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A Muon Collider
Why muons?

“Who ordered that?” (I. I. Rabi)
The “heavy electron” µ± has helped us

a great deal in understanding particle physics.

Although sharing the same EW interactions,
it isn’t another electron:

mµ ≈ 207 me
τ(µ → eν̄eνµ) ≈ 2.2 µs
cτ ≈ 660 m.

It is these features: heavy mass, short lifetime
that dictate the physics.

“Who ordered that?” (I. I. Rabi)
The “heavy electron” µ± has helped us

a great deal in understanding particle physics.

Although sharing the same EW interactions,
it isn’t another electron:

mµ ≈ 207 me
τ(µ → eν̄eνµ) ≈ 2.2 µs
cτ ≈ 660 m.

It is these features: heavy mass, short lifetime
that dictate the physics.

Once accelerated: 
E! ~ 1 TeV à ! ~ 104  à  d = c!" = 6,600 km
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• Advantages of a muon collider
• Much less synchrotron radiation energy loss than e’s:

which would allow a smaller 
and a circular machine, thus
likely cost-effective:

• Smaller beam-energy spread: 
                      #E/E ~ 0.1% 
     potentially #E/E(mH) ~ 0.01% - 0.001%

<latexit sha1_base64="JzqhSSBNGQDyKa+P7Ve+mTw0kEY=">AAACH3icbVDLSgMxFM34dnxVXboJFkE3ZUaKuiw+wGUV+wCnlkx6q6HJzJDcEcswH+PGX9GFiBuF/o3pY1P1QODknHuTe0+YSGHQ8wbOzOzc/MLi0rK7srq2vlHY3KqbONUcajyWsW6GzIAUEdRQoIRmooGpUEIj7J0N/cYjaCPi6Ab7CbQUu49EV3CGVmoXKgHCE47eyTR08swNzkEioxc0MELRzA9i20+v84DuZxfji2oHKs0P7spuTtuFolfyRqB/iT8hRTJBtV14CzoxTxVEyCUz5tb3EmxlTKPgEnI3SA0kjPfYPWSjuXK6Z6UO7cbangjpSJ2qY8qYvgptpWL4YH57Q/E/7zbF7kkrE1GSIkR8/FE3lRRjOgyLdoQGjrJvCeNa2Akpf2CacbSRunZ1//eif0n9sOQflcpX5WLldBLCEtkhu2Sf+OSYVMglqZIa4eSFvJMv8u08O6/Oh/M5Lp1xJj3bZArO4AdWEKGf</latexit>

�E ⇠ 1

R
(
E

mµ
)4

• Luminosity scales with 
     c.m. energy/power, ideally

L  ~ E2
CM
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• Advantages of a muon collider
• Unlike the proton as a composite particle, 
     ECM efficient in !+!- annihilation, to reach
     higher new physics threshold ECM ~ 2 Mnew 

• Yet, high-energy collisions result in all sort 
     of partons from Initial States Radiation
           $! ! ~ (1/MW)2 ln2(ECM/MW)

• Lower (hadronic) background: 
     $pp(total)~100 mb;   $! ! (total)~100 nb

“Buy one, get one free!”
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• Disadvantages of a muon collider

• Very short lifetime: in micro-second, 
Muons cooling in (x,p) 6-dimensions

à Difficult to make quality beams and a high luminosity  

• Beam Induced Backgrounds (BIB)
from the decays in the ring at the interacting point 

• Production: Protons on target à pions à muons:
Require sophisticated scheme for ! capture & transport 

• Neutrino beam dump (environmental hazard)
"! ~ GF

2 E2  à  Shielding? 
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• Concepts mentioned in the 60’s
• Early collider design/physics studies in the 90’s [*]
• 2011~2016: Muon Accelerator Program formed 

(MAP): to address key feasibility issues for !C 
     with the proton driver technology
• MAP terminated in 2016, results published in
https://iopscience.iop.org/journal/1748-0221/page/extraproc46

[*] Some early work:
• Proceedings of the 1st Workshop on the physics potential and Development of the !! Coiliders, 

Napa, California, 1992, Nucl. Inst. Methods. Phys. Res., Sect. A 350, 24 (1994).
• S-channel Higgs boson production at a muon collider, Barger et al., PRL75 (1995).
• !+ !- Collider: Feasibility study, Muon collider collaboration (July, 1996).
• Higgs boson physics in the s-channel muon collider, Barger et al., Phys Rep. 186 (1997).
• Status of muon collider research, Muon collider collaboration (Aug., 1999).
• Recent progress on neutrino factory and muon collider research, 
     Muon collider collaboration (July, 2003).

Historically 

https://iopscience.iop.org/journal/1748-0221/page/extraproc46
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µ Collider
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Accelerators:    
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AccelerationLow EMmittance Muon 
Accelerator (LEMMA): 
1011 µ pairs/sec from 

e+e− interactions.  The small 
production emittance allows lower 
overall charge in the collider rings 
– hence, lower backgrounds in a 

collider detector and a higher 
potential CoM energy due to 

neutrino radiation.

J. P. Delahaye et al., arXiv:1901.06150

Muon Accelerator Program
map.fnal.gov

Low EMittance Muon Accelerator
web.infn.it/LEMMA

New results on µ cooling by MICE collaboration
Nature 508(2020)53
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Muon Accelerator Project (MAP)

https://arxiv.org/abs/1907.08562, J.P. Delahauge et al.,  arXiv:1901.06150/

• Protons à pions à muons
• Transverse ionization cooling 
     achieved by MICE
• Muon emittance exchange 
     demonstrated at FNAL/RAL
• 6D cooling of 5-6 orders needed 

Noticeable reduction of 9% emittance

Renewed interests

https://arxiv.org/abs/1907.08562
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e+e- (at rest) à !+!- (at threshold)LEMMA:

J.P. Delahauge et al.,  arXiv:1901.06150

45 GeV e+
!�œ

e- at rest
Cooling is not a problem; 
but high luminosity is challenging:
large e+ flux of O(1017/s)!
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New ideas …



10

Higgs factory:
Resonant Production:

About O(70k) events produced per fb-1

71

Physics potential



SM Higgs is (very) narrow:At mh=125 GeV,  ! h = 4.2 MeV
10  V. Barger et al. I Physics Reports 286 (I 997) I-51 

convoluting crh(S^) with the Gauss ian dis tribution in & centered a t & = 4: 

(1.8) 

Fig. 7 illus tra tes the effective cross section, h(d), as  a  function of fi for mh = 110 GeV and 
beam energy resolutions of R = 0.0 l%, R = 0.06%, and R = 0.1%. Results  are given for the cases: 
IZsM, ho with tan /I = 10, and ho with tan p = 20. All channels X are summed over. 

In the case where the Higgs width is  much smaller than the Gauss ian width ad, the effective 
s igna l cross section result for fi = mh, denoted by ah, is  

(Th = (1.9) 

Henceforth, we adopt the shorthand notation 

G(X) = T(h --f j+)BF(h + X) (1.10) 

for the numerator of Eq. (1.9). The increase of ah<+ = mh) with decreasing a~ when Gt:ÒÕ 4 06 is  
apparent from the h sM curves of Fig. 7. In the other extreme where the Higgs width is  much broader 
than 04, then at ,,& = mh we obta in 

(T,, = 
4rcBF(h -+ p,u)BFÕ(h ---f X) - 

mi 
(ly W&) f (1.11) 

Note that this  equation implies that if there is  a  large contribution to the Higgs width from some 
channel other than yp, we will get a  correspondingly smaller tota l event rate due to the small s ize of 
BF(h + ,up). That ??h( fi = mh) is  independent of the value of 04 when Gtot B ad is  illustra ted by 
the tan j3 = 20 curves for the ho in Fig. 7. Raw s igna l ra tes (i.e . before applying cuts and including 
other efficiency factors) are computed by multiplying ah by the tota l integrated luminosity L. 

The bas ic results  of Eqs. (1.9) and (1.11) are modified by the effects of photon bremsstrahlung 
from the colliding muon beams. In the case of a  narrow Higgs boson, the primary modification for 
fi = mh is  due to the fact that not a ll of the integrated luminosity remains in the centra l Gauss ian 
peak. These modifications are discussed in Appendix A; to a  good approximation, the resulting s igna l 
rate is  obta ined by multiplying ??h of Eq. (1.9) by the tota l luminosity L times the fraction f of 
the peak luminosity in the Gauss ian after including bremsstrahlung re lative to that before (typically 
f M 0.6). For a  broad Higgs resonance, the lower energy ta il in the luminosity dis tribution due to 
bremsstrahlung makes some contribution as  well. In the results  to follow, we avoid any approximation 
and numerically convolute the full effective luminosity dis tribution (including bremsstrahlung) with 
the Higgs cross section of Eq. (1.7). In performing this  convolution, we require that the effective 
$,L- c.m. energy be within 10 GeV of the nominal value. Such a  requirement can be implemented 
by reconstructing the mass of the final s ta te as  seen in the detector; planned detectors would have the 
necessary resolution to impose the above fairly loose limit. This invariant mass selection is  imposed 
in order to reduce continuum (non-resonant) backgrounds that would otherwise accumulate from the 
entire low-energy bremsstrahlung ta il of the luminosity dis tribution. 

As  is  apparent from Fig. 7, discovery and study of a  Higgs boson with a  very narrow width a t 
the p+p- collider will require that the machine energy ,,& be within crd of mh. The amount of 

I/ Barger e t al. /Physics Reports  286 (1997) l-51 

h ---_ 

b (t> 

-m!J ÒÒb (mt) 

Effective Cross Sections: mh= 110 GeV 

10-L - no Bquark mixing 

10-Z I 8 I Õ L Õ Õ Õ Õ Õ 1 Õ Õ Ô Õ Õ D 
100 109.5 110 1105 111 

6 (CeV) 

Fig. 6. s-channel diagram for production of a  Higgs bosom 

Fig. 7. The effective crass section, h, obtained after convoluting CJh with the Gaussian distributions for R = O-01%, 
R = 0.06%, and R = O.l%, is plotted as a  function of fi taking Mh = 110 GeV. Results are displayed in the cases: hsM, 
ho with tan p = 10, and ho with tan /I = 20. In the MSSM ho cases, two-loop/RGE-improved radiative corrections have 
been included for Higgs masses, mixing angles, and self-couplings assuming rni = 1 TeV and neglecting squark mixing. 
The effects of bremsstrahlung are not included in this figure. 

The rms spread in fi (denoted by od) prior to including bremsstrahlung is  given by 

where R is  the resolution in the energy of each beam. A convenient formula for ah is  

ad = (7 MeV)(R/0.01%)(~/100 GeV) . (1.6) 

The critica l issue is  how this  resolution compares to the calculated tota l widths of Higgs bosons 
when fi = mh. For R 5 O.Ol%, the energy resolution in Eq. ( 1.6) is  smaller than the Higgs widths 
in Fig. 3 for a ll but a  light SM-like Higgs. We sha ll demonstrate that the smallest possible R a llows 
the best measurement of a  narrow Higgs width, and that the tota l luminosity required for discovery 
by energy scanning when r 5 ad is  minimized by employing the smallest possible R. For a  
Higgs boson with width larger than ah, results  from a  fine scan with small R can be combined 
without any increase in the luminosity required for discovery and width measurement. 

The Feynman diagram for s-channel Higgs production is  illustra ted in Fig. 6. The s-channel Higgs 
resonance cross section is  

(1.7) 

where i = (pp.+ + pp- )2 is  the c.m. energy squared of a  given pÓÔpu- annihila tion, X denotes a  
final s ta te and Gtot is  the tota l width. 1 The sharpness of the resonance peak is  determined by 
Pot. Neglecting bremsstrahlung for the moment, the effective s igna l cross section is  obta ined by h 

Õ Effects aris ing from implementing an energy-dependent generalization of the rnhGtot denominator component of this 
simple resonance form are of negligible importance for our studies, especially for a  Higgs boson with GtO* 4mh. 

ÒMuon Collider QuartetÓ:
Barger-Berger-Gunion-Han
PRL & Phys. Report (1995)

TH, Liu: 1210.7803;
Greco, TH, Liu: 1607.03210
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Fig. 2. The line shapes of the resonances production of the SM Higgs bo son as a function of the beam energy
!

s at a µ + µ " collider (left panel) and an e+ e" collider (right
panel). The blue curve is the BreitÐWigner resonance line sha pe. The orange line shape includes the ISR effect alone for Jad achÐWardÐWas (b). The green curves include the
BES only with two different energy spreads. The red line shape s take into account all the BreitÐWigner resonance, ISR effe ct and BES in solid and dashed lines, respectively.
(For interpretation of the references to color in this Þgure , the reader is referred to the web version of this article.)

effect increases the production rate via Òradiative returnÓ mecha-
nism. Still, the overall effect is the reduction of on-shell r ate as
clearly indicated in the plot. In red lines we show the line sh apes
of the Higgs boson with both the BES and the ISR effect. We can
see the resulting line shape is not merely a product of two eff ect
but rather complex convolution, justifying necessity of ou r numer-
ical evaluation.

Having understood the ISR and BES effects on the signal pro-
duction rates and line shapes, we now proceed to understand t he
effect on the background. For the muon collider study, the mai n
search channels for the Higgs boson will be the exclusive mode o f
bøb and W W #. For the bøb Þnal state the main background is from
the off-shell Z/ ! s-channel production. The ISR and BES effects
barely change the rate from such off-shell process. However, the
ISR effect does increase the on-shell Z $ bøb background through
the Òradiative returnÓ mechanism. Our numerical study show s that
the Òradiative returnÓ of the Z boson to bøb increase the inclusive
bøb background by a factor of seven. Since we understand that the
increase of the background is dominantly from the on-shell Z bo-
son, the new background rates after imposing a bøb invariant mass
cut of 95, 100, 110 GeV, change to 17, 20, 25 pb, respectively. G iven
the Þnite resolution of the b-jet energy reconstruction, we propose
an invariant mass cut of the bøb system of 100 GeV, which leads
to around 20% increase in such background comparing to the tre e-
level estimate. So far we have suggested the invariant mass cu t for
the bøb pair, as an example of discrimination from the background.
One could also foresee a cut on the angle between the two b-jets ,
which could be measured more precisely than the invariant ma ss.2

Beyond the bøb Þnal state, another major channel for muon col-
lider Higgs physics is the W W # channel. This channel enjoys little
(irreducible) background form the SM process. The ISR effect in-
troduces no Òradiative returnÓ for such process. Consequen tly, the
background rate does not change from the tree-level estimate. We
summarize in Table 2 the on-shell Higgs production rate and back -
ground rate in these two leading channels with the inclusion o f the
ISR and BES effects. We can see from the table that at the muon
collider Higgs factory, the signal background ratio is pretty la rge
and the observability is simply dominated by the statistics . The
Òradiative returnÓ from the ISR effect, however, does impac t sev-
eral other Higgs decay channel search more. For example, searc hes
of Higgs rare decay of h $ Z! , Higgs decay of h $ Z Z# with

2 We thank the Editor Gigi Rolandi for suggesting this discrim ination procedure.

Table 2
Signal and background effective cross sections at the reson ance

!
s = mh = 125 GeV

at a µ + µ " collider (upper panel, in pb) and an e+ e" collider (lower panel, in
ab) for two choices of beam energy resolutions R and two leading decay channels
with ISR effects taken into account, with the SM branching fr actions Br bøb = 58% and

BrW W # = 21%. For the bøb background, a conservative cut on the bøb invariant mass
to be greater than 100 GeV is applied.

R (%) µ + µ " $ h
" eff (pb)

h $ bøb h $ W W #

" Sig " Bkg " Sig " Bkg

0.01 10 5.6 20 2.1 0.051
0.003 22 12 4 .6

R (%) e+ e" $ h
" eff (ab)

h $ bøb h $ W W #

" Sig S/B " Sig S/B

0.04 48 27 O (10" 6) 10 O (10" 3)
0.01 150 81 31

Table 3
Fitting accuracies for one standard deviation of #h , B and mh of the SM Higgs with
the scanning scheme for two representative luminosities pe r step and two bench-
mark beam energy spread parameters.

#h = 4.07 MeV Lstep (fb " 1) $#h (MeV) $B $mh (MeV)

R = 0.01% 0.05 0.79 3.0% 0.36
0.2 0.39 1.1% 0.18

R = 0.003% 0.05 0.30 2.5% 0.14
0.2 0.14 0.8% 0.07

Z# $ %ø%, etc are facing more challenges and new selection cuts
need to be designed and applied.

Finally, we perform a study on the potential precision on the
Higgs properties at a future muon collider through a lineshape
scan. We follow the benchmarks, statistical treatment and p ro-
cedure deÞned in Ref. [5], where a 21 steps scan in the mass
window of ± 30 MeV around the Higgs mass with equal integrated
luminosities. 3 A Þt to the result of such lineshape scan can si-
multaneously determine the Higgs total width #h, the Higgs mass
mh and interaction strength B with great precision. The interac-
tion strength B can be directly translated into the Higgs muon
Yukawa after Þxing the decay branching fractions or perform ing
a global Þt. We tabulate the projected precisions on these qu anti-
ties in Table 3 for the two benchmark BES values of R = 0.01% and

3 The Higgs mass may not known to the ± 30 MeV level by the time of the muon
collider, and a pre-scan stage to determine the Higgs mass wi ll be required [30].
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Ideal, conceivable case: 
(!  = 5 MeV,    " h # 4.2 MeV) 

An optimal fitting could reach "! h ~ 0.15 MeV, or 3.5%

12

TH, Liu: 1210.7803; Greco, TH, Liu: 1607.03210
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Those aren’t what you would first see
when you turned on the machine!

A Multi -TeV Muon Collider

! ann !
" 2

s
<latexit sha1_base64="qOmqpliZCLwUYF2x0+KM88aCovo="></latexit>

Naïve expectation: leading-order !+!- annihilation:

Physics at Muon Colliders
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• Photon-induced QED cross sections
          large rates ! fusion !

" 2

m2
jj

log2(
Q2

m2 )
<latexit sha1_base64="Dqg6UpoAM2cC6mTSRS4jC1aXj0I="></latexit>

(10o)

Quarks/gluons come into the picture via SM DGLAP:

a more precise determination of the photon PDF of a proton in terms of the electromagnetic
structure functions was proposed as the LUXqed formulation [37, 38], which are employed
in the global PDF analysis [39Ð41]. The splitting functions are extended to the EW theory
to involve the EW gauge bosons and chiral states in Refs. [22, 23], which are adopted to
determine the proton EW PDFs [24, 25].

As discussed in Sec.1, for a leptonic beam, the DGLAP evolution equations in Eq. (2.1)
run di ! erently in three regions of the physical scales. The initial condition starts from the
lepton mass, and the QED PDFs (including the photon, charged leptons, and quarks) run
in terms of the QED gauge group. Starting at µQCD , the QCD interaction begins to enter.
The QCD and QED evolutions run simultaneously until µEW , where the complete SM sector
begins to evolve according to the unbroken SM gauge group. In such a way, we need two
matchings, at µQCD and µEW , respectively.1 As the QED and QCD gauge groups conserve
the charge and parity symmetry, the PDFs belowµEW can be treated with no polarization,
as long as the initial lepton beams are unpolarized. As pointed out already in Refs. [21, 25],
the polarization plays an important role in the EW PDFs above the EW scale, even for the
unpolarized initial beams. Consequently, the photon and gluon become polarized due to the
fermion chiral interactions.

2.1 PDF evolution in QED and QCD

For the sake of illustration, we take the electron beam as an example. The presentation is
similarly applicable to the muon beam by recognizing a di! erent mass. In solving the QED
and QCD DGLAP equations, it is customary to deÞne the fermion PDFs in a basis of gauge
singlets and non-singlets. The singlet PDFs can be deÞned as

f L =
!

i = e,µ,!

(f "i + f ø"i
), f U =

!

i = u,c

(f ui + f øui ), f D =
!

i = d,s,b

(f di + f ødi
), (2.3)

where the subscripts refer to the fermion ßavors and we have excluded the top quark below
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where the active ßavors below the EW scale are

N" = 3 , Nu = 2 , Nd = 3 . (2.5)

Our splitting functions deÞned here include the gauge couplings! and ! s in Eq. (2.1), which
evolve with scale as well. The initial condition for an electron beam at the leading order is

f e/e (x, m2
e) = f L (x, m2

e) = " (1 " x), (2.6)

1In a realistic situation, one should perform a matching whenever crossing a heavy-ßavor threshold, such
as at m! , mc, mb, mt . However, as long as the observables under consideration are not heavy-ßavor sensitive
and the physical scale is well above their mass thresholds, the heavy ßavors just behave similarly to the light
sea ßavors that are all generated dynamically. Therefore, we treat them on the equal footing classiÞed by the
matching scalesµQCD and µEW .

Ð 3 Ð

The cross sections scale as 1/s , with the characteristic kinematics of the Þnal-state pair
invariant mass close to the collider energymij !

"
s. At high energies, the ISR e! ects

reduce the e! ective partonic collision energy ös and thus increase the cross sections# 1/ ös. For
illustration, we compare the result without ISR for ! + ! ! $ " + " ! by the dotted curves in the
panels. Typically, the e! ective reduction is about a factor of 20%%80% (10%%40%) for an
electron (muon) collider. The radiative returns to the Z resonant production also enhance
the light-particle cross sections signiÞcantly. The ISR e! ects for light-particle production
(" + " ! , qøq) are thus larger than the massive one (W + W ! ), because of the lower threshold,
i.e., ös > m 2

ij versus ös > (2M W )2.
In considering the QED fusion processes, the initial state partons present an infrared

enhancement at lowmij and the two-parton cross section scales as

# #
$2

m2
ij

!
$
2%

log
Q2

m2
!

" 2

. (3.2)

To separate the hadronic activities with the low-momentum transfer from the hard processes of
our current interests, we impose the following basic acceptance cuts on the outgoing particles
in the transverse momentum (pj

T ), the di-jet invariant mass and the pseudo-rapidity (&j ) in
the lab frame

pj
T >

!
4 +

"
s

3 TeV

"
GeV, mij > 20 GeV, |&j | < 3.13 (2.44). (3.3)

The energy-dependent cut on the Þnal statepj
T is to uniformly control the collinear logs

of the form ($s/ %) log
#

pj
T /

"
s
$

, and the pseudo-rapidity cut corresponds to an angle with

respect to the beam in the lab frame' j # 5¡ (10¡), in accordance with the detector coverage.
For an equal-footing comparison, the same acceptance cuts have been applied to the Bhabha
scattering and annihilation processes in Fig.3 as well.

In Fig. 3, the solid lines show the Compton scattering and the fusion processes

(! $ (! ; (( $ ! + ! ! , qøq (u, d, c, s, b), and W + W ! , (3.4)

by exploiting the EPA in Eq. ( 2.16). The upper panels and lower panels are with a di! erent
rapidity (angle) cut as in Eq. ( 3.3). The cross section for the Compton scattering ((! ) also
falls as $2/ (s ' 2), as evidenced from the Þgures. The cross sections for the other fusion
processes increase with energy logarithmically and decreases withpT (or mij ) as in Eq. (3.2).
The angular dependence is much weaker than 1/ ' 2 and becomes roughly like&2 due to the
boost factor. We see that the fermion pair production can be larger than that of theW W
channel, which is known to be one of the leading channels for high-energy leptonic collisions.
For the sake of illustration, we have only included the leading contributions from (( fusion
in Fig. 3. We remind the reader that for the W + W ! production at these energies, the sub-
leading channel( Z $ W + W ! contributes to about 20% (40%), andZZ, W + W ! $ W + W !

about 10% (30%) with respect to the(( contribution at an e+ e! (µ+ µ! ) collider. They are
neglected in our comparison for simplicity, which does not change the conclusion [42].

Ð 10 Ð
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• EW PDFs at a muon collider:
ÒpartonsÓ dynamically generated

2

Those processes take over the annihilation channels at
higher energies

!
s " 2.5, 4.5, 11 TeV for W + W ! , tøt and

tøtH production, respectively, as shown in Fig. 1 by the
rising solid curves labelled by EPA. At

!
s " 30 TeV, the

production rate for !! # tøt is higher by two orders of
magnitude than that for µ+ µ! # tøt annihilation.

However, this description becomes inadequate at some
high scales. First, at high energiesE $ m! , the collinear
logarithm ( " / 2#) ln ( E 2/m 2

! ) may be sizeable and needs
to be resummed for reliable predictions. This leads to
the QED analogue of the Dokshitzer-Gribov-Lipatov-
Altarelli-Parisi (DGLAP) equations [9Ð11], the concept
of QED parton distribution functions (PDFs) for the pho-
ton and charged fermions [12Ð14]. To estimate the re-
summation e! ects, we plot the cross sections with the
leading-order ! -PDF with a scale Q =

!
ös/ 2, where

!
ös

is the !! c.m. energy. As shown in Fig. 1 by the dashed
rising curves below those of EPA, we see that the rates
are lowered as expected, and could be smaller by about
a factor of two at 30 TeV.

More importantly, as pointed out in Refs. [15Ð17] and
explored in details [18], at scalesQ2 $ M 2

Z , the SM
gauge symmetry SU(2)L %U(1)Y is e! ectively restored.
Consequently, the four EW gauge bosons (W ± ,3, B ) in
the SM must be taken into account all together coher-
ently with B -W 3 mixing and interference. The fermion
interactions are chiral and the couplings and states evolve
according to the SM unbroken gauge symmetry. One
needs to invoke the picture of electroweak parton distri-
bution functions (EW PDFs) [19Ð21] dynamically gener-
ated by the electroweak and Yukawa interactions. The
longitudinally polarized gauge bosons capture the rem-
nants of the EW symmetry breaking. The e! ects are gov-
erned by power corrections of the orderM 2

Z /Q 2 [22, 23],
a measure of the Goldstone-Boson Equivalence violation
[15, 24], analogous to higher-twist e! ects in QCD.
II. Electroweak Parton Distribution Functions
Below the EW scaleQ < M Z , the e! ects of the SU(2)L
gauge bosons are suppressed byg2/M 2

Z . The gauge bo-
son radiation o! a charged lepton beam ($± = e± , µ± )
is essentially purely electromagnetic. At the EW scale
and above, all electroweak states in the unbroken SM are
dynamically activated. The massless states involved at
the leading order are

$R , $L , %L and B, W ± ,3. (4)

We will not include the Higgs sector in the initial state
partons since the Yukawa couplings toe, µ are not rele-
vant for the current consideration. However, we must in-
clude the e! ects of longitudinally polarized gauge bosons
characterized by power corrections of the orderM 2

Z /Q 2.
Denote an EW PDF as f i (x, Q2) with i labelling a par-
ticle with an energy fraction x at a factorization scaleQ.
The EW PDFs evolve according to the full EW DGLAP
equations [16, 25]

df i

d ln Q2 =
!

I

" I

2#

!

j

P I
i,j %f j , (5)

Q µ ! , Z, ! Z W ± " #sea q g
M Z 97.9 2.06 0 0 0.028 0.035 0.0062

3 TeV 91.5 3.61 1.10 3.59 0.069 0.13 0.019
5 TeV 89.9 3.82 1.24 4.82 0.077 0.16 0.022

TABLE I. Momentum fractions (%) carried by various parton
species. The sea leptons include#sea = øµ +

!
i != µ (#i + ø#i ) and

" =
!

i (" i + ø" i ). The quark components include all the 6
ßavors.

where I speciÞes the gauge group, and thePI
ij are the

splitting functions for j # i . The complete list of the
EW splitting functions for the SM chiral states are avail-
able in Refs. [15, 16, 20]. The initial condition for a
lepton beam is f ! (x, m2

! ) " &(1 & x) + O(" ) and it
evolves as ln

"
Q2/m 2

!

#
. At the electroweak scale, the

matching conditions are f " (x, M 2
Z ) '= 0 , f Z (x, M 2

Z ) =
0, f " Z (x, M 2

Z ) = 0, with a general relation
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wheresW = sin ' W is the weak mixing angle. The mixed
PDF f " Z (or f BW 3 ) represents a mix state and is impor-
tant to account for the interference between the diagrams
involving ! /Z (or B/W 3) [15, 16, 19]. Chiral couplings
and their RGE running are fully taken into account in-
cluding the correlation between the polarized PDFs and
the corresponding polarized scattering amplitudes. With
one-loop virtual corrections, our results are accurate at
the leading-log (LL) order. In Fig. 2(a), we present EW
PDFs for the states in Eq. (4) for $ = µ with a scale
Q =3 TeV and 5 TeV. For completeness, we have also in-
cluded the quarksq =

( t
i = d(qi + øqi ) and gluons from the

higher-order splittings. We give the averaged momen-
tum fractions (xf i ) =

)
xf i (x)dx carried by various par-

ton species in Table I. The two scale choices lead to less
than 20% di! erence for the EW PDFs. As expected, the
fermionic states sharply peak atx " 1, while the bosonic
states peak atx " 0, reßecting the infrared behavior. It
is noted that there is an enhanced rate at smallx for
the fermions, deviating from the leading order behavior
* 1/ (1 & x). This is from the soft ! " /Z " /W " splitting at
higher orders. Owing to the large ßux of photons at low
scales, the neutral EW PDFs are largest. Unlike all the
other EW PDFs that scale logarithmically with Q, the
longitudinal gauge bosons (WL , ZL ) do not scale with Q
at the leading order [15, 16, 26]& an explicit example
for Bjorken-scaling restoration.

III. Cross sections for Semi-inclusive Processes in
µ+ µ! Collisions
We write the production cross section of an exclusive
Þnal state F and the unspeciÞed remnantsX in terms
of the parton luminosity d L ij / d( and the corresponding
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Those processes take over the annihilation channels at
higher energies
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s " 2.5, 4.5, 11 TeV for W + W ! , tøt and

tøtH production, respectively, as shown in Fig. 1 by the
rising solid curves labelled by EPA. At
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s " 30 TeV, the

production rate for !! # tøt is higher by two orders of
magnitude than that for µ+ µ! # tøt annihilation.

However, this description becomes inadequate at some
high scales. First, at high energiesE $ m! , the collinear
logarithm ( " / 2#) ln ( E 2/m 2

! ) may be sizeable and needs
to be resummed for reliable predictions. This leads to
the QED analogue of the Dokshitzer-Gribov-Lipatov-
Altarelli-Parisi (DGLAP) equations [9Ð11], the concept
of QED parton distribution functions (PDFs) for the pho-
ton and charged fermions [12Ð14]. To estimate the re-
summation e! ects, we plot the cross sections with the
leading-order ! -PDF with a scale Q =
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ös/ 2, where
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is the !! c.m. energy. As shown in Fig. 1 by the dashed
rising curves below those of EPA, we see that the rates
are lowered as expected, and could be smaller by about
a factor of two at 30 TeV.

More importantly, as pointed out in Refs. [15Ð17] and
explored in details [18], at scalesQ2 $ M 2

Z , the SM
gauge symmetry SU(2)L %U(1)Y is e! ectively restored.
Consequently, the four EW gauge bosons (W ± ,3, B ) in
the SM must be taken into account all together coher-
ently with B -W 3 mixing and interference. The fermion
interactions are chiral and the couplings and states evolve
according to the SM unbroken gauge symmetry. One
needs to invoke the picture of electroweak parton distri-
bution functions (EW PDFs) [19Ð21] dynamically gener-
ated by the electroweak and Yukawa interactions. The
longitudinally polarized gauge bosons capture the rem-
nants of the EW symmetry breaking. The e! ects are gov-
erned by power corrections of the orderM 2

Z /Q 2 [22, 23],
a measure of the Goldstone-Boson Equivalence violation
[15, 24], analogous to higher-twist e! ects in QCD.
II. Electroweak Parton Distribution Functions
Below the EW scaleQ < M Z , the e! ects of the SU(2)L
gauge bosons are suppressed byg2/M 2

Z . The gauge bo-
son radiation o! a charged lepton beam ($± = e± , µ± )
is essentially purely electromagnetic. At the EW scale
and above, all electroweak states in the unbroken SM are
dynamically activated. The massless states involved at
the leading order are

$R , $L , %L and B, W ± ,3. (4)

We will not include the Higgs sector in the initial state
partons since the Yukawa couplings toe, µ are not rele-
vant for the current consideration. However, we must in-
clude the e! ects of longitudinally polarized gauge bosons
characterized by power corrections of the orderM 2

Z /Q 2.
Denote an EW PDF as f i (x, Q2) with i labelling a par-
ticle with an energy fraction x at a factorization scaleQ.
The EW PDFs evolve according to the full EW DGLAP
equations [16, 25]

df i

d ln Q2 =
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Q µ ! , Z, ! Z W ± " #sea q g
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where I speciÞes the gauge group, and thePI
ij are the

splitting functions for j # i . The complete list of the
EW splitting functions for the SM chiral states are avail-
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wheresW = sin ' W is the weak mixing angle. The mixed
PDF f " Z (or f BW 3 ) represents a mix state and is impor-
tant to account for the interference between the diagrams
involving ! /Z (or B/W 3) [15, 16, 19]. Chiral couplings
and their RGE running are fully taken into account in-
cluding the correlation between the polarized PDFs and
the corresponding polarized scattering amplitudes. With
one-loop virtual corrections, our results are accurate at
the leading-log (LL) order. In Fig. 2(a), we present EW
PDFs for the states in Eq. (4) for $ = µ with a scale
Q =3 TeV and 5 TeV. For completeness, we have also in-
cluded the quarksq =

( t
i = d(qi + øqi ) and gluons from the

higher-order splittings. We give the averaged momen-
tum fractions (xf i ) =

)
xf i (x)dx carried by various par-

ton species in Table I. The two scale choices lead to less
than 20% di! erence for the EW PDFs. As expected, the
fermionic states sharply peak atx " 1, while the bosonic
states peak atx " 0, reßecting the infrared behavior. It
is noted that there is an enhanced rate at smallx for
the fermions, deviating from the leading order behavior
* 1/ (1 & x). This is from the soft ! " /Z " /W " splitting at
higher orders. Owing to the large ßux of photons at low
scales, the neutral EW PDFs are largest. Unlike all the
other EW PDFs that scale logarithmically with Q, the
longitudinal gauge bosons (WL , ZL ) do not scale with Q
at the leading order [15, 16, 26]& an explicit example
for Bjorken-scaling restoration.

III. Cross sections for Semi-inclusive Processes in
µ+ µ! Collisions
We write the production cross section of an exclusive
Þnal state F and the unspeciÞed remnantsX in terms
of the parton luminosity d L ij / d( and the corresponding
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s " 2.5, 4.5, 11 TeV for W + W ! , tøt and

tøtH production, respectively, as shown in Fig. 1 by the
rising solid curves labelled by EPA. At
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s " 30 TeV, the

production rate for !! # tøt is higher by two orders of
magnitude than that for µ+ µ! # tøt annihilation.

However, this description becomes inadequate at some
high scales. First, at high energiesE $ m! , the collinear
logarithm ( " / 2#) ln ( E 2/m 2

! ) may be sizeable and needs
to be resummed for reliable predictions. This leads to
the QED analogue of the Dokshitzer-Gribov-Lipatov-
Altarelli-Parisi (DGLAP) equations [9Ð11], the concept
of QED parton distribution functions (PDFs) for the pho-
ton and charged fermions [12Ð14]. To estimate the re-
summation e! ects, we plot the cross sections with the
leading-order ! -PDF with a scale Q =
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ös/ 2, where
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is the !! c.m. energy. As shown in Fig. 1 by the dashed
rising curves below those of EPA, we see that the rates
are lowered as expected, and could be smaller by about
a factor of two at 30 TeV.

More importantly, as pointed out in Refs. [15Ð17] and
explored in details [18], at scalesQ2 $ M 2

Z , the SM
gauge symmetry SU(2)L %U(1)Y is e! ectively restored.
Consequently, the four EW gauge bosons (W ± ,3, B ) in
the SM must be taken into account all together coher-
ently with B -W 3 mixing and interference. The fermion
interactions are chiral and the couplings and states evolve
according to the SM unbroken gauge symmetry. One
needs to invoke the picture of electroweak parton distri-
bution functions (EW PDFs) [19Ð21] dynamically gener-
ated by the electroweak and Yukawa interactions. The
longitudinally polarized gauge bosons capture the rem-
nants of the EW symmetry breaking. The e! ects are gov-
erned by power corrections of the orderM 2

Z /Q 2 [22, 23],
a measure of the Goldstone-Boson Equivalence violation
[15, 24], analogous to higher-twist e! ects in QCD.
II. Electroweak Parton Distribution Functions
Below the EW scaleQ < M Z , the e! ects of the SU(2)L
gauge bosons are suppressed byg2/M 2

Z . The gauge bo-
son radiation o! a charged lepton beam ($± = e± , µ± )
is essentially purely electromagnetic. At the EW scale
and above, all electroweak states in the unbroken SM are
dynamically activated. The massless states involved at
the leading order are

$R , $L , %L and B, W ± ,3. (4)

We will not include the Higgs sector in the initial state
partons since the Yukawa couplings toe, µ are not rele-
vant for the current consideration. However, we must in-
clude the e! ects of longitudinally polarized gauge bosons
characterized by power corrections of the orderM 2

Z /Q 2.
Denote an EW PDF as f i (x, Q2) with i labelling a par-
ticle with an energy fraction x at a factorization scaleQ.
The EW PDFs evolve according to the full EW DGLAP
equations [16, 25]

df i

d ln Q2 =
!

I

" I

2#

!

j

P I
i,j %f j , (5)

Q µ ! , Z, ! Z W ± " #sea q g
M Z 97.9 2.06 0 0 0.028 0.035 0.0062

3 TeV 91.5 3.61 1.10 3.59 0.069 0.13 0.019
5 TeV 89.9 3.82 1.24 4.82 0.077 0.16 0.022

TABLE I. Momentum fractions (%) carried by various parton
species. The sea leptons include#sea = øµ +

!
i != µ (#i + ø#i ) and

" =
!

i (" i + ø" i ). The quark components include all the 6
ßavors.

where I speciÞes the gauge group, and thePI
ij are the

splitting functions for j # i . The complete list of the
EW splitting functions for the SM chiral states are avail-
able in Refs. [15, 16, 20]. The initial condition for a
lepton beam is f ! (x, m2

! ) " &(1 & x) + O(" ) and it
evolves as ln

"
Q2/m 2

!

#
. At the electroweak scale, the

matching conditions are f " (x, M 2
Z ) '= 0 , f Z (x, M 2

Z ) =
0, f " Z (x, M 2

Z ) = 0, with a general relation

$

%
f B

f W 3

f BW 3

&

' =

$

%
c2

W s2
W &cW sW

s2
W c2

W cW sW
2cW sW &2cW sW c2

W & s2
W

&

'

$

%
f "
f Z
f " Z

&

' ,

wheresW = sin ' W is the weak mixing angle. The mixed
PDF f " Z (or f BW 3 ) represents a mix state and is impor-
tant to account for the interference between the diagrams
involving ! /Z (or B/W 3) [15, 16, 19]. Chiral couplings
and their RGE running are fully taken into account in-
cluding the correlation between the polarized PDFs and
the corresponding polarized scattering amplitudes. With
one-loop virtual corrections, our results are accurate at
the leading-log (LL) order. In Fig. 2(a), we present EW
PDFs for the states in Eq. (4) for $ = µ with a scale
Q =3 TeV and 5 TeV. For completeness, we have also in-
cluded the quarksq =

( t
i = d(qi + øqi ) and gluons from the

higher-order splittings. We give the averaged momen-
tum fractions (xf i ) =

)
xf i (x)dx carried by various par-

ton species in Table I. The two scale choices lead to less
than 20% di! erence for the EW PDFs. As expected, the
fermionic states sharply peak atx " 1, while the bosonic
states peak atx " 0, reßecting the infrared behavior. It
is noted that there is an enhanced rate at smallx for
the fermions, deviating from the leading order behavior
* 1/ (1 & x). This is from the soft ! " /Z " /W " splitting at
higher orders. Owing to the large ßux of photons at low
scales, the neutral EW PDFs are largest. Unlike all the
other EW PDFs that scale logarithmically with Q, the
longitudinal gauge bosons (WL , ZL ) do not scale with Q
at the leading order [15, 16, 26]& an explicit example
for Bjorken-scaling restoration.

III. Cross sections for Semi-inclusive Processes in
µ+ µ! Collisions
We write the production cross section of an exclusive
Þnal state F and the unspeciÞed remnantsX in terms
of the parton luminosity d L ij / d( and the corresponding

: the valance. : LO sea.
Quarks: NLO; gluons: NNLO.
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Higgs pair production & triple coupling:
SM Higgs boson pair production at the LHC

o SM Higgs boson pair production (gluon-gluon fusion - ggF):

!

!

!
!

!

Production cross-section small
! two massive Þnal state particles
! destructive interference

production mode Cross-section
(14 TeV)

gluon-gluon fusion " 40 fb
vector boson fusion " 2 fb

Higgs-strahlung " 1 fb
tøthh " 1 fb

4/22

Higgs boson self-couplingHiggs-fermion Yukawa coupling

arXiv:1212.5581

arXiv:1610.07922

àdictate EW phase transition & impact 
on early universe cosmology!

Figure 8 : Summary of the expected accuracies at95% C.L. for the Higgs couplings at a
variety of muon collider collider energies and luminosities. The upper horizontal axis marks
the accessible scale! , assumingc6,H ! O(1).

TeV at a collider of (10 " 30) TeV, we would be probing new physics at very high scales or
deeply into quantum e! ects.

#
s (lumi.) 3 TeV (1 ab! 1) 6 (4) 10 (10) 14 (20) 30 (90) Comparison

W W H (" ! W ) 0.26% 0.12% 0.073% 0.050% 0.023% 0.1% [41]
! /

#
ci (TeV) 4.7 7.0 9.0 11 16 (68% C.L.)

ZZH (" ! Z ) 1.4% 0.89% 0.61% 0.46% 0.21% 0.13% [17]
! /

#
ci (TeV) 2.1 2.6 3.2 3.6 5.3 (95% C.L.)

W W HH (" ! W2 ) 5.3% 1.3% 0.62% 0.41% 0.20% 5% [36]
! /

#
ci (TeV) 1.1 2.1 3.1 3.8 5.5 (68% C.L.)

HHH (" ! 3) 25% 10% 5.6% 3.9% 2.0% 5% [22, 23]
! /

#
ci (TeV) 0.49 0.77 1.0 1.2 1.7 (68% C.L.)

Table 7 : Summary table of the expected accuracies at95% C.L. for the Higgs couplings at a
variety of muon collider collider energies and luminosities.

In our analyses, we only focused on the leading decay channelH $ bøb. A more com-
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TH, D. Liu, I. Low, X. Wang, arXiv:2008.12204
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Figure 3 . Cross sections ofµ+ µ! ! H + H ! (red), and HA (green) through µ+ µ! annihilation (left
panel), and in addition and H ± H/H ± A (blue), HH/AA (purple), through VBF (right panel) in the
alignment limit cos( ! " " ) = 0 at di ! erent c.m. energy

#
s. We use solid, dashed and dotted line for

degenerate heavy Higgs massesm! = 1 TeV, 2 TeV and 5 TeV, respectively. The secondy-axis on
the right shows the corresponding event yields for a 10 ab! 1 integrated luminosity.

Figure 4 . The Parton Luminosity at Q = 5 TeV (Left) and Q =
#

ös/ 2 with ös = #s (Right).

Higgs massesm! (= mH = mA = mH ± ) =1 TeV (solid curves), 2 TeV (dashed curves) and
5 TeV (dotted curves). Red and green curves are used forH + H ! and HA productions.
The secondy-axis on the right shows the corresponding event yields for a 10 ab! 1 integrated
luminosity. We see the threshold behavior for a scalar pair production in a P-wave as$ $ ! 3,

with ! =
!

1 " 4m2
H /s . Well above the threshold, the cross sections asymptotically approach

$ $ " 2/s , which is insensitive to the heavy Higgs mass. The excess of theH + H ! production
cross section over that ofHA is attributed to the %" -mediated process. The cross sections are
calculated usingMadGraph5 V2.6.7[23] with Initial State Radiation (ISR) accounted [ 24].
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Figure 17 . Left panel shows the cross section of single heavy Higgs production through radiative
return for mH = 1, 2 and 15 TeV at tan ! = 1. Solid curves are the convoluted cross section with ISR
spectrum, while the dashed curves are forµ+ µ! ! H " . Right panel shows the tan! dependence of
the cross section for

"
s = 14 TeV and mH = 12 TeV.

The right panel of Fig. 17 shows the tan! dependence of the cross section for
"

s = 14
TeV and mH = 12 TeV. While the cross section at tan! = 1 is much smaller than the other
production channels we considered earlier, the cross section scales like tan2 ! in Type-II/L,
which could be sizable at large tan! . It could even be the dominant production for heavy
Higgs in the large tan! region of Type-L, when pair production is kinematically forbidden
and quark associated productions are suppressed.

6 Summary

High energy muon colliders o! ers new opportunity for the direct production of heavy particles.
In this paper, we study the discovery potential of the heavy Higgs bosons in Two-Higgs-
Doublet Models (2HDM) at a high-energy muon collider. Both pair production of non-
SM Higgses, and single non-SM Higgs production in association with pair of fermions are
analyzed, as well as radiative return production of single non-SM Higgs. We found that pair
productions are dominant below the

"
s/ 2 production threshold, while single non-SM Higgs

productions could be important for heavier masses, and in regions of tan! with Yukawa
coupling enhancement. Radiative return single production, in particular, could be important
in the large tan ! region Type-L. We also compared the annihilation production versus the
VBF production, and found that VBF processes could be dominating at large center of mass
energy and low scalar masses. With appropriate cuts on the invariant mass, momentum, and
angle, the dominant SM backgrounds could be suppressed to a negligible level.SS: Check
this statement about the background.

We also access the discrimination power of muon colliders on di! erent types of 2HDMs.
With the combination of both the productions and decays, we found that while it is challenge
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Radiative returns:
2

!

H/A

µ!

µ+

µ!

µ+
!

H/A

(a) H/A ÒRadiative ReturnÓ

l!

l+ Z

H
Z "

(b) ZH associated production

l !

l+

H
Z "

A

(c) HA pair production

FIG. 1: Main production mechanisms of heavy Higgs boson H/A at lepton colliders.

Coupling ! ! g/gSM Type-II & lepton-speciÞc Type-I & ßipped

gHµ + µ ! ! µ sin " / cos# cos" / sin #

gAµ + µ ! ! µ tan # " cot #

gHZZ ! Z cos(# " " ) cos(# " " )

gHAZ 1 " ! 2
Z sin(# " " ) sin(# " " )

TABLE I: Parametrization and their 2HDM models correspondence.

In Sec. II A, we Þrst present the radiative return production of heavy Higgs boson inµ+ µ! collision in detail. We
also consider the productionl+ l ! ! ZH and l+ l ! ! AH (l = e, µ) 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

Perhaps the most useful feature of a muon collider is the potential to haves-channel resonant production of the
Higgs boson [6Ð8, 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 anya priori knowledge about the mass, rendering the new particle
search rather di! cult. If one envisions a rather wide-ranged scanning, it would require to devote a large portion of
the design integrated luminosity [9, 10]. In this section, we discuss the three di" erent production mechanisms for the
associated production of the heavy Higgs boson. Besides the Òradiative returnÓ as in Eq. (1), we also consider

µ+ µ! ! Z " ! ZH and HA. (2)

The relevant Feynman diagrams are all shown in Fig. 1.
We Þrst parametrize the relevant heavy Higgs boson couplings as

L int = " ! µ
mµ

v
H øµµ + i ! µ

mµ

v
A øµ" 5µ + ! Z

m2
Z

v
HZ µ Zµ +

g
2 cos#W

!
(1 " ! 2

Z )(H $µ A " A$µ H )Zµ . (3)

The two parameters ! µ and ! Z characterize the coupling strength with respect to the SM Higgs boson couplings to
µ+ µ! and ZZ . The coupling ! µ controls the heavy Higgs resonant production and the radiative return cross sections,
while ! Z controls the cross sections forZH associated production and heavy Higgs pairHA production. We have
used! µ as the common scale parameter for Yukawa couplings of both the CP-evenH and the CP-odd A, although in
principle they could be di" erent. For the HAZ coupling we have used the generic 2HDM relation:! Z is proportional
to cos(%" &) and the HAZ coupling is proportional to sin(%" &).1 In the heavy Higgs decoupling limit of 2HDM at
large mA , ! Z # cos(%" &) $ m2

Z /m 2
A is highly suppressed and! µ % tan %(" cot %) in Type-II [24, 25] and lepton-

speciÞc [26Ð29] (Type-I [23, 24] and ßipped [26Ð29]) 2HDM. Note that many SUSY models, including MSSM and

1 Customarily, tan ! is the ratio of the two vevÕs, and " is the mixing angle of the two scalar states.

5 Radiative return

While the cross sections for heavy Higgs pair production are unsuppressed under the alignment
limit, the cross section has a threshold cut of atmH !

"
s/ 2. The resonant production for a

single heavy Higgs boson may further extend the coverage to aboutmH !
"

s, as long as the
coupling strength to µ+ µ! is big enough. The drawback for the resonant production is that
the collider energy would have to be tuned close to the mass of the heavy Higgs, which is less
feasible at future muon colliders. A promising mechanism is to take advantage of the initial
state radiation (ISR), so that the colliding energy is reduced to a lower value for a resonant
production, thus dubbed the Òradiative returnÓ, as shown in Fig.16.

Figure 16 . Feynman diagram for resonant production of heavy Higgs with ISR.

This mechanism can be characterized by the process

µ+ µ! # ! H, (5.1)

where ! can be a mono-photon observed in the detector, or unobserved along the beam
as the collinear radiation. We Þrst calculate the cross section of the mono-photon process
for mH = 1, 5, 15 TeV at tan " = 1. 10" < # < 170" is imposed for the photon detection
acceptance. For a single photon production, its energy is mono-chromaticE! = ( s$ m2

H )/ 2
"

s.
The results are given in the left panel ofFig. 17 by the dashed curves.

As a comparison, we calculate theµ+ µ! # H process with ISR spectrum

f "/ " (x) =
$
2%

1 + x2

1 $ x
log

s
m2

µ
(5.2)

applied to the muon beam. The partonic cross section is

ö&(µ+ µ! # H ) =
%Y 2

µ

4
' (ös $ m2

H ) =
%Y 2

µ

4s
' (( $

m2
H

s
). (5.3)

To compare with process inEq. (5.1), we calculate the cross section to the Þrst order of
$ by convoluting the ISR spectrum to one muon beam,

& = 2
!

dx1f "/ " (x1)ö&(( = x1) =
$Y 2

µ

4s
s + m4

H /s
s $ m2

H
log

s
m2

µ
. (5.4)

The results are given in the left panel ofFig. 17 by the solid curves. As we see, the cross
section is increasing with heavy Higgs massmH , which beneÞts from the richness of the phase
space.
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Pushing the “Naturalness” limit

à Higgs mass fine-tune: ! mH/mH ~ 1% (1 TeV/" )2

Thus, mstop > 8 TeV à 10-4 fine-tune!

20

gauginos

The searches for top quark partners 
(most wanted in “naturalness”); 

& gluinos, gauginos … 
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Covering the thermal targetwith ! ! g4
e! /M 2

DM . This leads us to a limit on the dark matter mass of

MDM < 1.8 TeV
!

g2
e!

0.3

"
. (18)

As has been long appreciated, it is quite remarkable that the TeV scale
emerges so naturally in this way, assuming dark matter couplings comparable
in strength to the electroweak gauge interactions. This gives a strong, direct
argument for new physics at the TeV scale, independent of any theoretical
notions of naturalness.

Compellingly, dark matter often falls out of theories of physics beyond
the SM without being put in by hand. Indeed, if the SM is augmented by
new physics, not even necessarily close to the weak scale, but far beneath
the GUT scale, the interactions with new states should respect baryon and
lepton number to a very high degree. Since all SM particles are neutral under
the discrete symmetry (" 1)B + L +2 S, any new particles that are odd under
this symmetry will be exactly stable. This is the reason for the ubiquitous
presence of dark matter candidates in BSM physics. It is thus quite plausible
that the dark matter is just one part of a more complete sector of TeV-
scale physics; this has long been a canonical expectation, with the dark
matter identiÞed as e.g. the lightest neutralino in a theory with TeV-scale
supersymmetry. The dominant SUSY processes at hadron colliders are of
course the production of colored particlesÑthe squarks and gluinosÑwhich
then decay, often in a long cascade of processes, to SM particles and the
lightest supersymmetric particle (LSP), resulting in the well known missing
energy signals at hadron colliders. This indirect production of dark matter
dominates, by far, the direct production of dark matter particles through
electroweak processes.

However, as emphasized in our discussion of naturalness, it is also worth
preparing for the possibility of a much more sparse spectrum of new particles
at the TeV scale. Indeed, if the idea of naturalness fails even slightly, the
motivation for a very rich set of new states at the hundreds-of-GeV scale
evaporates, while the motivation for WIMP dark matter at the TeV scale
still remains. This is for instance part of the philosophy leading to models
of split SUSY: in the minimal incarnation, the scalars and the second Higgs
doublet of the MSSM are pushed to# 102 " 103 TeV, but the gauginos (and
perhaps the higgsinos) are much lighter, protected by anR-symmetry. The
scalars are not so heavy as to obviate the need forR-parity, so the LSP is
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