum in the τ rest frame. We rely
only on the part of the vector due to the differences of the π± and π0 mo-
menta, which manifests the spin state of the ρ±. In the Higgs boson rest
frame the ρ momentum represents a larger fraction of the Higgs’s energy
than the neutrino. Therefore, we abandon the reconstruction of the Higgs
boson rest frame and instead we use the ρ+ρ− rest frame which has the
advantage that it is built only from directly visible decay products of the
ρ+ and ρ−. In the rest frame of the ρ+ρ− system we define the acoplanarity
angle, ϕ∗, between the two planes spanned by the immediate decay products
(the π± and π0) of the two ρ’s, see Fig. 4.

π

π

π

π

ρ
ρ

ϕ∗

−

0

+

0

−
+

Fig. 4. Definition of the ρ+ρ− decay products’ acoplanarity distribution angle, ϕ∗

in the rest frame of the ρ+ρ− pair.

The variable ϕ∗ alone does not distinguish the scalar and psuedoscalar
Higgs boson. To do this we must go further. The τ± → π±π0ν̄τ (ντ ) spin
sensitivity is proportional to the energy difference of the charged and neutral
pion (in the τ rest frame), see formula (7). We have to separate events into
two zones, C and D,

y± = Eπ±-Eπ0  

M. Worek 
hep-ph/0305082 

Polarization: overview

fermions: longitudinal Lz = 0 ⇒ Sz = Jz

⇒
⇐

⇒
⇐ J = 0: Higgs channels; Jz = ±1: continuum

fermions: transverse

⇑ ⇓⇑⇓ (anti)parallel spins: ↔ CP-even/CP-odd Higgs ch.

⇑ ⇓⊙ orthogonal spins: ↔ triple products (CP-odd obs.)

Federico von der Pahlen, Fermilab, November 2009 – p. 11

µ+	
 µ-	

Parallel	  spins:	  	  	  	  	  	  	  	  	  produces	  H	  
Antiparallel	  spins:	  produces	  A	  	  

F. Palhen et al. 
JHEP 0808:030 
JHEP 0801:017 
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Summary	  
q  A	  muon	  collider	  at	  √s	  =	  125	  GeV	  is	  a	  pretty	  Higgs	  factory	  

◆  But	  not	  necessarily	  the	  one	  we	  need	  
●  Only	  a	  few	  Higgs	  couplings	  are	  accessible	  (b,	  µ,	  W,	  τ)	  with	  a	  2-‐5%	  precision	  

➨  The	  Higgs	  total	  decay	  width	  can	  be	  measured	  with	  a	  5%	  precision	  
●  If	  H	  is	  a	  single	  particle,	  we	  will	  know	  more	  from	  e+e-	  collisions	  at	  the	  FCC-‐ee	  

➨  All	  Higgs	  couplings	  can	  be	  measured	  with	  0.1	  –	  1%	  precision	  
➨  Sensitive	  to	  the	  Higgs	  invisible	  branching	  fraction	  down	  to	  0.1%	  	  

●  Important	  :	  e+e-	  colliders	  can	  	  measure	  the	  Higgs	  width	  very	  well	  	  
➨  Precision	  of	  0.9%	  at	  the	  FCC-‐ee	  	  (4%	  at	  the	  ILC)	  

q  Muon	  colliders	  may	  have	  a	  case	  if	  H(125)	  is	  formed	  by	  nearby	  peaks	  
◆  Separated	  by	  less	  than	  few	  100	  MeV	  and	  by	  more	  than	  a	  few	  MeV	  

●  Can	  be	  observed	  via	  e+e- →	  hA	  at	  FCC-‐ee	  
●  A	  similar	  situation	  occurs	  for	  heavy	  H	  and	  A:	  requires	  mH,A	  to	  be	  known	  beforehand	  
●  Open	  the	  possibility	  of	  nice	  (and	  unique)	  CP	  studies	  

q  Muon	  colliders	  may	  be	  the	  best	  way	  to	  reach	  √s	  >	  3	  TeV	  with	  leptons	  
◆  	  Much	  R&D	  remain	  to	  be	  done	  in	  cooling	  and	  acceleration	  
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Backup:	  Higgs	  width	  at	  FCC-‐ee	  (1)	  
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Precision'Higgs'physics'at'FCCCee'and'ILC'(4)'
!  Example'of'a'Higgs'boson'event''

◆  Tagged'with'a'Z'boson'
◆  Very'clean'signature'

29-31 July 2015 
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e+e�→ HZ)

√s = 240 GeV 

1.2 Theoretical structure of the Standard Model Higgs boson

Table 1.1. The Standard Model values of branching ratios of fermionic decays of the Higgs boson for each value of
the Higgs boson mass mh.

mh (GeV) b¯b ·+·≠ µ+µ≠ cc̄ ss̄
125.0 57.7 % 6.32 % 0.0219 % 2.91 % 0.0246 %
125.3 57.2 % 6.27 % 0.0218 % 2.89 % 0.0244 %
125.6 56.7 % 6.22 % 0.0216 % 2.86 % 0.0242 %
125.9 56.3 % 6.17 % 0.0214 % 2.84 % 0.0240 %
126.2 55.8 % 6.12 % 0.0212 % 2.81 % 0.0238 %
126.5 55.3 % 6.07 % 0.0211 % 2.79 % 0.0236 %

Table 1.2. The Standard Model values of branching ratios of bosonic decays of the Higgs boson for each value of
the Higgs boson mass mh. The predicted value of the total decay width of the Higgs boson is also listed for each
value of mh.

mh (GeV) gg ““ Z“ W +W ≠ ZZ �H (MeV)
125.0 8.57 % 0.228 % 0.154 % 21.5 % 2.64 % 4.07
125.3 8.54 % 0.228 % 0.156 % 21.9 % 2.72 % 4.11
125.6 8.52 % 0.228 % 0.158 % 22.4 % 2.79 % 4.15
125.9 8.49 % 0.228 % 0.162 % 22.9 % 2.87 % 4.20
126.2 8.46 % 0.228 % 0.164 % 23.5 % 2.94 % 4.24
126.5 8.42 % 0.228 % 0.167 % 24.0 % 3.02 % 4.29

are listed for mh = 125.0, 125.3, 125.6, 125.9, 126.2 and 126.5 GeV [47]. In Table 1.2 the predicted
values of the total decay width of the Higgs boson are also listed. It is quite interesting that with
a Higgs mass of 126 GeV, a large number of decay modes have similar sizes and are accessible to
experiments. Indeed, the universal relation between the mass and the coupling to the Higgs boson for
each particle shown in Fig. 1.1 can be well tested by measuring these branching ratios as well as the
total decay width accurately at the ILC. For example, the top Yukawa coupling and the triple Higgs
boson coupling are determined respectively by measuring the production cross sections of top pair
associated Higgs boson production and double Higgs boson production mechanisms.

1.2.4 Higgs production at the ILC

At the ILC, the SM Higgs boson h is produced mainly via production mechanisms such as the
Higgsstrahlung process e+e≠ æ Zú æ Zh (Fig. 1.3 Left) and the the weak boson fusion processes
e+e≠ æ W +úW ≠ú‹‹̄ æ h‹‹̄ (Fig. 1.3 (Middle)) and e+e≠ æ ZúZúe+e≠ æ he+e≠. The
Higgsstrahlung process is an s-channel process so that it is maximal just above the threshold of the
process, whereas vector boson fusion is a t-channel process which yields a cross section that grows
logarithmically with the center-of-mass energy. The Higgs boson is also produced in association with
a fermion pair. The most important process of this type is Higgs production in association with a top
quark pair, whose typical diagram is shown in Fig. 1.3 (Right). The corresponding production cross
sections at the ILC are shown in Figs. 1.4 (Left) and (Right) as a function of the collision energy by
assuming the initial electron (positron) beam polarization to be ≠0.8 (+0.2).

The ILC operation will start with the e+e≠ collision energy of 250 GeV (just above threshold for
hZ production), where the Higgsstrahlung process is dominant and the contributions of the fusion
processes are small, as shown in Fig. 1.4 (Left) . As the center-o�-mass energy,
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Figure 1.3. Two important Higgs boson production processes at the ILC. The Higgsstrahlung process (Left), the
W-boson fusion process (Middle) and the top-quark association (Right).
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Patrick Janot 

Backup:	  Higgs	  width	  at	  FCC-‐ee	  (2)	  

Patrick Janot 

Precision'Higgs'physics'at'FCCCee'and'ILC'(5)'

!  Example:'ModelCindependent'measurement'of'σ
HZ
'and'κ

Z
'

◆  The'Higgs'boson'in'HZ'events'is'tagged'by'the'presence'of'the'Z'→'e+e-,'µ+µ-'

●  Select'events'with'a'lepton'pair'(e+e-,'µ+µ-)'with'mass'compatible'with'm
Z
'

●  No'requirement'on'the'Higgs'decays:'measure'σ
HZ'

×'BR(Z→'e+e-,'µ+µ-)'

●  Apply'total'energyCmomentum'conservation'to'determine'the'“recoil'mass”'

➨  m
H
2'='s'+'m

Z
2
'
-'2√s'(p+'+'p-)''

●  Plot'the'recoil'mass'distribution'–'resolution'proportional'to'momentum'resolution'

◆  Provides'an'absolute'measurement'of'κ
Z
'and'set'required'detector'performance

'
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Exercise ! 

Frank Simon (fsimon@mpp.mpg.de)The International Linear Collider

Universe Cluster Science Week

A unique Feature: Model Independence!

• The well-known initial state in e+e- 
collisions allows to measure Higgs 
production without seeing the Higgs
(250 GeV up to 350 GeV):

6

m2
rec = s+m2

Z � 2EZ
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Fitted signal+background
Signal
Fitted background

a) X-µ+µ→ZH

assuming mH =120 GeV; √s = 250 GeV

The trick: Measurement of the total production cross-section for ZH, irrespective 
of the Higgs decay - No model assumptions (e.g. only SM decays) needed
➫ Provides an absolute measurement of the coupling gHZZ!

ILD simulation 

mH=125 GeV  
√s=240 GeV 
ZH → l+l�X 
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nt
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/ 0
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Backup:	  Higgs	  width	  at	  FCC-‐ee	  (3)	  

Patrick Janot 

Precision'Higgs'physics'at'FCCCee'and'ILC'(7)'
!  Indirect'determination'of'the'total'Higgs'decay'width'

◆  From'a'counting'of'HZ'events'with'H'→'ZZ'at'√s'='240'GeV''
●  Measure'σHZ'×'BR(H'→'ZZ)'

●  σHZ'is'proportional'to'κZ
2''

●  BR(H'→'ZZ)'='Γ(H'→'ZZ)'/'ΓH'is'proportional'to'κZ
2/ΓH'

➨  σHZ'×'BR(H'→'ZZ)''is'proportional'to'κZ
4'/'ΓH'

●  Infer'the'total'width'ΓH'
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e+)

e�)
Z�)

Z 

H 

Z�)

Z 

Final'state'with'three'Z’s'
Almost'background'free'

Measured!with!the!Hl+l�!final!state!!
(see!slide!23)!
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Backup:	  Higgs	  width	  at	  FCC-‐ee	  (4)	  

Patrick Janot 

Precision'Higgs'physics'at'FCCCee'and'ILC'(8)'
!  Indirect'determination'of'the'total'Higgs'decay'width'(cont’d)'

◆  From'a'counting'WW→'H→'bb'events'at'350C500'GeV'in'the'bbνν'final'state:'

'

●  Measure'σ(WW→'H→'bb)'
●  Take'the'branching'ratios'into'WW'and'bb'from'σHZ'and'σHZ×'BR(H'→'WW,bb)''
●  Infer'the'total'width'
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ΓH ∝σWW→H / BR(H→WW ) = σWW→H→bb / BR(H→WW ) ×  BR(H→ bb)

Analysis

The final step: look at missing mass distribution:
400

300
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100

0

50 100 150 200 250

nu
m

be
r o

f e
ve

nt
s/5

00
 fb

-1 WW-Fusion

missing mass (GeV)

sqrt(s) = 350 GeV
mH =      120 GeV Higgsstrahlung

Interference
Background

Determine the rate for WW-fusion from a shape fit to the con-
tributions of WW-Fusion, Higgs-Strahlung and background.

Interference currently treated as constant (could be fit as well)

Systematics: background shape can be checked from
anti-b-tagged selection

Higgs-Strahlung shape can be checked with
events after removing the leptons

Running with different beam polarisation has different effects
on the background and Higgsstrahlung contributions!

K. Desch Measurement of the Cross Section for WW–Fusion, LCWS2000 – Fermilab, 25/10/200 Page 7

1.2 Theoretical structure of the Standard Model Higgs boson

Table 1.1. The Standard Model values of branching ratios of fermionic decays of the Higgs boson for each value of
the Higgs boson mass mh.

mh (GeV) b¯b ·+·≠ µ+µ≠ cc̄ ss̄
125.0 57.7 % 6.32 % 0.0219 % 2.91 % 0.0246 %
125.3 57.2 % 6.27 % 0.0218 % 2.89 % 0.0244 %
125.6 56.7 % 6.22 % 0.0216 % 2.86 % 0.0242 %
125.9 56.3 % 6.17 % 0.0214 % 2.84 % 0.0240 %
126.2 55.8 % 6.12 % 0.0212 % 2.81 % 0.0238 %
126.5 55.3 % 6.07 % 0.0211 % 2.79 % 0.0236 %

Table 1.2. The Standard Model values of branching ratios of bosonic decays of the Higgs boson for each value of
the Higgs boson mass mh. The predicted value of the total decay width of the Higgs boson is also listed for each
value of mh.

mh (GeV) gg ““ Z“ W +W ≠ ZZ �H (MeV)
125.0 8.57 % 0.228 % 0.154 % 21.5 % 2.64 % 4.07
125.3 8.54 % 0.228 % 0.156 % 21.9 % 2.72 % 4.11
125.6 8.52 % 0.228 % 0.158 % 22.4 % 2.79 % 4.15
125.9 8.49 % 0.228 % 0.162 % 22.9 % 2.87 % 4.20
126.2 8.46 % 0.228 % 0.164 % 23.5 % 2.94 % 4.24
126.5 8.42 % 0.228 % 0.167 % 24.0 % 3.02 % 4.29

are listed for mh = 125.0, 125.3, 125.6, 125.9, 126.2 and 126.5 GeV [47]. In Table 1.2 the predicted
values of the total decay width of the Higgs boson are also listed. It is quite interesting that with
a Higgs mass of 126 GeV, a large number of decay modes have similar sizes and are accessible to
experiments. Indeed, the universal relation between the mass and the coupling to the Higgs boson for
each particle shown in Fig. 1.1 can be well tested by measuring these branching ratios as well as the
total decay width accurately at the ILC. For example, the top Yukawa coupling and the triple Higgs
boson coupling are determined respectively by measuring the production cross sections of top pair
associated Higgs boson production and double Higgs boson production mechanisms.

1.2.4 Higgs production at the ILC

At the ILC, the SM Higgs boson h is produced mainly via production mechanisms such as the
Higgsstrahlung process e+e≠ æ Zú æ Zh (Fig. 1.3 Left) and the the weak boson fusion processes
e+e≠ æ W +úW ≠ú‹‹̄ æ h‹‹̄ (Fig. 1.3 (Middle)) and e+e≠ æ ZúZúe+e≠ æ he+e≠. The
Higgsstrahlung process is an s-channel process so that it is maximal just above the threshold of the
process, whereas vector boson fusion is a t-channel process which yields a cross section that grows
logarithmically with the center-of-mass energy. The Higgs boson is also produced in association with
a fermion pair. The most important process of this type is Higgs production in association with a top
quark pair, whose typical diagram is shown in Fig. 1.3 (Right). The corresponding production cross
sections at the ILC are shown in Figs. 1.4 (Left) and (Right) as a function of the collision energy by
assuming the initial electron (positron) beam polarization to be ≠0.8 (+0.2).

The ILC operation will start with the e+e≠ collision energy of 250 GeV (just above threshold for
hZ production), where the Higgsstrahlung process is dominant and the contributions of the fusion
processes are small, as shown in Fig. 1.4 (Left) . As the center-o�-mass energy,
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Figure 1.3. Two important Higgs boson production processes at the ILC. The Higgsstrahlung process (Left), the
W-boson fusion process (Middle) and the top-quark association (Right).
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At the ILC, the SM Higgs boson h is produced mainly via production mechanisms such as the
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process, whereas vector boson fusion is a t-channel process which yields a cross section that grows
logarithmically with the center-of-mass energy. The Higgs boson is also produced in association with
a fermion pair. The most important process of this type is Higgs production in association with a top
quark pair, whose typical diagram is shown in Fig. 1.3 (Right). The corresponding production cross
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hZ production), where the Higgsstrahlung process is dominant and the contributions of the fusion
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Figure 1.3. Two important Higgs boson production processes at the ILC. The Higgsstrahlung process (Left), the
W-boson fusion process (Middle) and the top-quark association (Right).
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