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• The LHC 2012: We finally found the Higgs… 


Jorge de Blas 
INFN - University of Padova

Muon Collider Workshop 2018 
Padova, July 3, 2018

Particle Physics Today

After chasing it for so long, all the “ingredients” of the SM  
were experimentally confirmed



• But the Higgs is the only “new” physics we have found so far…


Jorge de Blas 
INFN - University of Padova

Particle Physics Today
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ADD GKK + g/q 0 e, µ 1 − 4 j Yes 36.1 n = 2 ATLAS-CONF-2017-0607.75 TeVMD

ADD non-resonant γγ 2 γ − − 36.7 n = 3 HLZ NLO CERN-EP-2017-1328.6 TeVMS

ADD QBH − 2 j − 37.0 n = 6 1703.092178.9 TeVMth

ADD BH high
∑
pT ≥ 1 e, µ ≥ 2 j − 3.2 n = 6, MD = 3 TeV, rot BH 1606.022658.2 TeVMth

ADD BH multijet − ≥ 3 j − 3.6 n = 6, MD = 3 TeV, rot BH 1512.025869.55 TeVMth

RS1 GKK → γγ 2 γ − − 36.7 k/MPl = 0.1 CERN-EP-2017-1324.1 TeVGKK mass

Bulk RS GKK →WW → qqℓν 1 e, µ 1 J Yes 36.1 k/MPl = 1.0 ATLAS-CONF-2017-0511.75 TeVGKK mass

2UED / RPP 1 e, µ ≥ 2 b, ≥ 3 j Yes 13.2 Tier (1,1), B(A(1,1) → tt) = 1 ATLAS-CONF-2016-1041.6 TeVKK mass

SSM Z ′ → ℓℓ 2 e, µ − − 36.1 ATLAS-CONF-2017-0274.5 TeVZ′ mass

SSM Z ′ → ττ 2 τ − − 36.1 ATLAS-CONF-2017-0502.4 TeVZ′ mass

Leptophobic Z ′ → bb − 2 b − 3.2 1603.087911.5 TeVZ′ mass

Leptophobic Z ′ → tt 1 e, µ ≥ 1 b, ≥ 1J/2j Yes 3.2 Γ/m = 3% ATLAS-CONF-2016-0142.0 TeVZ′ mass

SSM W ′ → ℓν 1 e, µ − Yes 36.1 1706.047865.1 TeVW′ mass

HVT V ′ →WV → qqqq model B 0 e, µ 2 J − 36.7 gV = 3 CERN-EP-2017-1473.5 TeVV′ mass

HVT V ′ →WH/ZH model B multi-channel 36.1 gV = 3 ATLAS-CONF-2017-0552.93 TeVV′ mass

LRSM W ′
R
→ tb 1 e, µ 2 b, 0-1 j Yes 20.3 1410.41031.92 TeVW′ mass

LRSM W ′
R
→ tb 0 e, µ ≥ 1 b, 1 J − 20.3 1408.08861.76 TeVW′ mass

CI qqqq − 2 j − 37.0 η−LL 1703.0921721.8 TeVΛ

CI ℓℓqq 2 e, µ − − 36.1 η−LL ATLAS-CONF-2017-02740.1 TeVΛ

CI uutt 2(SS)/≥3 e,µ ≥1 b, ≥1 j Yes 20.3 |CRR | = 1 1504.046054.9 TeVΛ

Axial-vector mediator (Dirac DM) 0 e, µ 1 − 4 j Yes 36.1 gq=0.25, gχ=1.0, m(χ) < 400 GeV ATLAS-CONF-2017-0601.5 TeVmmed

Vector mediator (Dirac DM) 0 e, µ, 1 γ ≤ 1 j Yes 36.1 gq=0.25, gχ=1.0, m(χ) < 480 GeV 1704.038481.2 TeVmmed

VVχχ EFT (Dirac DM) 0 e, µ 1 J, ≤ 1 j Yes 3.2 m(χ) < 150 GeV 1608.02372700 GeVM∗

Scalar LQ 1st gen 2 e ≥ 2 j − 3.2 β = 1 1605.060351.1 TeVLQ mass

Scalar LQ 2nd gen 2 µ ≥ 2 j − 3.2 β = 1 1605.060351.05 TeVLQ mass

Scalar LQ 3rd gen 1 e, µ ≥1 b, ≥3 j Yes 20.3 β = 0 1508.04735640 GeVLQ mass

VLQ TT → Ht + X 0 or 1 e, µ ≥ 2 b, ≥ 3 j Yes 13.2 B(T → Ht) = 1 ATLAS-CONF-2016-1041.2 TeVT mass

VLQ TT → Zt + X 1 e, µ ≥ 1 b, ≥ 3 j Yes 36.1 B(T → Zt) = 1 1705.107511.16 TeVT mass

VLQ TT →Wb + X 1 e, µ ≥ 1 b, ≥ 1J/2j Yes 36.1 B(T →Wb) = 1 CERN-EP-2017-0941.35 TeVT mass

VLQ BB → Hb + X 1 e, µ ≥ 2 b, ≥ 3 j Yes 20.3 B(B → Hb) = 1 1505.04306700 GeVB mass

VLQ BB → Zb + X 2/≥3 e, µ ≥2/≥1 b − 20.3 B(B → Zb) = 1 1409.5500790 GeVB mass

VLQ BB →Wt + X 1 e, µ ≥ 1 b, ≥ 1J/2j Yes 36.1 B(B →Wt) = 1 CERN-EP-2017-0941.25 TeVB mass

VLQ QQ →WqWq 1 e, µ ≥ 4 j Yes 20.3 1509.04261690 GeVQ mass

Excited quark q∗ → qg − 2 j − 37.0 only u∗ and d∗, Λ = m(q∗) 1703.091276.0 TeVq∗ mass

Excited quark q∗ → qγ 1 γ 1 j − 36.7 only u∗ and d∗, Λ = m(q∗) CERN-EP-2017-1485.3 TeVq∗ mass

Excited quark b∗ → bg − 1 b, 1 j − 13.3 ATLAS-CONF-2016-0602.3 TeVb∗ mass

Excited quark b∗ →Wt 1 or 2 e, µ 1 b, 2-0 j Yes 20.3 fg = fL = fR = 1 1510.026641.5 TeVb∗ mass

Excited lepton ℓ∗ 3 e, µ − − 20.3 Λ = 3.0 TeV 1411.29213.0 TeVℓ∗ mass

Excited lepton ν∗ 3 e,µ, τ − − 20.3 Λ = 1.6 TeV 1411.29211.6 TeVν∗ mass

LRSM Majorana ν 2 e, µ 2 j − 20.3 m(WR ) = 2.4 TeV, no mixing 1506.060202.0 TeVN0 mass

Higgs triplet H±± → ℓℓ 2,3,4 e,µ (SS) − − 36.1 DY production ATLAS-CONF-2017-053870 GeVH±± mass

Higgs triplet H±± → ℓτ 3 e,µ, τ − − 20.3 DY production, B(H±±
L
→ ℓτ) = 1 1411.2921400 GeVH±± mass

Monotop (non-res prod) 1 e, µ 1 b Yes 20.3 anon−res = 0.2 1410.5404657 GeVspin-1 invisible particle mass

Multi-charged particles − − − 20.3 DY production, |q| = 5e 1504.04188785 GeVmulti-charged particle mass

Magnetic monopoles − − − 7.0 DY production, |g | = 1gD , spin 1/2 1509.080591.34 TeVmonopole mass

Mass scale [TeV]10−1 1 10
√
s = 8 TeV

√
s = 13 TeV

ATLAS Exotics Searches* - 95% CL Upper Exclusion Limits
Status: July 2017

ATLAS Preliminary∫
L dt = (3.2 – 37.0) fb−1

√
s = 8, 13 TeV

*Only a selection of the available mass limits on new states or phenomena is shown.

†Small-radius (large-radius) jets are denoted by the letter j (J).
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• …and (almost) everything we have measured agrees well with the SM…


Jorge de Blas 
INFN - University of Padova

Particle Physics Today

R
L dt

[fb�1]
Reference

tZj � = 620 ± 170 ± 160 fb (data)
NLO+NLL (theory) 36.1 TOPQ-2016-14

t̄tZ � = 176 + 52 � 48 ± 24 fb (data)
HELAC-NLO (theory) 20.3 JHEP 11, 172 (2015)

� = 0.92 ± 0.29 ± 0.1 pb (data)
Madgraph5 + aMCNLO (theory) 3.2 EPJC 77 (2017) 40

t̄tW � = 369 + 86 � 79 ± 44 fb (data)
MCFM (theory) 20.3 JHEP 11, 172 (2015)

� = 1.5 ± 0.72 ± 0.33 pb (data)
Madgraph5 + aMCNLO (theory) 3.2 EPJC 77 (2017) 40

ts�chan � = 4.8 ± 0.8 + 1.6 � 1.3 pb (data)
NLO+NNL (theory) 20.3 PLB 756, 228-246 (2016)

ZZ
� = 6.7 ± 0.7 + 0.5 � 0.4 pb (data)

NNLO (theory) 4.6 JHEP 03, 128 (2013)
PLB 735 (2014) 311

� = 7.3 ± 0.4 + 0.4 � 0.3 pb (data)
NNLO (theory) 20.3 JHEP 01, 099 (2017)

� = 17.3 ± 0.6 ± 0.8 pb (data)
Matrix (NNLO) & Sherpa (NLO) (theory) 36.1 PRD 97 (2018) 032005

WZ
� = 19 + 1.4 � 1.3 ± 1 pb (data)

MATRIX (NNLO) (theory) 4.6 EPJC 72, 2173 (2012)
PLB 761 (2016) 179

� = 24.3 ± 0.6 ± 0.9 pb (data)
MATRIX (NNLO) (theory) 20.3 PRD 93, 092004 (2016)

PLB 761 (2016) 179

� = 50.6 ± 2.6 ± 2.5 pb (data)
MATRIX (NNLO) (theory) 3.2 PLB 762 (2016) 1

PLB 761 (2016) 179

Wt
� = 16.8 ± 2.9 ± 3.9 pb (data)

NLO+NLL (theory) 2.0 PLB 716, 142-159 (2012)

� = 23 ± 1.3 + 3.4 � 3.7 pb (data)
NLO+NLL (theory) 20.3 JHEP 01, 064 (2016)

� = 94 ± 10 + 28 � 23 pb (data)
NLO+NNLL (theory) 3.2 arXiv:1612.07231 [hep-ex]

H
� = 22.1 + 6.7 � 5.3 + 3.3 � 2.7 pb (data)

LHC-HXSWG YR4 (theory) 4.5 EPJC 76, 6 (2016)

� = 27.7 ± 3 + 2.3 � 1.9 pb (data)
LHC-HXSWG YR4 (theory) 20.3 EPJC 76, 6 (2016)

� = 57 + 6 � 5.9 + 4 � 3.3 pb (data)
LHC-HXSWG YR4 (theory) 36.1 ATLAS-CONF-2017-047

WW
� = 51.9 ± 2 ± 4.4 pb (data)

NNLO (theory) 4.6 PRD 87, 112001 (2013)
PRL 113, 212001 (2014)

� = 68.2 ± 1.2 ± 4.6 pb (data)
NNLO (theory) 20.3 PLB 763, 114 (2016)

� = 142 ± 5 ± 13 pb (data)
NNLO (theory) 3.2 arXiv: 1702.04519 [hep-ex]

tt�chan
� = 68 ± 2 ± 8 pb (data)

NLO+NLL (theory) 4.6 PRD 90, 112006 (2014)

� = 89.6 ± 1.7 + 7.2 � 6.4 pb (data)
NLO+NLL (theory) 20.3 arXiv:1702.02859 [hep-ex]

� = 247 ± 6 ± 46 pb (data)
NLO+NLL (theory) 3.2 JHEP 04 (2017) 086

t̄t
� = 182.9 ± 3.1 ± 6.4 pb (data)

top++ NNLO+NNLL (theory) 4.6 EPJC 74: 3109 (2014)

� = 242.9 ± 1.7 ± 8.6 pb (data)
top++ NNLO+NNLL (theory) 20.2 EPJC 74: 3109 (2014)

� = 818 ± 8 ± 35 pb (data)
top++ NNLO+NLL (theory) 3.2 PLB 761 (2016) 136

Z
� = 29.53 ± 0.03 ± 0.77 nb (data)

DYNNLO+CT14 NNLO (theory) 4.6 JHEP 02 (2017) 117

� = 34.24 ± 0.03 ± 0.92 nb (data)
DYNNLO+CT14 NNLO (theory) 20.2 JHEP 02 (2017) 117

� = 58.43 ± 0.03 ± 1.66 nb (data)
DYNNLO+CT14 NNLO (theory) 3.2 JHEP 02 (2017) 117

W � = 98.71 ± 0.028 ± 2.191 nb (data)
DYNNLO + CT14NNLO (theory) 4.6 EPJC 77 (2017) 367

� = 190.1 ± 0.2 ± 6.4 nb (data)
DYNNLO + CT14NNLO (theory) 0.081 PLB 759 (2016) 601

pp
� = 95.35 ± 0.38 ± 1.3 mb (data)

COMPETE HPR1R2 (theory) 8⇥10�8 Nucl. Phys. B, 486-548 (2014)

� = 96.07 ± 0.18 ± 0.91 mb (data)
COMPETE HPR1R2 (theory) 50⇥10�8 PLB 761 (2016) 158

10�4 10�3 10�2 10�1 1 101 102 103 104 105 106 1011

� [pb]
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Status:
March 2018

ATLAS Preliminary

Run 1,2
p
s = 7,8,13 TeV

Theory

LHC pp
p
s = 7 TeV

Data
stat
stat � syst

LHC pp
p
s = 8 TeV

Data
stat
stat � syst

LHC pp
p
s = 13 TeV

Data
stat
stat � syst

Standard Model Total Production Cross Section Measurements

Muon Collider Workshop 2018 
Padova, July 3, 2018



• We know the SM cannot be the ultimate theory of fundamental physics…


Jorge de Blas 
INFN - University of Padova

Particle Physics Today

Why 3 families?
Do gauge couplings unify?

It is “problematic”… Hierarchy problem
Strong CP problem
Flavor problem

It is not very stable… EW vacuum is metastable 

No Dark Matter/Dark EnergyNo Neutrino masses
No explanation of gravity Matter/Anti-Matter asymmetry?

…

Too many parameters?

Theoretical issues

Observational/Experimental issues

Other questions                        Aesthetical issues?

Muon Collider Workshop 2018 
Padova, July 3, 2018



Ideology

?

No single experiment can explore all directions at once.
None can guarantee discoveries.
The next big FC will exist only if capable to explore many 
directions, and be conclusive on some of those

• But… what should we look for? The Higgs was “expected” within the SM, 
we knew what to search for…


Jorge de Blas 
INFN - University of Padova

Particle Physics at Future Colliders

…unless the LHC finds any hint of new physics, High Energy Physics at 
Future Colliders will be an exploration of the unknown…

No new discovery can be guaranteed

The best Future Collider option is that which allows to explore many directions  

Muon Collider Workshop 2018 
Padova, July 3, 2018



• Strengths of a Muon collider:


• Muon Rare processes


• Neutrino physics


• Higgs factory


• High Energy frontier 

• Can we define minimum energy/luminosity requirements for BSM 
exploration at High Energies?


Jorge de Blas 
INFN - University of Padova

⇒ See. A. Blondel’s and M. Greco’s talks

The best Future Collider option is that allows to explore many directions

⇒ This talk

Muon Collider Workshop 2018 
Padova, July 3, 2018

Particle Physics at Future Colliders



Jorge de Blas 
INFN - University of Padova

Naturalness

• In the SM the Higgs mass/EW scale is very sensitive to any UV mass 
scales via quantum corrections


• Fine tuning:


June 29, 2018

EFT analyses with FCC precision
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Materials for the talk presented at the FCC physics meeting on Feb. 19 2018.

1 Eqs

m2
H=

R1
0 F (E; g) =

=

R ⇤

0 F (E; g) +
R1
⇤ F (E; g)

(1)

�m2
H =

3y2
t

8⇡2⇤
2

� � �m2
H

m2
H

⇡
⇣

126 GeV
mH

⌘2 �
⇤

500 GeV

�2

�L(sL) =

1
sL
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% variation in ai → Δ% variation in mH 
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SM contrib. : Must be cancelled by NP or 
fine tuning needed

Naturalness (Δ~1) ⇒  Λ≲ 1 TeV 

SM cut-off
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Naturalness

• Current limits on conventional Natural models (colored Top partners)


• HL-LHC may push 
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Naturalness

• After the LHC:


• Naturalness could still be realized if           cancelled by QCD-uncolored 
particles


• Or it may just be that the EW scale is only “partially” unnatural
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Reasonable requirement based on (un)naturalness:  
Reach of ~5 TeV for conventional Top partners
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Dark Matter

• A future collider should be able to tell if Dark Matter is a WIMP:


• “WIMP miracle”: Weak mass and couplings reproduces relic abundance


  


• Relic density can be satisfied for a larger range of masses and couplings


• (Unitarity bounds                            )


• Accidental Dark Matter: DM is stable due to accidental symmetries. 
Extensions to non-electric neutral DM can be stabilized via milicharges
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Dark Matter

• Accidental Dark Matter: DM is stable due to accidental symmetries. 
Extensions to non-electric neutral DM can be stabilized via milicharges 


• n=3,5,7, … thermal prod. via gauge interactions (and suppressed Z 
couplings)


• Predictive: mass fixed by relic density 
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Figure 1: Left: Thermal relic abundance of a complex scalar triplet and eptaplet and a Dirac
triplet and quintuplet, indicated as solid lines. Confrontation with the measurement by Planck,
indicated here as a double horizontal red band (inner for 1� uncertainty, outer for 2�), deter-
mines the DM mass M in each case. Uncertainties on M are indicated by a double vertical
band: the inner, darker band reflects the 2� uncertainty on Planck’s measurement, while the
outer, lighter band shows the theoretical uncertainty estimated as ±5% of the DM mass. The
relic density line for the Dirac triplet crosses the DM abundance band twice, thus there are two
allowed values for its mass. We assume the complex scalar quintuplet (eptaplet) has the same
mass as the Dirac quintuplet (eptaplet), as happens for real scalar and Majorana quintuplets.
The thermal relic abundance of a Majorana quintuplet (dashed line), together with its mass, is
shown for use in the next section. Right: Constraints on the DM millicharge ✏ as a function
of the DM mass. The LUX bound does not apply in the region of parameter space where no DM
particles populate the galactic disk.

existing bounds on self-conjugated multiplets with the same quantum numbers. Constraints on
a (supersymmetric Wino) Majorana triplet, on the MDM Majorana quintuplet, and on the real
scalar eptaplet can be found in Refs. [52–56], [6, 7, 49], and [11], respectively. We do not have
enough information on the scalar triplet and fermion eptaplet to determine bounds on these
candidates.

Interestingly, the Dirac triplet with M = 2.00 TeV is allowed by gamma-ray searches even
with the most aggressive choices of DM profile made in Fig. 12 of Ref. [52]. In the assumption
of a cuspy profile, forthcoming experiments like CTA [48] will be able to probe this candidate.
The situation of the Dirac triplet with M = 2.45 TeV is closer to (although worse than) that
of the Majorana triplet with mass 3.1 TeV [53], which is already excluded by bounds assuming
cuspy profiles while allowed when choosing a cored profile. The 6.55 TeV Dirac quintuplet is in
the same situation as the Majorana quintuplet, whose mass is given in Eq. (18), i.e. it is badly
excluded with the choice of a cuspy profile, while it is still viable if a cored profile is considered
(see e.g. Fig. 7 of Ref. [6]). The complex scalar eptaplet, while excluded for a cuspy Einasto
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outer, lighter band shows the theoretical uncertainty estimated as ±5% of the DM mass. The
relic density line for the Dirac triplet crosses the DM abundance band twice, thus there are two
allowed values for its mass. We assume the complex scalar quintuplet (eptaplet) has the same
mass as the Dirac quintuplet (eptaplet), as happens for real scalar and Majorana quintuplets.
The thermal relic abundance of a Majorana quintuplet (dashed line), together with its mass, is
shown for use in the next section. Right: Constraints on the DM millicharge ✏ as a function
of the DM mass. The LUX bound does not apply in the region of parameter space where no DM
particles populate the galactic disk.
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candidates.
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mines the DM mass M in each case. Uncertainties on M are indicated by a double vertical
band: the inner, darker band reflects the 2� uncertainty on Planck’s measurement, while the
outer, lighter band shows the theoretical uncertainty estimated as ±5% of the DM mass. The
relic density line for the Dirac triplet crosses the DM abundance band twice, thus there are two
allowed values for its mass. We assume the complex scalar quintuplet (eptaplet) has the same
mass as the Dirac quintuplet (eptaplet), as happens for real scalar and Majorana quintuplets.
The thermal relic abundance of a Majorana quintuplet (dashed line), together with its mass, is
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Figure 1: Corrections to the di-fermion (di-muon) production process from a fermionic EWIMP.

The operator involving three field strength tensors of W a
µ⌫ induces anomalous triple gauge cou-

plings �WW and ZWW (with �, W and Z being photon, W and Z bosons), which a↵ect e.g. the
process e�e+ ! W�W+. For

p
s = 1 � 5TeV and the integrated luminosity L = 1ab�1, it has

been shown that ⇤3W = 5� 10TeV can be probed through the process [32, 33]. On the other hand,
as the operators involving two field strength tensors of W a

µ⌫ or Bµ⌫ become four Fermi-interactions
via the equations of motions of the gauge fields, the operators also a↵ect the processes e�e+ ! ff̄
(with f being the SM fermion). Through these processes, the suppression scales can be probed up to
⇤2W,2B ⇠ 30(

p
s/1TeV)1/2(L/1 ab�1)1/4TeV, as we will see in the next section. We therefore expect

that these di-fermion production processes will be better to probe the EWIMP indirectly.

2.2 Corrections to di-fermion production processes

According to the argument in the previous subsection, we focus on the SM processes e�e+ ! ff̄ in
this article and investigate the capability of future lepton colliders to probe EWIMPs. They a↵ect
the cross sections of the processes through loop corrections even if the beam energy is smaller than
m. An example of the corrections to the process (di-muon production process) from a fermionic
EWIMP is shown in Fig. 1. Though we have assumed m �

p
s in the previous subsection and used

the e↵ective field theory including dimension six operators, full form factors of the gauge boson
propagators are needed for m & p

s/2. After integrating the EWIMP out at one-loop level, we
obtain the following e↵ective Lagrangian for the e�e+ ! ff̄ processes:

Le↵ = LSM +
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where LSM stands for the SM Lagrangian and the coe�cients CWW and CBB are given by
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n(n� 1)(n+ 1)

6

(
1 (Complex scalar)

8 (Dirac fermion)
, (6)

CBB = 2nY 2

(
1 (Complex scalar)

8 (Dirac fermion)
. (7)

An additional factor 1/2 should be multiplied for a real scalar and a Majorana fermion.#3 The
ellipsis at the end of the Lagrangian includes operators composed of the strength tensors more than

#3If the EWIMP is either a complex scalar or a Dirac fermion with Y 6= 0 and plays the role of dark matter, current
direct detection experiments of dark matter have already ruled out this possibility, since a Z boson mediated process
gives a too large spin-independent scattering cross section of the EWIMP o↵ a nucleon. These constraints can be
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The FC should be capable to tell if DM is WIMP

Indirect searches also important 
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this article and investigate the capability of future lepton colliders to probe EWIMPs. They a↵ect
the cross sections of the processes through loop corrections even if the beam energy is smaller than
m. An example of the corrections to the process (di-muon production process) from a fermionic
EWIMP is shown in Fig. 1. Though we have assumed m �

p
s in the previous subsection and used

the e↵ective field theory including dimension six operators, full form factors of the gauge boson
propagators are needed for m & p

s/2. After integrating the EWIMP out at one-loop level, we
obtain the following e↵ective Lagrangian for the e�e+ ! ff̄ processes:

Le↵ = LSM +
g2CWW

8
W a

µ⌫ ⇧(�D2/m2)W aµ⌫ +
g02CBB

8
Bµ⌫ ⇧(�@2/m2)Bµ⌫ + · · · , (5)

where LSM stands for the SM Lagrangian and the coe�cients CWW and CBB are given by

CWW =
n(n� 1)(n+ 1)

6

(
1 (Complex scalar)

8 (Dirac fermion)
, (6)

CBB = 2nY 2

(
1 (Complex scalar)

8 (Dirac fermion)
. (7)

An additional factor 1/2 should be multiplied for a real scalar and a Majorana fermion.#3 The
ellipsis at the end of the Lagrangian includes operators composed of the strength tensors more than

#3If the EWIMP is either a complex scalar or a Dirac fermion with Y 6= 0 and plays the role of dark matter, current
direct detection experiments of dark matter have already ruled out this possibility, since a Z boson mediated process
gives a too large spin-independent scattering cross section of the EWIMP o↵ a nucleon. These constraints can be
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• We found the Higgs but still know little about the Higgs potential/EWSB


• A strong 1st order phase transition is one of the conditions to generate 
Baryon asymmetry (Baryogenesis)
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• Testing the Higgs scalar potential: Higgs cubic term


• Cross sections small (but somewhat larger than e+e- counterparts)


    σWBF(3 TeV)= 0.9 fb                   σWBF(6 TeV)= 2.1 fb


• hWW must be well known for a precise extraction of hhh coupling


     hWW~1% from single Higgs        hhh ~ O(20%) 

Jorge de Blas 
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Figure 6: Higgs pair production cross sections at lepton colliders as functions of the center-of-
mass energy (based on Fig. 7 of Ref. [36]) and illustrative diagrams. The di�erence between the
two ‹‹̄hh curves is entirely due to double Higgsstrahlung followed by invisible Z decay.

3 High-energy lepton machines
Having explored the reach of low-energy lepton colliders in the previous section, we now
enlarge our scope to include machines with center-of-mass energies above 350 GeV. They
o�er the opportunity of probing directly the trilinear Higgs self-coupling through Higgs
pair production processes, double Higgsstrahlung e+e≠ æ Zhh and WW -fusion e+e≠ æ
‹‹̄hh in particular. The precision reach in the determination of ”Ÿ⁄ at ILC and CLIC has
already been studied by the experimental collaborations [34, 35]. These studies performed
an exclusive fit, allowing for new-physics e�ects only in the trilinear Higgs self-coupling.

In this section, we first review the experimental projections on the extraction of the
Higgs self-coupling from double Higgs channels. In this context, we also point out how dif-
ferential distributions, in particular in the WW -fusion channel, can allow for an enhanced
sensitivity to ”Ÿ⁄. Afterwards, we reconsider Higgs pair production measurements from a
global EFT perspective, showing how the determination of ”Ÿ⁄ is modified by performing
a simultaneous fit for all EFT parameters. We also evaluate how these results are modified
by combining double-Higgs data with single-Higgs measurements from low-energy runs.

3.1 Higgs pair production
As already mentioned, Higgs pair production at high-energy lepton machines is accessible
mainly through the double Higgsstrahlung e+e≠ æ Zhh and WW -fusion e+e≠ æ ‹‹̄hh

channels. The cross sections for these two production modes as functions of the center-of-
mass energy of the collider are shown in Fig. 6. It is interesting to notice their completely
di�erent behavior, so that the relevance of the two channels drastically changes at di�erent
machines. At energies below approximately 1 TeV, double Higgsstrahlung is dominant
whereas, at higher energy, the channel with the larger cross section is WW -fusion. To
be more specific, the cross section of double Higgsstrahlung reaches a maximum at

Ô
s ƒ
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Fig. 3: Cross section as a function of centre-of-mass energy
for the main Higgs production processes at an e+e� collider
for a Higgs mass of mH = 126GeV. The values shown cor-
respond to unpolarised beams and do not include the effect
of beamstrahlung.

sections and integrated luminosities for the three stages are
summarised in Table 1.

3 Overview of Higgs Production at CLIC

A high-energy e+e� collider such as CLIC provides an ex-
perimental environment that allows the study of Higgs bo-
son properties with high precision. The evolution of the leading-
order e+e� Higgs production cross sections with centre-of-
mass energy, as computed using the WHIZARD 1.95 [20]
program, is shown in Figure 3 for a Higgs boson mass of
126GeV [21].

The Feynman diagrams for the three highest cross section
Higgs production processes at CLIC are shown in Figure 4.
At

p
s⇡ 350GeV, the Higgsstrahlung process (e+e�!ZH)

has the largest cross section, but the WW-fusion process
(e+e� ! Hnene ) is also significant. The combined study
of these two processes probes the Higgs boson properties
(width and branching ratios) in a model-independent man-
ner. In the higher energy stages of CLIC operation (

p
s =

1.4TeV and 3TeV), Higgs production is dominated by the
WW-fusion process, with the ZZ-fusion process (e+e� !
He+e�) also becoming significant. Here the increased WW-
fusion cross section, combined with the high luminosity of

measurements of top quark properties as a probe for BSM physics, and
the next stage at 1.5 TeV, has recently been adopted and will be used
for future studies [19].

CLIC, results in large data samples, allowing precise O(1%)
measurements of the couplings of the Higgs boson to both
fermions and gauge bosons. In addition to the main Higgs
production channels, rarer processes such as e+e� ! ttH
and e+e� ! HHnene , provide access to the top Yukawa
coupling and the Higgs trilinear self-coupling. Feynman dia-
grams for these processes are shown in Figure 5. In all cases,
the Higgs production cross sections can be increased with
polarised electron (and positron) beams as discussed in Sec-
tion 3.2.
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Fig. 4: Leading-order Feynman diagrams of the highest
cross section Higgs production processes at CLIC; Hig-
gsstrahlung (a), WW-fusion (b) and ZZ-fusion (c).
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Fig. 5: Feynman diagrams of the leading-order processes at
CLIC involving (a) the top Yukawa coupling gHtt , and (b)
the Higgs boson trilinear self-coupling l .

Table 1 lists the expected numbers of ZH, Hnene and He+e�

events for the three main CLIC centre-of-mass energy stages.
These numbers account for the effect of beamstrahlung and
initial state radiation (ISR), which result in a tail in the dis-
tribution of the effective centre-of-mass energy

p
s0. The im-

pact of beamstrahlung on the expected numbers of events is
mostly small. For example, it results in an approximately
10% reduction in the numbers of Hnene events at

p
s >

5

Unpolarized & no beam effects

CLIC 3 TeV, 3 ab-1
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• New physics modifying scalar potential: Singlet extensions of the SM are 
the simplest scenario
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Figure 3: Constraints at 95% C.L. in the plane (m�, sin
2 �). The shaded regions are the present constraints from

LHC direct searches for � ! ZZ (red) and Higgs couplings measurements (pink). The reach at CLIC Stage 2
(green) and Stage 3 (blue) is compared with the projections for LHC with a luminosity of 300 fb�1 (solid red)
and 3 ab�1 (dashed red). We have fixed BR�!hh = BR�!ZZ = 25%.

weaker (stronger), while mild variations of �hh do not significantly a↵ect them. Varying other parameters has
a very mild impact on the phenomenology we discuss. We conclude by noting that, unless � is pushed to the
largest values allowed by perturbativity (' 2), double singlet production does not play an important role in the
NMSSM.

3.2 Twin Higgs

Twin Higgs models double the field content of the SM in a mirror copy and retain by assumption SU(4) invariant
portal couplings between the SM-like and the twin (singlet-like) Higgs boson. Such a symmetry is spontaneously
broken to SU(3) at a scale f , which can be f > v when soft-breakings of the mirror symmetry are allowed.
The emerging singlet-like state in this context is the radial mode of SU(4)/SU(3), which can be light enough to
be accessible at colliders if the breaking originates from a weakly coupled UV realization (see [24, 25]). In this
context, because of the global symmetries, the number of free parameters (after requiring the correct electro-weak
vacuum and Higgs mass) is just two: the mass of the radial mode m� and f . Moreover sin2 � ⇡ v2/f2 even when
m� is decoupled.

The present constraints and future CLIC sensitivities are displayed in the figure 4-right. In the case where
these models are not too strongly coupled (we checked that �� < m� in the whole parameter space that we show),
they are expected to manifest themselves first via new diboson (longitudinal) resonances. On the contrary, their
strong-coupling regime is expected to show up first in deviations in the Higgs couplings.

3.3 Electroweak phase transition

The lagrangian in eq. (1) can induce a first order EW phase transition when it has a well approximated Z2

symmetry as discussed in [4]. A viable scenario is realized when

aShSi/m2
S ⌧ 1, m2

S/�HSv
2 ⌧ 1,

therefore in a region where the singlet mass is mostly given by the Higgs vev and the mixing angle � is negligibly
small (notice a factor of 2 di↵erence in our definition of the quartic compared to the notation in [4]). We do not
attempt to make a detailed numerical simulation, but we just show in figure 5 what are the regions with a possible
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Flavour Anomalies

• Several anomalies in the B-sector (b→sll, b→clv) hint to additional BSM 
contributions
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1 Introduction

One of the most interesting phenomena reported by particle physics experiments in the last few
years are the numerous hints of Lepton Flavour Universality (LFU) violations observed in semi-
leptonic B decays. The very recent LHCb results on the LFU ratios Rµe

K(⇤) [1] and R⌧`
D(⇤) [2] are

the last two pieces of a seemingly coherent set of anomalies which involves di↵erent observables
and experiments. So far, not a single LFU ratio measurement exhibits a deviation with respect
to the Standard Model (SM) above the 3� level. However, the overall set of observables is very
consistent and, once combined, the probability of a mere statistical fluctuation is very low.

The evidences collected so far can naturally be grouped into two categories, according to the
underlying quark-level transition:

• deviations from ⌧/µ (and ⌧/e) universality in b ! c`⌫̄ charged currents [2–5];

• deviations from µ/e universality in b ! s`` neutral currents [1, 6].

In both cases the combination of the results leads to an evidence around the 4� level for LFU
violating contributions of non-SM origin, whose size is O(10%) compared to the corresponding
charged- or neutral-current SM amplitudes. Furthermore, a strong evidence for a deviation from
the SM prediction has been observed by LHCb in the angular distribution of the B0 ! K⇤0µ+µ�

decay [7,8], which is consistent with the deviations from LFU in neutral-current B decays [9,10].
These deviations from the SM have triggered a series of theoretical speculations about pos-

sible New Physics (NP) interpretations. Attempts to provide a combined/coherent explanation
for both charged- and neutral-current anomalies have been presented in Refs. [11–29]. A com-
mon origin of the two set of anomalies is not obvious, but is very appealing since: i) in both
types of semi-leptonic B-meson decays (charged and neutral) we are dealing with a violation of
LFU; ii) in both cases data favours left-handed e↵ective interactions that, due to the SM gauge
symmetry, naturally suggest a connection between charged and neutral currents.

One of the puzzling aspects of the present anomalies is that they have been observed only
in semi-leptonic B decays and are quite large compared to the corresponding SM amplitudes.
On the contrary, no evidence of deviation from the SM has been seen so far in the precise
(per-mil) tests of LFU in semi-leptonic K and ⇡ decays, purely leptonic ⌧ decays, and in the
electroweak precision observables. The most natural assumption to address this apparent para-
dox is the hypothesis that the NP responsible for the breaking of LFU is coupled mainly to
the third generation of quarks and leptons, with a small (but non-negligible) mixing with the
light generations [13, 25, 30]. This hypothesis also provides a natural first-order explanation for
the di↵erent size of the two e↵ects, which compete with a tree-level SM amplitude in charged
currents, and with a suppressed loop-induced SM amplitude in neutral currents, respectively.
Within this paradigm, a class of particularly motivated models includes those which are based
on a U(2)q⇥U(2)` flavour symmetry acting on the light generations of SM fermions [31,32], and
new massive bosonic mediators around the TeV scale: colour-less vector SU(2)L-triplets (W 0,
B0) [13], vector SU(2)L-singlet or -triplet leptoquarks (LQ) [17], or scalar SU(2)L-singlet and
-triplet leptoquarks. Besides providing a good description of low-energy data, these mediators
could find a consistent UV completion in the context of strongly-interacting theories with new
degrees of freedom at the TeV scale [23, 24].
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2

Coe↵. best fit 1� 2� pull

Cµ
9 �1.59 [�2.15, �1.13] [�2.90, �0.73] 4.2�

Cµ
10 +1.23 [+0.90, +1.60] [+0.60, +2.04] 4.3�

Ce
9 +1.58 [+1.17, +2.03] [+0.79, +2.53] 4.4�

Ce
10 �1.30 [�1.68, �0.95] [�2.12, �0.64] 4.4�

Cµ
9 = �Cµ

10 �0.64 [�0.81, �0.48] [�1.00, �0.32] 4.2�

Ce
9 = �Ce

10 +0.78 [+0.56, +1.02] [+0.37, +1.31] 4.3�

C0µ
9 �0.00 [�0.26, +0.25] [�0.52, +0.51] 0.0�

C0µ
10 +0.02 [�0.22, +0.26] [�0.45, +0.49] 0.1�

C0 e
9 +0.01 [�0.27, +0.31] [�0.55, +0.62] 0.0�

C0 e
10 �0.03 [�0.28, +0.22] [�0.55, +0.46] 0.1�

TABLE I. Best-fit values and pulls for scenarios with NP in
one individual Wilson coe�cient.

and the corresponding Wilson coe�cients C`
i , with ` =

e, µ. We do not consider other dimension-six operators
that can contribute to b ! s`` transitions. Dipole oper-
ators and four-quark operators [46] cannot lead to vio-
lation of LFU and are therefore irrelevant for this work.
Four-fermion contact interactions containing scalar cur-
rents would be a natural source of LFU violation. How-
ever, they are strongly constrained by existing measure-
ments of the Bs ! µµ and Bs ! ee branching ra-
tios [47, 48]. Imposing SU(2)L invariance, these bounds
cannot be avoided [49]. We have checked explicitly that
SU(2)L invariant scalar operators cannot lead to any ap-
preciable e↵ects in RK(⇤) (cf. [50]).

For the numerical analysis we use the open source code
flavio [51]. Based on the experimental measurements
and theory predictions for the LFU ratios RK(⇤) and
the LFU di↵erences of B ! K⇤`+`� angular observ-
ables DP 0

4,5
(see below), we construct a �2 function that

depends on the Wilson coe�cients and that takes into
account the correlations between theory uncertainties of
di↵erent observables. The experimental uncertainties are
presently dominated by statistics, so their correlations
can be neglected. For the SM we find �2

SM = 24.4 for 5
degrees of freedom.

Tab. I lists the best fit values and pulls, defined as thep
��2 between the best-fit point and the SM point for

scenarios with NP in one individual Wilson coe�cient.
The plots in Fig. 1 show contours of constant ��2 ⇡
2.3, 6.2, 11.8 in the planes of two Wilson coe�cients for
the scenarios with NP in Cµ

9 and Cµ
10 (top), in Cµ

9 and
Ce

9 (center), or in Cµ
9 and C 0 µ

9 (bottom), assuming the
remaining coe�cients to be SM-like.

The fit prefers NP in the Wilson coe�cients corre-
sponding to left-handed quark currents with high sig-
nificance ⇠ 4�. Negative Cµ

9 and positive Cµ
10 decrease

both B(B ! Kµ+µ�) and B(B ! K⇤µ+µ�) while pos-

FIG. 1. Allowed regions in planes of two Wilson coe�cients,
assuming the remaining coe�cients to be SM-like.

1 Introduction

One of the most interesting phenomena reported by particle physics experiments in the last few
years are the numerous hints of Lepton Flavour Universality (LFU) violations observed in semi-
leptonic B decays. The very recent LHCb results on the LFU ratios Rµe

K(⇤) [1] and R⌧`
D(⇤) [2] are

the last two pieces of a seemingly coherent set of anomalies which involves di↵erent observables
and experiments. So far, not a single LFU ratio measurement exhibits a deviation with respect
to the Standard Model (SM) above the 3� level. However, the overall set of observables is very
consistent and, once combined, the probability of a mere statistical fluctuation is very low.

The evidences collected so far can naturally be grouped into two categories, according to the
underlying quark-level transition:

• deviations from ⌧/µ (and ⌧/e) universality in b ! c`⌫̄ charged currents [2–5];

• deviations from µ/e universality in b ! s`` neutral currents [1, 6].

In both cases the combination of the results leads to an evidence around the 4� level for LFU
violating contributions of non-SM origin, whose size is O(10%) compared to the corresponding
charged- or neutral-current SM amplitudes. Furthermore, a strong evidence for a deviation from
the SM prediction has been observed by LHCb in the angular distribution of the B0 ! K⇤0µ+µ�

decay [7,8], which is consistent with the deviations from LFU in neutral-current B decays [9,10].
These deviations from the SM have triggered a series of theoretical speculations about pos-

sible New Physics (NP) interpretations. Attempts to provide a combined/coherent explanation
for both charged- and neutral-current anomalies have been presented in Refs. [11–29]. A com-
mon origin of the two set of anomalies is not obvious, but is very appealing since: i) in both
types of semi-leptonic B-meson decays (charged and neutral) we are dealing with a violation of
LFU; ii) in both cases data favours left-handed e↵ective interactions that, due to the SM gauge
symmetry, naturally suggest a connection between charged and neutral currents.

One of the puzzling aspects of the present anomalies is that they have been observed only
in semi-leptonic B decays and are quite large compared to the corresponding SM amplitudes.
On the contrary, no evidence of deviation from the SM has been seen so far in the precise
(per-mil) tests of LFU in semi-leptonic K and ⇡ decays, purely leptonic ⌧ decays, and in the
electroweak precision observables. The most natural assumption to address this apparent para-
dox is the hypothesis that the NP responsible for the breaking of LFU is coupled mainly to
the third generation of quarks and leptons, with a small (but non-negligible) mixing with the
light generations [13, 25, 30]. This hypothesis also provides a natural first-order explanation for
the di↵erent size of the two e↵ects, which compete with a tree-level SM amplitude in charged
currents, and with a suppressed loop-induced SM amplitude in neutral currents, respectively.
Within this paradigm, a class of particularly motivated models includes those which are based
on a U(2)q⇥U(2)` flavour symmetry acting on the light generations of SM fermions [31,32], and
new massive bosonic mediators around the TeV scale: colour-less vector SU(2)L-triplets (W 0,
B0) [13], vector SU(2)L-singlet or -triplet leptoquarks (LQ) [17], or scalar SU(2)L-singlet and
-triplet leptoquarks. Besides providing a good description of low-energy data, these mediators
could find a consistent UV completion in the context of strongly-interacting theories with new
degrees of freedom at the TeV scale [23, 24].
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Figure 1: Deviations from the SM value RK = RK⇤ = 1 due to the various chiral operators
possibly generated by new physics in the muon (left panel) and electron (right panel) sector.
Both ratios refer to the [1.1, 6] GeV2 q2-bin. We assumed real coe�cients, and the out-going
(in-going) arrows show the e↵ect of coe�cients equal to +1 (�1). For the sake of clarity we
only show the arrows for the coe�cients involving left-handed muons and electrons (except for
the two magenta arrows in the left-side plot, that refer to CBSM

9,µ = (CBSM

bLµL
+ CBSM

bLµR
)/2 = ±1).

BSM corrections. RK⇤ , in a given range of q2, is defined in analogy with eq. (8):

RK⇤ [q2
min

, q2
max

] ⌘
R q2

max

q2
min

dq2 d�(B ! K⇤µ+µ�)/dq2

R q2
max

q2
min

dq2 d�(B ! K⇤µ+µ�)/dq2
, (16)

where the di↵erential decay width d�(B ! K⇤µ+µ�)/dq2 actually describes the four-body
process B ! K⇤(! K⇡)µ+µ�, and takes the compact form

d� (B ! K⇤µ+µ�)

dq2
=

3

4
(2Is

1

+ Ic
2

) � 1

4
(2Is

2

+ Ic
2

) . (17)

The angular coe�cients Ia=s,c
i=1,2 in eq. (17) can be written in terms of the so-called transversity

amplitudes describing the decay B ! K⇤V ⇤ with the B meson decaying to an on-shell K⇤

and a virtual photon or Z boson which later decays into a lepton-antilepton pair. We refer
to [29] for a comprehensive description of the computation. In the left panel of figure 2 we
show the di↵erential distribution d�(B ! K⇤µ+µ�)/dq2 as a function of the dilepton invariant
mass q2. The solid black line represents the SM prediction, and we show in dashed (dotted)
red the impact of BSM corrections due to the presence of non-zero CBSM

bLµL
(CBSM

bRµL
) taken at the

benchmark value of 1.
We now focus on the low invariant-mass range q2 = [0.045, 1.1] GeV2, shaded in blue with

diagonal mesh in the left panel of fig 2. In this bin, the di↵erential rate is dominated by
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1. the RK ratio [3]

RK =
BR (B+ ! K+µ+µ�)

BR (B+ ! K+e+e�)
= 0.745 ± 0.09

stat

± 0.036
syst

; (3)

2. the branching ratios of the semi-leptonic decays B ! K(⇤)µ+µ� [4] and Bs ! �µ+µ� [5];

3. the angular distributions of the decay rate of B ! K⇤µ+µ�. In particular, the so-called
P 0
5

observable shows the most significant discrepancy [4, 6, 7].

For the observables in points 2 and 3 the main source of uncertainty is theoretical. It
resides in the proper evaluation of the form factors and in the estimate of the non-factorizable
hadronic corrections. Recently, great theoretical e↵ort went into the understanding of these
aspects, see refs. [8–18] for an incomplete list of references. The latest global fit [19] to the
relevant b ! s`+`� observables shows that the presence of new physics can ameliorate the
fit compared to the SM by more than 4�, and similar results have been obtained previously
by various groups [20, 21]. Despite these encouraging hints of new physics, it is hard to draw
strong conclusions, since very conservative analyses of the theoretical hadronic uncertainties
substantially reduce the global significance on the presence of new physics in the semi-leptonic
B-meson decays [16].

In this framework, given their reduced sensitivity to theoretical uncertainties, the RK and
RK⇤ observables o↵er a neat way to establish potential violation of lepton flavour universality.
Future data will be able to further reduce the statistical uncertainty on these quantities. In
addition, measurements of other ratios RH analogous to RK , with H = Xs, �, K
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(1430), f
0

will
constitute relevant independent tests [2, 22].

The paper is structured as follows. In section 2 we discuss the relevant observables and how
they are a↵ected by additional e↵ective operators. We perform a global fit in section 3. We
show that, even restricting the analysis to the theoretically clean RK , RK⇤ ratios, the overall
deviation from the SM starts to be significant, at the 4� level, and to point towards some
model building directions. Other observables, unfortunately a↵ected by sizeable theoretical
uncertainties, corroborate this picture. Such results prompt us to investigate, in section 4, a
few theoretical interpretations. We discuss models including Z 0, lepto-quark exchanges, new
states a↵ecting the observables via quantum corrections, and models of composite Higgs.

2 E↵ective operators and observables

Upon integrating out heavy degrees of freedom the relevant processes can be described, near
the Fermi scale, in terms of the e↵ective Lagrangian

L
e↵

=
X

`,X,Y

cbX`Y ObX`Y (4)
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1 Introduction

The LHCb [1] collaboration presented their results on the measurement of the ratio

RK⇤ =
BR(B ! K⇤µ+µ�)

BR(B ! K⇤e+e�)
. (1)

The aim of this measurement is to test the universality of the gauge interactions in the lepton
sector. Taking the ratio of branching ratios strongly reduces the Standard Model (SM) theo-
retical uncertainties, as suggested for the first time in [2] The SM prediction is RSM

K⇤ = 1, at
di-lepton invariant mass q2 � (4mµ)2. The experimental result is [1]

RK⇤ =

(
0.660+0.110

�0.070 ± 0.024 (2mµ)2 < q2 < 1.1 GeV2

0.685+0.113
�0.069 ± 0.047 1.1 GeV2 < q2 < 6 GeV2

(2)

At face value, a single measurement featuring a 2.4� deviation from the SM prediction can be
attributed to a mere statistical fluctuation. The interest resides in the fact that such results
might be part of a coherent picture involving New Physics (NP) in the b ! sµ+µ� transitions.
In fact, anomalous deviations were also observed in the following related measurements:
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1. the RK ratio [3]
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; (3)

2. the branching ratios of the semi-leptonic decays B ! K(⇤)µ+µ� [4] and Bs ! �µ+µ� [5];

3. the angular distributions of the decay rate of B ! K⇤µ+µ�. In particular, the so-called
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observable shows the most significant discrepancy [4, 6, 7].

For the observables in points 2 and 3 the main source of uncertainty is theoretical. It
resides in the proper evaluation of the form factors and in the estimate of the non-factorizable
hadronic corrections. Recently, great theoretical e↵ort went into the understanding of these
aspects, see refs. [8–18] for an incomplete list of references. The latest global fit [19] to the
relevant b ! s`+`� observables shows that the presence of new physics can ameliorate the
fit compared to the SM by more than 4�, and similar results have been obtained previously
by various groups [20, 21]. Despite these encouraging hints of new physics, it is hard to draw
strong conclusions, since very conservative analyses of the theoretical hadronic uncertainties
substantially reduce the global significance on the presence of new physics in the semi-leptonic
B-meson decays [16].

In this framework, given their reduced sensitivity to theoretical uncertainties, the RK and
RK⇤ observables o↵er a neat way to establish potential violation of lepton flavour universality.
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states a↵ecting the observables via quantum corrections, and models of composite Higgs.
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Figure 6: Particles that can mediate RK at tree level: a Z 0 or a lepto-quark, scalar or vector.

and therefore one needs to consider the associated experimental constraints. The first operator
a↵ects Bs mass mixing for which the relative measurements, together with CKM fits, imply
cBSM

bLbL
= (�0.09 ± 0.08)/(110 TeV)2 , i.e. the bound |cBSM

bLbL
| < 1/(210 TeV)2 [35, 36]. The second

operator is constrained by CCFR data on the neutrino trident cross section, yielding the weaker
bound |cBSM

µL⌫µ
| < 1/(490 GeV)2 at 95% C.L. [37]. Furthermore, new physics that a↵ects muons

can contribute to the anomalous magnetic moment of the muon. Experiments found hints of a
possible deviation from the Standard Model with �aµ = (24 ± 9) · 10�10 [38].

4.1 Models with an extra Z 0

Models featuring extra Z 0 to explain the anomalies are very popular, see the partial list of
references [39–58]. Typically these models contain a Z 0 with mass MZ0 savagely coupled to

[gbs(s̄�µPLb) + h.c.] + gµL(µ̄�µPLµ) . (22)

The model can reproduce the flavour anomalies with cbLµL = �gbsgµL/M2

Z0 as illustrated in
figure 6a. At the same time the Z 0 contributes to the Bs mass mixing with cbLbL = �g2

bs/2M
2

Z0 .
The bound from �MBs can be satisfied by requiring a large enough gµL in order to reproduce
the b ! s`+`� anomalies. Left-handed leptons are unified in a SU(2)L doublet L = (⌫L, `L),
such that also the neutrino operator cµL⌫µ = �g2

µL
/M2

Z0 is generated. However the latter does
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Another possibility is for the Z 0 to couple to the 3-rd generation left-handed quarks with
coupling gt and to lighter left-handed quarks with coupling gq. The coupling gbs arises as
gbs = (gt � gq)(UQd

)ts after performing a flavour rotation UQd
among left-handed down quarks

to their mass-eigenstate basis. The matrix element (UQd
)ts is presumably not much larger

than Vts and possibly equal to it, if the CKM matrix V = UQuU
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is dominated by the rotation
among left-handed down quarks, rather than by the rotation UQu among left-handed up quarks.

Then, the parameter space of the Z 0 model gets severely constrained by combining per-
turbative bounds on gµL . In addition the LHC bounds on pp ! Z 0 ! µµ̄ can be relaxed by

17

G. D’Amico et al., arXiv: 1704.05438 [hep-ph]

Muon Collider Workshop 2018 
Padova, July 3, 2018

July 3, 2018

EFT analyses with FCC precision

J. de Blas

a†

a
INFN, Sezione di Roma, Piazzale A. Moro 2, I-00185 Rome, Italy

Abstract

Materials for the talk presented at the FCC physics meeting on Feb. 19 2018.

1 Eqs

m2

H=

R1
0

F (E; g) =

=

R
⇤

0

FSM(E; gSM) +

R1
⇤

F (E; g)
(1)

Hb!sµµ ⇠ ¯bL��sLµ̄
�
Cµµ

9

��
+ Cµµ

10

���
5

�
µ + h.c.

m2

H =

R1
0

F (E; g) ⇡ R
⇤

0

FSM(E; gSM) +

R1
⇤

F (E; g)

F (E; g) !
E ⌧ ⇤

FSM(E; gSM) + O(

1
⇤n ) (2)

F (E; g) !
E ⌧ ⇤

FSM(E; gSM) + O(

1
⇤n )

¯bsµ+µ�

�m2

H =

3y2
t

8⇡2⇤
2

+ . . .

⇤ & 2 TeV ! � � 10

� =

r
P⇣

@ logm2
H

@ log ai

⌘
2

� � �m2
H

m2
H

⇡
⇣

126 GeV

mH

⌘
2 �

⇤

500 GeV

�
2

†
E-mail: Jorge.DeBlasMateo@roma1.infn.it

1



Jorge de Blas 
INFN - University of Padova

Flavour Anomalies

• Candidates (Tree-level):

Sizable interactions with muons⇒ Better tested at a Muon Collider

�

µ

��

µ

�

�

µ

��

µ

� �

µ

��

µ

�

Figure 6: Particles that can mediate RK at tree level: a Z 0 or a lepto-quark, scalar or vector.

and therefore one needs to consider the associated experimental constraints. The first operator
a↵ects Bs mass mixing for which the relative measurements, together with CKM fits, imply
cBSM

bLbL
= (�0.09 ± 0.08)/(110 TeV)2 , i.e. the bound |cBSM

bLbL
| < 1/(210 TeV)2 [35, 36]. The second

operator is constrained by CCFR data on the neutrino trident cross section, yielding the weaker
bound |cBSM

µL⌫µ
| < 1/(490 GeV)2 at 95% C.L. [37]. Furthermore, new physics that a↵ects muons

can contribute to the anomalous magnetic moment of the muon. Experiments found hints of a
possible deviation from the Standard Model with �aµ = (24 ± 9) · 10�10 [38].

4.1 Models with an extra Z 0

Models featuring extra Z 0 to explain the anomalies are very popular, see the partial list of
references [39–58]. Typically these models contain a Z 0 with mass MZ0 savagely coupled to

[gbs(s̄�µPLb) + h.c.] + gµL(µ̄�µPLµ) . (22)

The model can reproduce the flavour anomalies with cbLµL = �gbsgµL/M2

Z0 as illustrated in
figure 6a. At the same time the Z 0 contributes to the Bs mass mixing with cbLbL = �g2

bs/2M
2

Z0 .
The bound from �MBs can be satisfied by requiring a large enough gµL in order to reproduce
the b ! s`+`� anomalies. Left-handed leptons are unified in a SU(2)L doublet L = (⌫L, `L),
such that also the neutrino operator cµL⌫µ = �g2

µL
/M2

Z0 is generated. However the latter does
not yield a strong constraint on gµL .

Another possibility is for the Z 0 to couple to the 3-rd generation left-handed quarks with
coupling gt and to lighter left-handed quarks with coupling gq. The coupling gbs arises as
gbs = (gt � gq)(UQd

)ts after performing a flavour rotation UQd
among left-handed down quarks

to their mass-eigenstate basis. The matrix element (UQd
)ts is presumably not much larger

than Vts and possibly equal to it, if the CKM matrix V = UQuU
†
Qd

is dominated by the rotation
among left-handed down quarks, rather than by the rotation UQu among left-handed up quarks.

Then, the parameter space of the Z 0 model gets severely constrained by combining per-
turbative bounds on gµL . In addition the LHC bounds on pp ! Z 0 ! µµ̄ can be relaxed by

17

�

µ

��

µ

�

�

µ

��

µ

� �

µ

��

µ

�

Figure 6: Particles that can mediate RK at tree level: a Z 0 or a lepto-quark, scalar or vector.

and therefore one needs to consider the associated experimental constraints. The first operator
a↵ects Bs mass mixing for which the relative measurements, together with CKM fits, imply
cBSM

bLbL
= (�0.09 ± 0.08)/(110 TeV)2 , i.e. the bound |cBSM

bLbL
| < 1/(210 TeV)2 [35, 36]. The second

operator is constrained by CCFR data on the neutrino trident cross section, yielding the weaker
bound |cBSM

µL⌫µ
| < 1/(490 GeV)2 at 95% C.L. [37]. Furthermore, new physics that a↵ects muons

can contribute to the anomalous magnetic moment of the muon. Experiments found hints of a
possible deviation from the Standard Model with �aµ = (24 ± 9) · 10�10 [38].

4.1 Models with an extra Z 0

Models featuring extra Z 0 to explain the anomalies are very popular, see the partial list of
references [39–58]. Typically these models contain a Z 0 with mass MZ0 savagely coupled to

[gbs(s̄�µPLb) + h.c.] + gµL(µ̄�µPLµ) . (22)

The model can reproduce the flavour anomalies with cbLµL = �gbsgµL/M2

Z0 as illustrated in
figure 6a. At the same time the Z 0 contributes to the Bs mass mixing with cbLbL = �g2

bs/2M
2

Z0 .
The bound from �MBs can be satisfied by requiring a large enough gµL in order to reproduce
the b ! s`+`� anomalies. Left-handed leptons are unified in a SU(2)L doublet L = (⌫L, `L),
such that also the neutrino operator cµL⌫µ = �g2

µL
/M2

Z0 is generated. However the latter does
not yield a strong constraint on gµL .

Another possibility is for the Z 0 to couple to the 3-rd generation left-handed quarks with
coupling gt and to lighter left-handed quarks with coupling gq. The coupling gbs arises as
gbs = (gt � gq)(UQd

)ts after performing a flavour rotation UQd
among left-handed down quarks

to their mass-eigenstate basis. The matrix element (UQd
)ts is presumably not much larger

than Vts and possibly equal to it, if the CKM matrix V = UQuU
†
Qd

is dominated by the rotation
among left-handed down quarks, rather than by the rotation UQu among left-handed up quarks.

Then, the parameter space of the Z 0 model gets severely constrained by combining per-
turbative bounds on gµL . In addition the LHC bounds on pp ! Z 0 ! µµ̄ can be relaxed by

17

Very small (Bs mixing)

Sizable to explain anomalies

Better tested in µ+ µ- →µ+ µ- 
(s and t-channel exchange)

⇒

- Main effect via t-channel: µ+ µ- → bb, ss 
- Pair production
- Single prod. via  

934

the Weizsäcker-Williams effective photon distribution: 1

(3)

Before proceeding to our results we consider possible back-
grounds [20]. The leptoquark signal consists of a jet and elec-
tron with balanced transverse momentum and possibly activ-
ity from the hadronic remnant of the photon. The only serious
background is a hard scattering of a quark inside the photon by
the incident lepton via t-channel photon exchange; . By
comparing the invariant mass distribution for this background
to the LQ cross sections we found that it is typically smaller
than the LQ signal by two orders of magnitude. Related to this
process is the direct production of a quark pair via two photon
fusion

(4)

However, this process is dominated by the collinear divergence
which is actually well described by the resolved photon process

given above. Once this contribution is subtracted away
the remainder of the cross section is too small to be a concern
[20]. Another possible background consists of ’s pair produced
via various mechanisms with one decaying leptonically and
the other decaying hadronically. Because of the neutrinos in the
final state it is expected that the electron and jet’s do not
in general balance which would distinguish these backgrounds
from the signal. However, this background should be checked
in a realistic detector Monte Carlo to be sure. The remaining
backgrounds originate from heavy quark pair production with
one quark decaying semileptonically and only the lepton being
observed with the remaining heavy quark not being identified
as such. All such backgrounds are significantly smaller than
our signal in the kinematic region we are concerned with.

III. LEPTOQUARK DISCOVERY LIMITS
In Fig. 2 we show the cross sections for a TeV

operating in both the backscattered laser mode and in the
mode. The cross section for leptoquarks coupling to the

quark is larger than those coupling to the quark. This is
due to the larger quark content of the photon compared to

1The effective photon distribution from muons is obtained by replacing
with .

e

q
S

X

Figure 1: The resolved photon contribution for leptoquark pro-
duction in collisions.

the quark content which can be traced to the larger of the
-quark. There exist several different quark distribution func-
tions in the literature [21, 22, 23, 24, 25]. For the four different
leptoquark charges we show curves for three different distribu-
tions functions: Drees and Grassie (DG)[23], Glück, Reya and
Vogt (GRV)[24], and Abramowicz, Charchula and Levy (LAC)
set 1[25]. The different distributions give almost identical re-
sults for the leptoquarks and for the

leptoquarks give LQ cross sections that
vary bymost a factor of two, depending on the kinematic region.
In the remainder of our results we will use the GRV distribution
functions [24] which we take to be representative of the quark
distributions in the photon.
Comparing the cross sections for the two collider modes we

see that the kinematic limit for the mode is slightly lower

Figure 2: The cross sections for leptoquark production due to
resolved photon contributions in collisions, with chosen to
be 1. In the top figure the photon beam is due to laser backscat-
tering in a GeV collider. In the bottom figure
the the photon distribution is given by the Weizsäcker-Williams
effective photon distribution in a GeV col-
lider. In both cases the solid, dashed, dot-dashed line is for re-
solved photon distribution functions of Abramowicz, Charchula
and Levy [25], Glück, Reya and Vogt [24], Drees and Grassie
[23], respectively.

M.D. Doncheski, S. Godfrey,  arXiv: hep-ph/9807290
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Muon Coll. √sL  Hadron Coll. √sH

Find equivalent √sH for Had. Coll. have same cross-section as Lep. Coll. 
for reactions at E~√sL. Use that        is nearly constant in τ.

2. Physics Opportunities

Ideally, a muon collider might useful in three ways: as a Higgs pole machine aimed
at studying the Higgs line shape in µ+µ� ! H; as a more compact version of e+e�

colliders below 500 GeV aimed at Higgs and top measurements; as a high energy machine
well above the TeV. However the luminosity and the energy spread performances of the
LEMMA scheme are insu�cient for the two former applications, hence in what follows
we focus on the latter, which is arguably also the most interesting one. Specifically, we
consider a “Very High Energy” option, well above 10 TeV, and a “Multi-TeV” one. The
Very High Energy muon collider would be a discovery machine, with a direct reach on
new physics in the same ballpark as the one of a 100 TeV proton-proton machine, but
it would also have an astonishingly high indirect reach on new physics. The Multi-TeV
one would compete with 3 TeV CLIC, it would address some aspects of Higgs physics
(notably, the Higgs trilinear coupling), and it would indirectly probe new physics in the
electroweak sector deep in the 10 TeV mass range.

Notice however that the conclusions above are the result of a preliminary semi-quantitative
investigation of the muon collider physics performances. The physics case should be
developed in much greater details in parallel with the accelerator feasibility studies.

2.1. Very High Energy

The possibility of reaching center of mass collision energies above 10 TeV makes the muon
collider a discovery machine, aimed at an order-of-magnitude progress in the experimental
exploration of the energy frontier. Such an experimental progress is perceived by many
[4] as essential for fundamental physics. The most ambitious project in this direction is
the one of a 100 TeV proton-proton collider. A very high energy muon collider might have
comparable or superior physics potential, as illustrated in the left panel of Fig. 1. The
figure shows a rough estimate of the center of mass energy,

p
sH , required for a hadronic

proton-proton collider to have equivalent sensitivity of a leptonic one, with energy
p
sL,

to physics at the E ⇠ p
sL energy scale. The estimate is obtained by comparing the

hadron collider cross-section, for a given process occurring at E ⇠ p
sL, with the one for

the “analogous” process (e.g., the production of the same heavy BSM particles pair) at
the lepton collider
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Cross section for reaction at E~√sL

(e.g., production of BSM at M=E)
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Parton Luminosity suppression
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Figure 1: Left: equivalent hadronic energy as defined in the main text. Right: top partners pair produc-
tion cross-sections at di↵erent colliders

In the hadronic cross-section formula, �̂ denotes the partonic cross-section and
p
ŝ =p

⌧sH is the partonic center of mass energy. Assuming that no s-channel resonances
contribute to the process, ŝ · �̂ is proportional, by dimensional analysis, to the production
couplings times dimensionless factors from the phase-space integral. Therefore it is nearly
constant in ŝ, i.e. in ⌧ , and it can be factored out from the integral. The parton luminosity
dL/d⌧ is taken as the sum of the uu, dd and gg luminosities. In the leptonic formula, �̂ is
just the l+l� production cross-section and ŝ = sL. Working under the rough assumption
that the hadronic and leptonic production couplings and phase-space factors are the same,
i.e. [ŝ�̂]H = [ŝ�̂]L,we obtain the equivalent hadronic energy

p
sH , as function of

p
sL, by

equating �H(sL, sH) with �L(sL). The case [ŝ�̂]H = 10 [ŝ�̂]L, due to the large color factors
and (QCD) couplings one easily encounters in hadron collider production processes, is also
shown in the figure. The result merely illustrates the well-known fact that the collision
energy at a leptonic collider is fully available to produce high-energy reactions, while
steeply falling parton luminosities reduce the energy reach of a hadron machine.

The figure shows that a leptonic collider operating at the LHC energy of 14 TeV would be
capable to produce as many E ⇠ 14 TeV events as a 100 TeV pp machine with the same
integrated luminosity, a fact that however in itself does not tell that the energy reach of
the two machines is comparable. Whether or not this is the case depends on the process;
we consider here for illustration the production of heavy coloured vector-like top partner
fermions [5] (AKA Vector-Like-Quarks [6]), that are important signatures of composite
Higgs models aimed at addressing the Naturalness Problem. We focus in particular on
the partners of the qL = {tL, bL} SM doublet, which are endowed with the same quantum

PRELIMINARY DOCUMENT 7 Not for distribution
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2. Physics Opportunities

Ideally, a muon collider might useful in three ways: as a Higgs pole machine aimed
at studying the Higgs line shape in µ+µ� ! H; as a more compact version of e+e�

colliders below 500 GeV aimed at Higgs and top measurements; as a high energy machine
well above the TeV. However the luminosity and the energy spread performances of the
LEMMA scheme are insu�cient for the two former applications, hence in what follows
we focus on the latter, which is arguably also the most interesting one. Specifically, we
consider a “Very High Energy” option, well above 10 TeV, and a “Multi-TeV” one. The
Very High Energy muon collider would be a discovery machine, with a direct reach on
new physics in the same ballpark as the one of a 100 TeV proton-proton machine, but
it would also have an astonishingly high indirect reach on new physics. The Multi-TeV
one would compete with 3 TeV CLIC, it would address some aspects of Higgs physics
(notably, the Higgs trilinear coupling), and it would indirectly probe new physics in the
electroweak sector deep in the 10 TeV mass range.

Notice however that the conclusions above are the result of a preliminary semi-quantitative
investigation of the muon collider physics performances. The physics case should be
developed in much greater details in parallel with the accelerator feasibility studies.

2.1. Very High Energy

The possibility of reaching center of mass collision energies above 10 TeV makes the muon
collider a discovery machine, aimed at an order-of-magnitude progress in the experimental
exploration of the energy frontier. Such an experimental progress is perceived by many
[4] as essential for fundamental physics. The most ambitious project in this direction is
the one of a 100 TeV proton-proton collider. A very high energy muon collider might have
comparable or superior physics potential, as illustrated in the left panel of Fig. 1. The
figure shows a rough estimate of the center of mass energy,

p
sH , required for a hadronic

proton-proton collider to have equivalent sensitivity of a leptonic one, with energy
p
sL,

to physics at the E ⇠ p
sL energy scale. The estimate is obtained by comparing the

hadron collider cross-section, for a given process occurring at E ⇠ p
sL, with the one for

the “analogous” process (e.g., the production of the same heavy BSM particles pair) at
the lepton collider
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[ŝ�̂]H , �L(sL) =

1

sL
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Lepton coll. operating at energy √sL.

Cross section for reaction at E~√sL

(e.g., production of BSM at M=E)

Hadron coll. operating at energy √sH.

Cross section for reaction at E.

Parton Luminosity suppression
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Figure 1: Left: equivalent hadronic energy as defined in the main text. Right: top partners pair produc-
tion cross-sections at di↵erent colliders

In the hadronic cross-section formula, �̂ denotes the partonic cross-section and
p
ŝ =p

⌧sH is the partonic center of mass energy. Assuming that no s-channel resonances
contribute to the process, ŝ · �̂ is proportional, by dimensional analysis, to the production
couplings times dimensionless factors from the phase-space integral. Therefore it is nearly
constant in ŝ, i.e. in ⌧ , and it can be factored out from the integral. The parton luminosity
dL/d⌧ is taken as the sum of the uu, dd and gg luminosities. In the leptonic formula, �̂ is
just the l+l� production cross-section and ŝ = sL. Working under the rough assumption
that the hadronic and leptonic production couplings and phase-space factors are the same,
i.e. [ŝ�̂]H = [ŝ�̂]L,we obtain the equivalent hadronic energy

p
sH , as function of

p
sL, by

equating �H(sL, sH) with �L(sL). The case [ŝ�̂]H = 10 [ŝ�̂]L, due to the large color factors
and (QCD) couplings one easily encounters in hadron collider production processes, is also
shown in the figure. The result merely illustrates the well-known fact that the collision
energy at a leptonic collider is fully available to produce high-energy reactions, while
steeply falling parton luminosities reduce the energy reach of a hadron machine.

The figure shows that a leptonic collider operating at the LHC energy of 14 TeV would be
capable to produce as many E ⇠ 14 TeV events as a 100 TeV pp machine with the same
integrated luminosity, a fact that however in itself does not tell that the energy reach of
the two machines is comparable. Whether or not this is the case depends on the process;
we consider here for illustration the production of heavy coloured vector-like top partner
fermions [5] (AKA Vector-Like-Quarks [6]), that are important signatures of composite
Higgs models aimed at addressing the Naturalness Problem. We focus in particular on
the partners of the qL = {tL, bL} SM doublet, which are endowed with the same quantum

PRELIMINARY DOCUMENT 7 Not for distribution

QCD-coloured BSM can easily 
have much larger partonic XS.            

Comparison even more favourable 
for QCD-neutral BSM

We should remind everybody about pdf’s!

Muon Colliders

June 29, 2018

EFT analyses with FCC precision

J. de Blas

a†

a
INFN, Sezione di Roma, Piazzale A. Moro 2, I-00185 Rome, Italy

Abstract

Materials for the talk presented at the FCC physics meeting on Feb. 19 2018.

1 Eqs

m2
H=

R1
0 F (E; g) =

=

R ⇤

0 F (E; g) +
R1
⇤ F (E; g)

(1)

�m2
H =

3y2
t

8⇡2⇤
2

� � �m2
H

m2
H

⇡
⇣

126 GeV
mH

⌘2 �
⇤

500 GeV

�2

�L(sL) =

1
sL
[ŝ�̂]L (2)

�H(E, sH) =

1
sH

R 1

E2/sH

d⌧
⌧

dL
d⌧
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Plenty of examples can be made to refine the claim

Figure 1: Left: equivalent hadronic energy as defined in the main text. Right: top partners pair produc-
tion cross-sections at di↵erent colliders
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• Energy enough to pair-produce ~5 TeV BSM (naturalness, conventional Top 
partners)


• Run for a reasonable time (e.g. 3 x LHC) → 900 fb-1 


• Probe easy decay modes of BSM: Pair-produce > 100 EW particles
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Muon Colliders: Requirements for Direct searches

Direct reach at Muon Colliders
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Indirect tests: Energy and Accuracy

SM at a muon collider:

• A future collider must be also able to provide accurate measurements of 
SM processes to perform precision tests of new physics


• Such precision tests can also benefit from High Energies…
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Indirect tests: Energy and Accuracy

• Even if new physics is beyond direct reach, high energy measurements can 
improve greatly the indirect sensitivity to virtual new physics effects


Low Energy observables:
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Materials for the talk presented at the FCC physics meeting on Feb. 19 2018.

EFT: E↵ects suppressed by � q
⇤

�d�4

q = v, E < ⇤

1 Expected precision for EWPO at FCC-ee

Observable Expected uncertainty (Relative uncertainty)

MZ [GeV] 10�4 (10�6)
�Z [GeV] 10�4 (4 ⇥ 10�5)
�0
had [nb] 5⇥10�3 (10�4)

Re 0.006 (3 ⇥ 10�4)
Rµ 0.001 (5 ⇥ 10�4)
R⌧ 0.002 (10�4)
Rb 0.00006 (3 ⇥ 10�4)
Rc 0.00026 (15 ⇥ 10�4)

Table 1: Expected sensitivities to Z-lineshape parameters and normalized partial decay widths.
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• Even if new physics is beyond direct reach, high energy measurements can 
improve greatly the indirect sensitivity to virtual new physics effects
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EFT: E↵ects suppressed by � q
⇤

�d�4

q = v, E < ⇤

1 Expected precision for EWPO at FCC-ee

Observable Expected uncertainty (Relative uncertainty)

MZ [GeV] 10�4 (10�6)
�Z [GeV] 10�4 (4 ⇥ 10�5)
�0
had [nb] 5⇥10�3 (10�4)

Re 0.006 (3 ⇥ 10�4)
Rµ 0.001 (5 ⇥ 10�4)
R⌧ 0.002 (10�4)
Rb 0.00006 (3 ⇥ 10�4)
Rc 0.00026 (15 ⇥ 10�4)

Table 1: Expected sensitivities to Z-lineshape parameters and normalized partial decay widths.
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E-const effects E-growing effects

Sensitivity benefits from: 
Accuracy (L, low sys., low th. unc.)

Sensitivity benefits from: 
Accuracy and High Energy

High E can compensate less accuracy ⇒ Precision Tests at High E colliders

Indirect tests: Energy and Accuracy

Muon Collider Workshop 2018 
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• Example: Indirect reach for universal NP effects via Drell-Yan


5

FIG. 4. Projected bounds as a function of a cuto↵ on the mass variable for a pp collider with 100TeV center of mass energy.
The bounds are plotted as in Fig. 3.

LEP ATLAS8 CMS8 LHC13 100TeV ILC TLEP CEPC ILC 500GeV

luminosity 2⇥ 107 Z 19.7 fb�1 20.3 fb�1 0.3 ab�1 3 ab�1 10 ab�1 109 Z 1012 Z 1010 Z 3 ab�1

NC W⇥104 [�19, 3] [�3, 15] [�5, 22] ±1.5 ±0.8 ±0.04 ±4.2 ±1.2 ±3.6 ±0.3

Y⇥104 [�17, 4] [�4, 24] [�7, 41] ±2.3 ±1.2 ±0.06 ±1.8 ±1.5 ±3.1 ±0.2

CC W⇥104 — ±3.9 ±0.7 ±0.45 ±0.02 — — — —

TABLE II. Reach on Wand Y from di↵erent machines with various energies and luminosities (95% CL). The bounds from
neutral DY are obtained setting the unconstrained parameter to zero. Bounds from LEP are extracted from [50], marginalizing

over Ŝ and T̂. Bounds from Z-peak ILC [61], TLEP [62] and CEPC [63] are from Ref. [64]. Bounds from o↵-peak measurements
of e+e� ! e+e� at lepton colliders are extracted from [65].

⇤2 & 4TeV from charged DY at 8TeV and (⇤2,⇤1) &
(6.5, 5)TeV from neutral DY with an LHC luminosity of
300 fb�1. Our bounds are also applicable to models in
which elementary W± and B bosons mix with heavy vec-
tor resonances. To discuss the bound in a quantitative
way we consider an SU(2)L triplet massive vector field,
V , coupled to the SU(2)L current of the SM. This matter
content is described by the following e↵ective Lagrangian:

LV = �1

4
D[µV

a
⌫]D

[µV a⌫] +
M2

2
V a
µ V

aµ � gV V
aµJa

µ , (3)

where we define the covariant derivative for V asDµV a
⌫ ⌘

@µV a
⌫ + g✏abcW b

µV
c
⌫ and the SU(2)L current Ja

µ as

Jaµ =
X

f

f̄L�
µ⌧afL + iH†⌧a

 !
D µH (4)

with f running over SM quarks and leptons and H be-
ing the Higgs boson doublet. Ref. [19] discusses possible
UV realizations of Eq. (3): the vector field V can either
belong to a weakly coupled UV completion or it can be a
composite resonance as those arising in models of Higgs
compositeness. Integrating out the vector triplet gener-
ates W as follows,

W =
g2V
g2

m2
W

M2
+O(W2). (5)

The model in Eq. (3) is described by two parametersM
and gV . In Fig. 5 we show the bounds on the model in the
(M, gV ) plane coming from W, see Eq. (5). We use the
current and projected sensitivity of LHC and a 100TeV
Future Circular Collider (FCC) to pp ! V3 ! `+`� as
extracted from Ref. [70].
Outlook.— In this paper, we have demonstrated that
hadron colliders can be used to perform electroweak pre-
cision tests, and in particular that the LHC is now sur-
passing LEP in sensitivity to the universal parameters W
and Y. Our results are summarized in Table II, where
we also compare to future lepton colliders.
We conclude by noting that the universal parameters

W and Y are just two examples from the class of opera-
tors of the SM EFT whose e↵ects grow with energy. The
LHC, and future hadron colliders, therefore have great
potential to perform precision tests, because high center
of mass energy compensates limited accuracy. We advo-
cate exploration of a broad program of precision tests at
hadron colliders, where SM measurements can be lever-
aged as indirect probes of new physics that is too heavy
to produce directly.

Oblique W & Y parameters
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Induce 4-fermion operators:  

Contribution to cross section for 
2→2 fermion processes 
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    Only CLIC at 3 TeV (3 ab-1) could be competitive with 100 TeV Hadron Collider 
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A High(er) Energy muon collider could do better with less Lumi
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• Example: Indirect reach for universal NP effects via Drell-Yan

Application to Accidental DM scenarios

Indirect tests: Energy and Accuracy
Dark Matter

WIMP can have up to 15 TeV mass
WIMP can be invisible to DD if inelastic or leptofilic 
Accidental DM: stability from accidental symmetries

Beyond MDM
• A millicharge can effectively stabilise the DM: � ⇠ (1, n, ✏) (1)
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- n = 3, 5, 7, … thermal production via gauge interactions (and suppressed Z couplings)

Figure 1: Left: Thermal relic abundance of a complex scalar triplet and eptaplet and a Dirac
triplet and quintuplet, indicated as solid lines. Confrontation with the measurement by Planck,
indicated here as a double horizontal red band (inner for 1� uncertainty, outer for 2�), deter-
mines the DM mass M in each case. Uncertainties on M are indicated by a double vertical
band: the inner, darker band reflects the 2� uncertainty on Planck’s measurement, while the
outer, lighter band shows the theoretical uncertainty estimated as ±5% of the DM mass. The
relic density line for the Dirac triplet crosses the DM abundance band twice, thus there are two
allowed values for its mass. We assume the complex scalar quintuplet (eptaplet) has the same
mass as the Dirac quintuplet (eptaplet), as happens for real scalar and Majorana quintuplets.
The thermal relic abundance of a Majorana quintuplet (dashed line), together with its mass, is
shown for use in the next section. Right: Constraints on the DM millicharge ✏ as a function
of the DM mass. The LUX bound does not apply in the region of parameter space where no DM
particles populate the galactic disk.

existing bounds on self-conjugated multiplets with the same quantum numbers. Constraints on
a (supersymmetric Wino) Majorana triplet, on the MDM Majorana quintuplet, and on the real
scalar eptaplet can be found in Refs. [52–56], [6, 7, 49], and [11], respectively. We do not have
enough information on the scalar triplet and fermion eptaplet to determine bounds on these
candidates.

Interestingly, the Dirac triplet with M = 2.00 TeV is allowed by gamma-ray searches even
with the most aggressive choices of DM profile made in Fig. 12 of Ref. [52]. In the assumption
of a cuspy profile, forthcoming experiments like CTA [48] will be able to probe this candidate.
The situation of the Dirac triplet with M = 2.45 TeV is closer to (although worse than) that
of the Majorana triplet with mass 3.1 TeV [53], which is already excluded by bounds assuming
cuspy profiles while allowed when choosing a cored profile. The 6.55 TeV Dirac quintuplet is in
the same situation as the Majorana quintuplet, whose mass is given in Eq. (18), i.e. it is badly
excluded with the choice of a cuspy profile, while it is still viable if a cored profile is considered
(see e.g. Fig. 7 of Ref. [6]). The complex scalar eptaplet, while excluded for a cuspy Einasto
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enough information on the scalar triplet and fermion eptaplet to determine bounds on these
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(see e.g. Fig. 7 of Ref. [6]). The complex scalar eptaplet, while excluded for a cuspy Einasto
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Figure 1: Corrections to the di-fermion (di-muon) production process from a fermionic EWIMP.

The operator involving three field strength tensors of W a
µ⌫ induces anomalous triple gauge cou-

plings �WW and ZWW (with �, W and Z being photon, W and Z bosons), which a↵ect e.g. the
process e�e+ ! W�W+. For

p
s = 1 � 5TeV and the integrated luminosity L = 1ab�1, it has

been shown that ⇤3W = 5� 10TeV can be probed through the process [32, 33]. On the other hand,
as the operators involving two field strength tensors of W a

µ⌫ or Bµ⌫ become four Fermi-interactions
via the equations of motions of the gauge fields, the operators also a↵ect the processes e�e+ ! ff̄
(with f being the SM fermion). Through these processes, the suppression scales can be probed up to
⇤2W,2B ⇠ 30(

p
s/1TeV)1/2(L/1 ab�1)1/4TeV, as we will see in the next section. We therefore expect

that these di-fermion production processes will be better to probe the EWIMP indirectly.

2.2 Corrections to di-fermion production processes

According to the argument in the previous subsection, we focus on the SM processes e�e+ ! ff̄ in
this article and investigate the capability of future lepton colliders to probe EWIMPs. They a↵ect
the cross sections of the processes through loop corrections even if the beam energy is smaller than
m. An example of the corrections to the process (di-muon production process) from a fermionic
EWIMP is shown in Fig. 1. Though we have assumed m �

p
s in the previous subsection and used

the e↵ective field theory including dimension six operators, full form factors of the gauge boson
propagators are needed for m & p

s/2. After integrating the EWIMP out at one-loop level, we
obtain the following e↵ective Lagrangian for the e�e+ ! ff̄ processes:

Le↵ = LSM +
g2CWW

8
W a

µ⌫ ⇧(�D2/m2)W aµ⌫ +
g02CBB

8
Bµ⌫ ⇧(�@2/m2)Bµ⌫ + · · · , (5)

where LSM stands for the SM Lagrangian and the coe�cients CWW and CBB are given by

CWW =
n(n� 1)(n+ 1)

6

(
1 (Complex scalar)

8 (Dirac fermion)
, (6)

CBB = 2nY 2

(
1 (Complex scalar)

8 (Dirac fermion)
. (7)

An additional factor 1/2 should be multiplied for a real scalar and a Majorana fermion.#3 The
ellipsis at the end of the Lagrangian includes operators composed of the strength tensors more than

#3If the EWIMP is either a complex scalar or a Dirac fermion with Y 6= 0 and plays the role of dark matter, current
direct detection experiments of dark matter have already ruled out this possibility, since a Z boson mediated process
gives a too large spin-independent scattering cross section of the EWIMP o↵ a nucleon. These constraints can be
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indirect probes such a flavour and baryon/lepton number violating process. A finite list of
cases can be selected (see [5] for details), and among those a subset features a neutral LP
in the EW multiplet: (1, 5, 0)

RS

, (1, 5, 1)
CS

, (1, 5, 2)
CS

, (1, 7, 0)
RS

, (1, 4, 3/2)
DF

, (1, 5, 0)
MF

,
which are hence a natural target for our study. It turns out that the value of the hypercharge,
unless exotically large, plays a subleading role for the extraction of the bound. Hence, instead
of reporting explicitly the projected reach of CLIC for all the accidental matter candidates,
we refer directly to Fig. 1.

2.3 split-SUSY

A full analysis of EW precision tests of SUSY at lepton colliders goes beyond our scopes,
since it would require the inclusion of non-universal corrections to SM fermion vertices (see
e.g. [8] for a LEP analysis in this direction). On the other hand, in the motivated split-
SUSY [9, 10] limit, where all the scalar partners are decoupled, the radiative corrections
due to the gaugino/higgsino system are universal. In our analysis we neglect the mass
splitting within the EW multiplets (namely we work in the regime S ' T ' 0), which is a
good approximation in the high-energy limit probed by CLIC-3. Hence, our bounds can be
eventually reinterpreted for the split-SUSY scenario as well.

3 Electroweak precision tests at CLIC

At lepton colliders one can study the modifications of the process e+e� ! ff , where f is a
SM fermion, due to the presence of a new state � ⇠ (1, n, Y ) which modifies the EW gauge
boson propagators at one loop. These e↵ects can be parametrized via the inclusion of form
factors in the e↵ective Lagrangian [3, 11]

L
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2
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)Bµ⌫

, (1)

where C

e↵

WW

= (n3 � n)/6, Ce↵

BB

= 2nY 2, and  = 1/2, 1, 4, 8, respectively for � being a
RS, CS, MF, DF. We further assume that � does not interact at the renormalizable level
with the SM matter fields and that the mass splitting within the n-plet is negligible.3 If that
is the case, � only contributes to the transverse part of the gauge boson propagators and
the renormalized form factors are (in the MS scheme and for the scale choice µ = m

�
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(fermions)
, (2)

where x = s/m

2, and
p
s is the external momentum of the gauge boson propagator. In the

e↵ective field theory (EFT) limit, x ⌧ 1, the expanded form factor is ⇧(x) ' �x/(480⇡2),

3These assumptions are automatically satisfied for fermions with n > 3, while in the case of scalars they
require that potential terms allowed by gauge invariance are subleading.
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χ  is heavy/light new physics

e+e- → ff̅

both for scalar and fermions. Since ⇧(0) = 0 there is no contribution to the oblique param-

eters S, T , U [12], while W and Y [13], defined via the d = 6 operators � W
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For x ' 1 the EFT breaks down and hence the full momentum dependence of the form
factor must be taken into account, while for x = 4 the form factor develops an imaginary
part corresponding to the pair-production threshold. It should be stressed that for weakly
coupled forms of new physics the energy reach of W and Y is screened by the weak coupling,
so that it becomes important to include the full kinematical dependence of the form factors
even below the pair-production threshold.

3.1 Description of the analysis

The �-induced corrections to the polarized SM amplitude e+e� ! ff can be obtained from
Eq. (1). We refer to [3] for the relevant formulae. Note that since the radiative corrections
are universal, the main e↵ect is due to the interference with the SM amplitude. Following
[3] we perform a binned likelihood analysis on the di↵erential cross section of the process
e

+

e

� ! ff with respect to the cosine of the scattering angle ✓. In particular, we divide
the latter in ten uniform intervals for cos ✓ 2 [�1, 1] (f 6= e

� case) and cos ✓ 2 [�0.99, 0.99]
(f = e

� case). For the final states we assume the following detection e�ciencies: 100% for
leptons, 80% for b-jets and 50% for c-jets. We then define a �

2 function

�

2 =
10X
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SM+BSM

i
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SM

i

�
2

N

SM

i

+ (✏
i
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, (4)

where NSM+BSM

i

(NSM

i

) is the expected number of events with (without) the � contribution.
The denominator of the �

2 includes both a statistical and a systematic error, the latter
parametrized by ✏

i

, which we assume to take values between 0 (pure statistical error) and
1%. The polarization of the incoming electrons and positrons can be used in order to enhance
the cross-section and e↵ectively increase the integrated luminosity. The cross-section of a
generically polarized e

+

e

� beam is defined in terms of the polarization fractions P
e

� and P

e

+

is defined by
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P

e

�P

e
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1

4
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+ (1� P

e

�)(1 + P

e

+)�
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] , (5)

where �
LR

stands for instance for the cross-section if the e�-beam is completely left-handed
polarized (P

e

� = �1) and the e

+-beam is completely right-handed polarized (P
e

+ = +1).
In the baseline CLIC design [14], the electron beam can be polarised up to ±80%. There is
also the possibility of positron polarisation at a lower level, although positron polarisation
is not part of the baseline CLIC design.
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viable, and (iii) form consistent EFTs with a cut-o↵ scale as high as 1015 GeV (as suggested
e.g. by neutrino masses)? Those SM extensions are simply motivated by the fact that
they can be discovered at high-energy particle colliders, without being constrained by other
indirect probes such a flavour and baryon/lepton number violating process. A finite list of
cases can be selected (see [5] for details), and among those a subset features a neutral LP
in the EW multiplet: (1, 5, 0)

RS

, (1, 5, 1)
CS

, (1, 5, 2)
CS

, (1, 7, 0)
RS

, (1, 4, 3/2)
DF

, (1, 5, 0)
MF

,
which are hence a natural target for our study. It turns out that the value of the hypercharge,
unless exotically large, plays a subleading role for the extraction of the bound. Hence, instead
of reporting explicitly the projected reach of CLIC for all the accidental matter candidates,
we refer directly to Fig. 1.

2.3 split-SUSY

A full analysis of EW precision tests of SUSY at lepton colliders goes beyond our scopes,
since it would require the inclusion of non-universal corrections to SM fermion vertices (see
e.g. [8] for a LEP analysis in this direction). On the other hand, in the motivated split-
SUSY [9, 10] limit, where all the scalar partners are decoupled, the radiative corrections
due to the gaugino/higgsino system are universal. In our analysis we neglect the mass
splitting within the EW multiplets (namely we work in the regime S ' T ' 0), which is a
good approximation in the high-energy limit probed by CLIC-3. Hence, our bounds can be
eventually reinterpreted for the split-SUSY scenario as well.

3 Electroweak precision tests at CLIC

At lepton colliders one can study the modifications of the process e+e� ! ff , where f is a
SM fermion, due to the presence of a new state � ⇠ (1, n, Y ) which modifies the EW gauge
boson propagators at one loop. These e↵ects can be parametrized via the inclusion of form
factors in the e↵ective Lagrangian [3, 11]

L
e↵

= L
SM

+
g

2

C

e↵

WW

8
W

a

µ⌫

⇧(�D

2

/m

2

�

)W aµ⌫ +
g

02
C

e↵

BB

8
B

µ⌫

⇧(�@

2

/m

2

�

)Bµ⌫

, (1)
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= (n3 � n)/6, Ce↵

BB

= 2nY 2, and  = 1/2, 1, 4, 8, respectively for � being a
RS, CS, MF, DF. We further assume that � does not interact at the renormalizable level
with the SM matter fields and that the mass splitting within the n-plet is negligible.3 If that
is the case, � only contributes to the transverse part of the gauge boson propagators and
the renormalized form factors are (in the MS scheme and for the scale choice µ = m

�

)

⇧(x) =

8
<

:
�

8(x�3)+3x(x�4
x

)
3/2

log

⇣
1
2

⇣⇣p
x�4
x

�1

⌘
x+2

⌘⌘

144⇡

2
x

(scalars)

�
12+5x+3

p
x�4
x

(x+2) log

⇣
1
2

⇣⇣p
x�4
x

�1

⌘
x+2

⌘⌘

288⇡

2
x

(fermions)
, (2)

where x = s/m

2, and
p
s is the external momentum of the gauge boson propagator. In the

e↵ective field theory (EFT) limit, x ⌧ 1, the expanded form factor is ⇧(x) ' �x/(480⇡2),

3These assumptions are automatically satisfied for fermions with n > 3, while in the case of scalars they
require that potential terms allowed by gauge invariance are subleading.
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e↵ective field theory (EFT) limit, x ⌧ 1, the expanded form factor is ⇧(x) ' �x/(480⇡2),

3These assumptions are automatically satisfied for fermions with n > 3, while in the case of scalars they
require that potential terms allowed by gauge invariance are subleading.
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For x & 1 the EFT breaks down and hence the full momentum dependence of the form factor
must be taken into account, while for x = 4 the form factor develops an imaginary part cor-
responding to the pair-production threshold (cf. Fig. 1). It should be stressed that for a fixed
value of W and Y (corresponding to a given precision in the experimental observables), one
is e↵ectively constraining the ratio m

�

/g

�

, which for weakly-coupled forms of new physics,
g

�

< 1, means a smaller m
�

and in turn a larger x (for fixed q

2). It is hence clear that in the
case of new electroweak multiplets it is important to include the full kinematical dependence
of the form factors even below the pair-production threshold.

Figure 1: Kinematical dependence of the form factors. Full lines denote the real part and
dashed lines the imaginary one. The latter is non-zero only above threshold, for x > 4. The
black straight line broken at x = 4 is the form factor in the EFT limit. [Two plots, one for
scalar and one for fermion?]

3.2 Modification of the SM amplitude

In order to derive the radiative corrections to the neutral and charged current 2 ! 2 fermion
processes, we project Eq. (1) onto mass eigenstates �, Z,W
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indirect probes such a flavour and baryon/lepton number violating process. A finite list of
cases can be selected (see [5] for details), and among those a subset features a neutral LP
in the EW multiplet: (1, 5, 0)

RS

, (1, 5, 1)
CS

, (1, 5, 2)
CS

, (1, 7, 0)
RS

, (1, 4, 3/2)
DF

, (1, 5, 0)
MF

,
which are hence a natural target for our study. It turns out that the value of the hypercharge,
unless exotically large, plays a subleading role for the extraction of the bound. Hence, instead
of reporting explicitly the projected reach of CLIC for all the accidental matter candidates,
we refer directly to Fig. 1.

2.3 split-SUSY

A full analysis of EW precision tests of SUSY at lepton colliders goes beyond our scopes,
since it would require the inclusion of non-universal corrections to SM fermion vertices (see
e.g. [8] for a LEP analysis in this direction). On the other hand, in the motivated split-
SUSY [9, 10] limit, where all the scalar partners are decoupled, the radiative corrections
due to the gaugino/higgsino system are universal. In our analysis we neglect the mass
splitting within the EW multiplets (namely we work in the regime S ' T ' 0), which is a
good approximation in the high-energy limit probed by CLIC-3. Hence, our bounds can be
eventually reinterpreted for the split-SUSY scenario as well.

3 Electroweak precision tests at CLIC

At lepton colliders one can study the modifications of the process e+e� ! ff , where f is a
SM fermion, due to the presence of a new state � ⇠ (1, n, Y ) which modifies the EW gauge
boson propagators at one loop. These e↵ects can be parametrized via the inclusion of form
factors in the e↵ective Lagrangian [3, 11]
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where x = s/m

2, and
p
s is the external momentum of the gauge boson propagator. In the

e↵ective field theory (EFT) limit, x ⌧ 1, the expanded form factor is ⇧(x) ' �x/(480⇡2),

3These assumptions are automatically satisfied for fermions with n > 3, while in the case of scalars they
require that potential terms allowed by gauge invariance are subleading.
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both for scalar and fermions. Since ⇧(0) = 0 there is no contribution to the oblique param-

eters S, T , U [12], while W and Y [13], defined via the d = 6 operators � W
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For x ' 1 the EFT breaks down and hence the full momentum dependence of the form
factor must be taken into account, while for x = 4 the form factor develops an imaginary
part corresponding to the pair-production threshold. It should be stressed that for weakly
coupled forms of new physics the energy reach of W and Y is screened by the weak coupling,
so that it becomes important to include the full kinematical dependence of the form factors
even below the pair-production threshold.

3.1 Description of the analysis

The �-induced corrections to the polarized SM amplitude e+e� ! ff can be obtained from
Eq. (1). We refer to [3] for the relevant formulae. Note that since the radiative corrections
are universal, the main e↵ect is due to the interference with the SM amplitude. Following
[3] we perform a binned likelihood analysis on the di↵erential cross section of the process
e

+

e

� ! ff with respect to the cosine of the scattering angle ✓. In particular, we divide
the latter in ten uniform intervals for cos ✓ 2 [�1, 1] (f 6= e

� case) and cos ✓ 2 [�0.99, 0.99]
(f = e

� case). For the final states we assume the following detection e�ciencies: 100% for
leptons, 80% for b-jets and 50% for c-jets. We then define a �

2 function
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where NSM+BSM
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(NSM

i

) is the expected number of events with (without) the � contribution.
The denominator of the �

2 includes both a statistical and a systematic error, the latter
parametrized by ✏

i

, which we assume to take values between 0 (pure statistical error) and
1%. The polarization of the incoming electrons and positrons can be used in order to enhance
the cross-section and e↵ectively increase the integrated luminosity. The cross-section of a
generically polarized e

+

e

� beam is defined in terms of the polarization fractions P
e

� and P
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where �
LR

stands for instance for the cross-section if the e�-beam is completely left-handed
polarized (P

e

� = �1) and the e

+-beam is completely right-handed polarized (P
e

+ = +1).
In the baseline CLIC design [14], the electron beam can be polarised up to ±80%. There is
also the possibility of positron polarisation at a lower level, although positron polarisation
is not part of the baseline CLIC design.
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For x ' 1 the EFT breaks down and hence the full momentum dependence of the form
factor must be taken into account, while for x = 4 the form factor develops an imaginary
part corresponding to the pair-production threshold. It should be stressed that for weakly
coupled forms of new physics the energy reach of W and Y is screened by the weak coupling,
so that it becomes important to include the full kinematical dependence of the form factors
even below the pair-production threshold.
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stands for instance for the cross-section if the e�-beam is completely left-handed
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� = �1) and the e
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+ = +1).
In the baseline CLIC design [14], the electron beam can be polarised up to ±80%. There is
also the possibility of positron polarisation at a lower level, although positron polarisation
is not part of the baseline CLIC design.
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viable, and (iii) form consistent EFTs with a cut-o↵ scale as high as 1015 GeV (as suggested
e.g. by neutrino masses)? Those SM extensions are simply motivated by the fact that
they can be discovered at high-energy particle colliders, without being constrained by other
indirect probes such a flavour and baryon/lepton number violating process. A finite list of
cases can be selected (see [5] for details), and among those a subset features a neutral LP
in the EW multiplet: (1, 5, 0)

RS

, (1, 5, 1)
CS

, (1, 5, 2)
CS

, (1, 7, 0)
RS

, (1, 4, 3/2)
DF

, (1, 5, 0)
MF

,
which are hence a natural target for our study. It turns out that the value of the hypercharge,
unless exotically large, plays a subleading role for the extraction of the bound. Hence, instead
of reporting explicitly the projected reach of CLIC for all the accidental matter candidates,
we refer directly to Fig. 1.

2.3 split-SUSY

A full analysis of EW precision tests of SUSY at lepton colliders goes beyond our scopes,
since it would require the inclusion of non-universal corrections to SM fermion vertices (see
e.g. [8] for a LEP analysis in this direction). On the other hand, in the motivated split-
SUSY [9, 10] limit, where all the scalar partners are decoupled, the radiative corrections
due to the gaugino/higgsino system are universal. In our analysis we neglect the mass
splitting within the EW multiplets (namely we work in the regime S ' T ' 0), which is a
good approximation in the high-energy limit probed by CLIC-3. Hence, our bounds can be
eventually reinterpreted for the split-SUSY scenario as well.

3 Electroweak precision tests at CLIC

At lepton colliders one can study the modifications of the process e+e� ! ff , where f is a
SM fermion, due to the presence of a new state � ⇠ (1, n, Y ) which modifies the EW gauge
boson propagators at one loop. These e↵ects can be parametrized via the inclusion of form
factors in the e↵ective Lagrangian [3, 11]
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= 2nY 2, and  = 1/2, 1, 4, 8, respectively for � being a
RS, CS, MF, DF. We further assume that � does not interact at the renormalizable level
with the SM matter fields and that the mass splitting within the n-plet is negligible.3 If that
is the case, � only contributes to the transverse part of the gauge boson propagators and
the renormalized form factors are (in the MS scheme and for the scale choice µ = m
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where x = s/m

2, and
p
s is the external momentum of the gauge boson propagator. In the

e↵ective field theory (EFT) limit, x ⌧ 1, the expanded form factor is ⇧(x) ' �x/(480⇡2),

3These assumptions are automatically satisfied for fermions with n > 3, while in the case of scalars they
require that potential terms allowed by gauge invariance are subleading.
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s is the external momentum of the gauge boson propagator. In the

e↵ective field theory (EFT) limit, x ⌧ 1, the expanded form factor is ⇧(x) ' �x/(480⇡2),

3These assumptions are automatically satisfied for fermions with n > 3, while in the case of scalars they
require that potential terms allowed by gauge invariance are subleading.
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For x & 1 the EFT breaks down and hence the full momentum dependence of the form factor
must be taken into account, while for x = 4 the form factor develops an imaginary part cor-
responding to the pair-production threshold (cf. Fig. 1). It should be stressed that for a fixed
value of W and Y (corresponding to a given precision in the experimental observables), one
is e↵ectively constraining the ratio m

�

/g

�

, which for weakly-coupled forms of new physics,
g

�

< 1, means a smaller m
�

and in turn a larger x (for fixed q

2). It is hence clear that in the
case of new electroweak multiplets it is important to include the full kinematical dependence
of the form factors even below the pair-production threshold.

Figure 1: Kinematical dependence of the form factors. Full lines denote the real part and
dashed lines the imaginary one. The latter is non-zero only above threshold, for x > 4. The
black straight line broken at x = 4 is the form factor in the EFT limit. [Two plots, one for
scalar and one for fermion?]

3.2 Modification of the SM amplitude

In order to derive the radiative corrections to the neutral and charged current 2 ! 2 fermion
processes, we project Eq. (1) onto mass eigenstates �, Z,W
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e+e- → ff̅
3.2 Results

Our main results are displayed in Fig. 1 where we show the 95% exclusion limits in the plane
(m

�

, n) for di↵erent Lorentz representations (RS, CS, MF, DF) and for the two late stages of
CLIC, denoted respectively CLIC-2 (

p
s = 1.5 TeV, L = 1.5 ab�1) and CLIC-3 (

p
s = 3 TeV,

L = 3 ab�1). To obtain these exclusions we have combined the e/µ/b/c channels assuming
a systematic error of 0.1% (cf. Fig. 3) and polarization fractions P

e

� = �80% and P

e

+ = 0
(cf. Fig. 4).
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Figure 1: 95% CL exclusion limits for CLIC-2 (left panel) and CLIC-3 (right panel),
obtained by combining the e/µ/b/c channels with 0.1% systematic error and polarization
fractions P

e

� = �80% and P

e

+ = 0.

The vertical black line in both plots denotes the kinematical threshold for pair-productionp
s/2. In the region below threshold (on the right side of the vertical black line) the bound

on the mass grows with the dimensionality of the multiplet and eventually enters the EFT
regime for m

�

�
p
s/2 (cf. Fig. 5). The bounds in the region above threshold (on the left

side of the vertical black line) have some non-trivial features which can be understood by
following the shape of the real part of the form factor above threshold (cf. Fig. 6).
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s = 1.5 TeV ℒ = 1ab−1@Pe+,e− = (−80 % ,0%)

e ⊕ μ ⊕ b ⊕ c e ⊕ μ ⊕ b ⊕ c
syst = 0.1 %syst = 0.1 %

The MDM framework was extended in [6] to contemplate the possibility of a milli-charge
✏ ⌧ 1. Bounds from DM direct detection imply ✏ . 10�9. The milli-charge has hence no
bearings for the collider physics, but it ensures the (exact) stability of the LP in the EW
multiplet. The various MDM candidates (including for completeness also the wino-like DM
(1, 3, 0)

MF

which requires a stabilization mechanism beyond the SM gauge symmetry) are
summarized in Table 1, together with their thermal mass saturating the DM relic density
and the projected reach of CLIC-3 (

p
s = 3 TeV and L = 3/ab). The details of the analysis

are presented in Sect. 3.
A notable feature of the milli-charged scenario is that the contribution of the complex

multiplet to the relic density is doubled compared to the case of a single real component
(thus making the thermal mass roughly a factor

p
2 smaller). On the other hand, the degrees

of freedom are also doubled, thus improving the indirect testability of those scenarios via
EW precision tests at lepton colliders. It turns out indeed that the hypothesis of (1, 3, ✏)

DF

comprising the whole DM relic density can be fully tested at CLIC-3, while we find no sensi-
tivity to the state (1, 3, ✏)

CS

for masses above the kinematical threshold of pair production.2

For all the other cases the thermal mass lie well above the CLIC-3 reach.

� m

(DM)

�

[TeV] m

(CLIC�3)

�

[TeV]

(1, 2, 1/2)
DF

1.1 1.5
(1, 3, ✏)

CS

1.55 -
(1, 3, ✏)

DF

2.0 2.1
(1, 3, 0)

MF

2.8 1.7
(1, 5, ✏)

CS

6.6 1.7
(1, 5, ✏)

DF

6.6 4.1
(1, 5, 0)

MF

11 3.0
(1, 7, ✏)

CS

16 2.5
(1, 7, ✏)

DF

16 6.8

Table 1: MDM candidates, together with the corresponding masses saturating the DM
relic density and the projected 95% CL exclusion limits from EW precision tests at CLIC-3
(
p
s = 3 TeV, L = 2/ab, P

e

= �80% and P

e

+ = 0). The exclusions refer only to the
cases where m > 1.5 TeV. For masses below the threshold for pair production m <

p
s/2

the bound is characterized by a non-trivial profile – see Sect. 3 for details. The thermal
masses are extracted from Ref. [6] (✏ 6= 0 cases) and Ref. [7] (✏ = 0 cases). A conservative
10% theoretical uncertainty is understood, originating from the inclusion of non-perturbative
e↵ects such as Sommerfeld enhancement and bound state formation.

2.2 Accidental Matter

From a more phenomenological point of view, one could ask the following question [5]: Which
extensions of the SM particle content with masses close to the EW scale (i) automatically
preserve the accidental and approximate symmetry structure of the SM, (ii) are cosmologically

2Given a 10% uncertainty on the thermal masses, the DM hypothesis for the CS triplet can be potentially
explored in direct searches at CLIC.
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95%CL 95%CL

Di Luzio, Grober, Panico

Accidental Dark Matter 3-plet Dirac Fermion

Wino of split-SUSY (heavy sfermions)

Higgsino of split-SUSY (heavy sfermions)

Preliminary

Figure 4: Polarization e↵ects: P

e

= 80%,+80% and P

e

+ = 30%, 0,+30% (µ channel,
0.1% systematic error, MF). [NB the typo: P

e

+ = +80% in blue should read P

e

= +80%]

Figure 5: Comparison EFT vs. full form factor (µ channel, 0.1% systematic error, P
e

=
80% and P

e

+ = +30%). The EFT dashed line is obtained by expending the form factor at
the leading order in s/m

2 (WY regime). We see that taking into account the full kinematical
dependence of the form factor is particularly important for low-dimensional n-plets.

10

3.3 Extra plots

Figure 3: Impact of systematic error: this plot shows e.g. that the 0.3% systematic error
line is almost indistinguishable from the “pure statistical” one. We also superimpose (dotted
lines) the exclusions obtained by augmenting the number of bins from 10 to 20 (same color
code for the error treatment as before). We see that increasing the numbers of bins helps for
larger systematic errors, but does not matter much for e.g. 0.3% sys. Hence, in the following
we stick to 0.1% sys. with 10 bins.
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s = 3 TeV ℒ = 2ab−1@Pe+,e− = (−80 % ,0%)

L. Di Luzio, R. Grober, G. Panico, CLIC Physics Potential Yellow Report, In preparation

Example: Indirect reach at Multi-TeV lepton coll. (CLIC 3 TeV) 

Suppressed indirect effects 
Reach still larger than Direct for DF Triplet 
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Conclusions

• Theoretical motivation for a high-energy muon collider is clear in several 
directions of BSM exploration


• BSM physics at a Multi-TeV muon collider:


• Possible to define minimum interesting energy/luminosity requirements


• Pros: Clean environment, Lumi increases with energy, reach 
comparable to Hadron Collider operating at much higher energies


• Challenges: Neutrino radiation, background, technology has to be 
demonstrated


• A high-energy muon collider can also perform precision tests of NP

(Important both in presence or absence of a new discovery) 


Muon Collider Workshop 2018 
Padova, July 3, 2018
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INFN - University of Padova
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Sterile Heavy Neutrinos

• Neutrino oscillations prove that neutrinos have mass.


• Majorana neutrino mass can only be generated in the SM via higher-
dimensional operators


• Seesaw mechanism(s): 
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Figure 1: Examples of production diagrams for same-sign dilepton signals, l+l(
′)+X, mediated by the three types

of see-saw messengers.
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Figure 2: See-saw mechanisms of type I, II and III. λN , λ∆ and λΣ are the Yukawa coupling matrices in the

Lagrangian terms −lLφ̃λ
†
NNR, l̃Lλ∆(σ⃗ · ∆⃗)lL and −Σ⃗RλΣ(φ̃† σ⃗

2 lL), respectively, with l̃L = −lTLCiσ2 and C the

spinor charge conjugation matrix. Whereas µ∆ is the coefficient of the scalar potential term φ̃†(σ⃗ · ∆⃗)†φ.

in Fig. 2. In all cases the extra particles contribute at low energies to the dimension 5 lepton
number (LN) violating operator 4

(O5)ij = (liL)
cφ̃∗φ̃†ljL →

v2

2
(νi)cνj (with l =

(

ν
ℓ

)

and φ̃ = iσ2φ
∗) , (2)

which gives Majorana masses to light neutrinos after spontaneous symmetry breaking. The
see-saw of type II 5 in Fig. 2 is mediated by an SU(2)L scalar triplet ∆ of hypercharge Y = 1,
implying three new complex scalars of charges Q = T3 + Y : ∆++,∆+,∆0. The see-saw of type
III 6 exchanges an SU(2)L fermion triplet Σ of hypercharge Y = 0, assumed to be Majorana
and containing charged leptons Σ± and a Majorana neutrino Σ0. The main difference for LHC
detection is that the see-saw messengers for these last two mechanisms can be produced by
unsuppressed processes of electroweak size (Fig. 1). Their decay, even if suppressed by small
couplings, can take place within the detector due to the large mass of the new particle. All three
types of see-saw messengers produce LN conserving as well as LN violating signals, but the
former have much larger backgrounds. On the other hand, same-sign dilepton signals, l±l(

′)±X,
do not have to be necessarily LN violating. Thus, in the example in Fig. 1–(II), the decay
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′)+X, mediated by the three types

of see-saw messengers.
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†
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2 lL), respectively, with l̃L = −lTLCiσ2 and C the

spinor charge conjugation matrix. Whereas µ∆ is the coefficient of the scalar potential term φ̃†(σ⃗ · ∆⃗)†φ.

in Fig. 2. In all cases the extra particles contribute at low energies to the dimension 5 lepton
number (LN) violating operator 4

(O5)ij = (liL)
cφ̃∗φ̃†ljL →

v2

2
(νi)cνj (with l =

(

ν
ℓ

)

and φ̃ = iσ2φ
∗) , (2)

which gives Majorana masses to light neutrinos after spontaneous symmetry breaking. The
see-saw of type II 5 in Fig. 2 is mediated by an SU(2)L scalar triplet ∆ of hypercharge Y = 1,
implying three new complex scalars of charges Q = T3 + Y : ∆++,∆+,∆0. The see-saw of type
III 6 exchanges an SU(2)L fermion triplet Σ of hypercharge Y = 0, assumed to be Majorana
and containing charged leptons Σ± and a Majorana neutrino Σ0. The main difference for LHC
detection is that the see-saw messengers for these last two mechanisms can be produced by
unsuppressed processes of electroweak size (Fig. 1). Their decay, even if suppressed by small
couplings, can take place within the detector due to the large mass of the new particle. All three
types of see-saw messengers produce LN conserving as well as LN violating signals, but the
former have much larger backgrounds. On the other hand, same-sign dilepton signals, l±l(

′)±X,
do not have to be necessarily LN violating. Thus, in the example in Fig. 1–(II), the decay

Weinberg operator 
(Dim 5, LNV)

SM: Neutrinos are massless ⇒ BSM physics

Muon Collider Workshop 2018 
Padova, July 3, 2018



Jorge de Blas 
INFN - University of Padova

Sterile Heavy Neutrinos

• Present in minimal neutrino mass models (seesaw mechanism type 1)


• Interactions with SM via mixing with active neutrinos

Production
Decay
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Figure 2: Pictographic representation of the di↵erent heavy neutrino production and decay channels at leading order, including the dependency
of the active-sterile mixing parameters. These production and decay channels yield possible final states for sterile neutrino searches at di↵erent
collider types.

the t-channel, labelled with Wt in fig. 2, where X = `

e

in the initial state is the anti particle to `

e

= e

�
, e

+

and Y = ⌫ (where we suppressed the indices of the light
neutrino mass eigenstates for simplicity). Another pro-
duction channel is depicted by the diagram labelled Zs,
where the initial states {X,X} are the electron positron
pair {`

e

, `

e

}. A sub-dominant channel is given by Higgs
boson decays into heavy and light neutrinos, given by
the diagram labelled h. The Higgs boson can be pro-
duced for instance via Higgs strahlung or WW boson
fusion. We note that its production from the e�e+ pair
is usually negligible, due to the smallness of the elec-
tron Yukawa coupling. The sub-dominant channel via
the Higgs can be relevant when the heavy neutrino mass
M is below the Higgs boson mass m

h

.

• pp colliders: The dominant production channels for
heavy neutrinos in proton-proton collisions are Drell-
Yan processes. In fig. 2 they are denoted by the dia-
grams labelledWs, with {X,X

0} = {q
u

, q

d

} or {q
d

, q

u

},
and Zs, with {X,X} = {q, q}, where q

u

, q

d

, q are up-
type quarks, down-type quarks, and constituents of the
proton, respectively. A sub-dominant process at higher
order is given by W� fusion with initial states {q, �},

which is further suppressed by the photon’s parton dis-
tribution function (PDF). Also at pp colliders, the pro-
duction of heavy neutrinos from diagram h are sub-
dominant. The Higgs boson can be produced, for in-
stance, via vector boson fusion (including gluons).

• e

�
p colliders: The dominant production channel for

heavy neutrinos is given by the diagram Wt in fig. 2.
In electron-proton collisions, X is a proton constituent
(e.g. a quark) and Y is the isospin partner of X. An-
other leading order production channel is given by W�

fusion, labelled W

(�)
t

, with X = � and Y = W

� which
is, contrary to the pp colliders, only suppressed by the
photon’s PDF. Furthermore, for M < m

h

the produc-
tion via the Higgs boson is possible, when the latter is
produced via vector boson fusion, which is, however a
process of higher order.

2.2.2 Signal channels

For the here considered sterile neutrino masses, all the heavy
neutrino mass eigenstates will decay according to the second
column of fig. 2. Also the Z,W and Higgs bosons decay
further into SM particles. The possible final states from

4

Production Decay
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Figure 2: Pictographic representation of the di↵erent heavy neutrino production and decay channels at leading order, including the dependency
of the active-sterile mixing parameters. These production and decay channels yield possible final states for sterile neutrino searches at di↵erent
collider types.

the t-channel, labelled with Wt in fig. 2, where X = `

e

in the initial state is the anti particle to `

e

= e

�
, e

+

and Y = ⌫ (where we suppressed the indices of the light
neutrino mass eigenstates for simplicity). Another pro-
duction channel is depicted by the diagram labelled Zs,
where the initial states {X,X} are the electron positron
pair {`

e

, `

e

}. A sub-dominant channel is given by Higgs
boson decays into heavy and light neutrinos, given by
the diagram labelled h. The Higgs boson can be pro-
duced for instance via Higgs strahlung or WW boson
fusion. We note that its production from the e�e+ pair
is usually negligible, due to the smallness of the elec-
tron Yukawa coupling. The sub-dominant channel via
the Higgs can be relevant when the heavy neutrino mass
M is below the Higgs boson mass m

h

.

• pp colliders: The dominant production channels for
heavy neutrinos in proton-proton collisions are Drell-
Yan processes. In fig. 2 they are denoted by the dia-
grams labelledWs, with {X,X

0} = {q
u

, q

d

} or {q
d

, q

u

},
and Zs, with {X,X} = {q, q}, where q

u

, q

d

, q are up-
type quarks, down-type quarks, and constituents of the
proton, respectively. A sub-dominant process at higher
order is given by W� fusion with initial states {q, �},

which is further suppressed by the photon’s parton dis-
tribution function (PDF). Also at pp colliders, the pro-
duction of heavy neutrinos from diagram h are sub-
dominant. The Higgs boson can be produced, for in-
stance, via vector boson fusion (including gluons).

• e

�
p colliders: The dominant production channel for

heavy neutrinos is given by the diagram Wt in fig. 2.
In electron-proton collisions, X is a proton constituent
(e.g. a quark) and Y is the isospin partner of X. An-
other leading order production channel is given by W�

fusion, labelled W

(�)
t

, with X = � and Y = W

� which
is, contrary to the pp colliders, only suppressed by the
photon’s PDF. Furthermore, for M < m

h

the produc-
tion via the Higgs boson is possible, when the latter is
produced via vector boson fusion, which is, however a
process of higher order.

2.2.2 Signal channels

For the here considered sterile neutrino masses, all the heavy
neutrino mass eigenstates will decay according to the second
column of fig. 2. Also the Z,W and Higgs bosons decay
further into SM particles. The possible final states from

4

Production Decay

From eq. (1), we obtain the mass matrixM of the relevant
neutral fermions, i.e. the active neutrinos and the two sterile
neutrinos N

1
R

and N

2
R

, after EW symmetry breaking. It
can be diagonalised with the unitary 5 ⇥ 5 leptonic mixing
matrix U :

U

T MU

⇠= Diag (0, 0, 0,M,M) . (2)

The resulting mass eigenstates are the three light neutri-
nos ⌫

i

(i = 1, 2, 3), which are massless in the symmetric
limit, and two heavy neutrinos N

j

(j = 1, 2) with approx-
imately degenerate mass eigenvalues M (in the symmetric
limit). The mixing of the active and sterile neutrinos can
be quantified by the mixing angles and their magnitude:

✓

↵

=
y

⇤
⌫↵p
2

vEW

M

, |✓|2 :=
X

↵

|✓
↵

|2 , (3)

with vEW = 246.22 GeV. Using the mixing angles ✓
↵

we can
express the leptonic mixing matrix U in eq. (2), in the limit
of exact symmetry, as (cf. [3]):

U =

0

B

B

B

B

B

@

N
e1 N

e2 N
e3 � ip

2
✓

e

1p
2
✓

e

N
µ1 N

µ2 N
µ3 � ip

2
✓

µ

1p
2
✓

µ

N
⌧1 N

⌧2 N
⌧3 � ip

2
✓

⌧

1p
2
✓

⌧

0 0 0 ip
2

1p
2

�✓

⇤
e

�✓

⇤
µ

�✓

⇤
⌧

�ip
2
(1� 1

2✓
2) 1p

2
(1� 1

2✓
2)

1

C

C

C

C

C

A

.

(4)
The leptonic mixing matrix U is unitary up to second or-
der in ✓

↵

. The elements of the non-unitary 3⇥ 3 submatrix
N , which is the e↵ective mixing matrix of the three ac-
tive neutrinos, i.e. the Pontecorvo–Maki–Nakagawa–Sakata
(PMNS) matrix relevant for neutrino oscillation experi-
ments, are given as

N
↵i

= (�
↵�

� 1
2✓↵✓

⇤
�

) (U
`

)
�i

, (5)

with U

`

being a unitary 3⇥ 3 matrix.
When the Higgs boson develops its vacuum expectation

value the light and heavy neutrino mass eigenstates emerge
as admixtures of the active and sterile neutrinos. The weak
currents in the mass basis are given by

j

±
µ

=
5

X

i=1

X

↵=e,µ,⌧

gp
2
¯̀
↵

�

µ

P

L

U

↵i

ñ

i

+ H.c. , (6)

j

0
µ

=
5

X

i,j=1

X

↵=e,µ,⌧

g

2 c
W

ñ

j

U

†
j↵

�

µ

P

L

U

↵i

ñ

i

, (7)

with U the leptonic mixing matrix in eq. (4), g being the
weak coupling constant, c

W

the cosine of the Weinberg angle
and P

L

= 1
2 (1� �

5) the left-chiral projection operator, and
where we introduced the neutrino mass eigenstates

ñ

j

= (⌫1, ⌫2, ⌫3, N4, N5)
T

j

= U

†
j↵

n

↵

, (8)

with the definition

n =
�

⌫

eL , ⌫µL , ⌫⌧L , (N
1
R

)c, (N2
R

)c
�

T

. (9)

The weak currents involving the heavy neutrinos can be ex-
pressed as

j

±
µ

� g

2
✓

↵

¯̀
↵

�

µ

P

L

(�iN4 +N5) + H.c. , (10)

j

0
µ

=
g

2 c
W

5
X

i,j=1

#

ij

ñ

i

�

µ

P

L

ñ

j

, (11)

with the definition:

#

ij

=
X

↵=e,µ,⌧

U

†
i↵

U

↵j

. (12)

The Yukawa part of the Lagrangian density in the mass basis
to leading order in the active-sterile mixing angle, is

M

vEW

3
X

i=1

�

#

⇤
i4N

c

4 + #

⇤
i5N

c

5

�

h ⌫

i

+ H.c. , (13)

with h =
p
2Re(�0) being the real scalar Higgs boson.

In the limit of exact symmetry, the SPSS benchmark
model introduces seven additional parameters to the theory,
the moduli of the neutrino Yukawa couplings (|y

⌫e |, |y⌫µ |,
|y

⌫⌧ |), their respective phase, and the mass M . The phases
are di�cult to measure at colliders. They may be accessible
in neutrino oscillation experiments (see e.g. [10,11]). In the
following we will restrict ourselves to the four parameters
|y

⌫e |, |y⌫µ |, |y⌫⌧ | and M .

2.2 Heavy neutrino production and decay
in e�e+, pp and e�p collisions

In this section we discuss the dominant production channels
of the heavy neutrino mass eigenstates in e

�
e

+
, pp and e

�
p

collisions, and their subsequent decays at the leading order.
In this line, we address the dependency on active-sterile mix-
ing angles for the di↵erent processes, and we comment on
the occurrence of observable lepton number violating (LNV)
and lepton flavour violating (LFV) e↵ects.

2.2.1 Production processes

The heavy neutrino states can be produced in high energy
collisions by the weak interaction (see eq. (10) and eq. (11))
or the Higgs boson (see eq. (13)). The production processes
for heavy neutrino mass eigenstates at leading order in the
active-sterile mixing angles and in the weak coupling con-
stant, are given in the first column of fig. 2. We now specify
the relevant production channels for the e

�
e

+
, pp and e

�
p

colliders (for a summary cf. tab. 1):

• e

�
e

+ colliders: There are two dominant production
channels. One is given by the exchange of a W boson in
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Figure 6: Production cross section for heavy neutrinos at di↵erent center-of-mass energies, divided by the square of the active-sterile mixing angle.
For all the lepton colliders initial state radiation is included, and for the linear colliders we also included beamstrahlung e↵ects and use a (L,R)
beam polarisation of (80%,30%). For the cross section calculation we have applied the following cut: | cos(✓)|  0.99, with ✓ being the angle
between the heavy neutrino and the lepton beams.

Name Final State Channel [production,decay] |✓
↵

| dependency

lepton-dijet `

↵

⌫jj [Wt,W ], [Zs,W ]
|✓

e

✓

↵

|2
✓

2

(⇤⇤)

, |✓
↵

|2(⇤⇤)

dilepton `

↵

`

�

⌫⌫ [Wt, {W,Z(h)}], [Zs, {W,Z(h)}]
(

|✓
e

✓

↵

|2
✓

2

(⇤)

, |✓
e

|2(⇤)
)(⇤⇤)

,
n

|✓
↵

|2(⇤), |✓|2
o(⇤⇤)

dijet ⌫⌫jj [Wt, Z(h)], [Zs, Z(h)] |✓
e

|2(⇤⇤), |✓|2(⇤⇤)

invisible ⌫⌫⌫⌫ [Wt, Z], [Zs, Z] |✓
e

|2(⇤⇤), |✓|2(⇤⇤)

Table 3: Signatures of sterile neutrinos at leading order for e�e+ colliders with their corresponding final states, production and decay channels
(cf. section 2.2), dependency on the active-sterile mixing parameters.
(⇤) : The dependency on the active-sterile mixing can be inferred when the origin of the charged leptons can be reconstructed.
(⇤⇤) : The dependency on the active-sterile mixing is determined by the center-of-mass energy, i.e. by the physics run of the given e�e+ collider.

a trivial rescaling of the DELPHI results by the luminosity,
in fig. 7. This signature has been studied for the ILC in
refs. [50, 51].

We note that this final state can be produced by both
lepton-number-conserving and lepton-number-violating pro-
cesses and it might be possible to infer lepton number vio-
lation from the kinematic distributions.

3.2.2 Dilepton

The dilepton final state `

↵

`

�

⌫⌫ can be achieved from heavy
neutrinos that decay leptonically via the W boson or that
decay into two charged leptons via the Z or Higgs boson.

For the W boson decay channel at energies above the Z-

pole, the resulting process e

�
e

+ Wt��! N⌫

W�! `

±
↵

W

⌥
⌫ !

`

±
↵

`

⌥
�

⌫⌫ can be mistaken for the SM process e

�
e

+ !
W

+
W

� and thus lead to a modified WW -production cross
section. In ref. [3] the sensitivity of this channel was es-
timated for |✓

e

| 6= 0 and |✓
µ

| = |✓
⌧

| = 0 using statistical
uncertainties of the WW production cross section (consid-

ering only leptonic final states), shown by the green line in
fig. 7.

When the heavy neutrino decays proceed via the Z boson,
the invariant mass of the charged lepton pair is compatible
with m

Z

. For the physics runs above the Z-pole, the chan-

nel e�e+
Wt��! N⌫

Z�! Z⌫⌫ ! `

±
↵

`

⌥
�

⌫⌫, where ↵ = � at tree
level, constitutes a signal with the SM background given by
e

�
e

+ ! ZZ. The signature yields a “mono-Z boson” can-
didate that may cause deviations of the SM predicted mono-
Z-production cross section. To the best of our knowledge,
this signature has not yet been investigated with respect to
sterile neutrino searches.

Similarly, for masses M above m
h

the heavy neutrino can
decay via a Higgs boson, which in turn decays into a pair
of ⌧ leptons. This yields the signature of a “mono-Higgs”
candidate, similar to the one discussed in ref. [13] for a dijet
final state (see subsection 3.2.3).

At center-of-mass energies around the Z pole, the dilep-
ton signature is generated from the decays of the heavy neu-
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Figure 4: Physics programs of the di↵erent future lepton colliders given by the center-of-mass energy and envisaged integrated luminosity.
Circular future lepton colliders (left): For the CEPC we use the exemplary integrated luminosities from the preCDR [40]. For the FCC-
ee [41] we use the product of the target instantaneous luminosities from [42] (for two interaction points) and the envisaged run-times, and the
Higgs run with a center-of-mass energy of 240 GeV. Linear future lepton colliders (right): For the ILC [43] we consider the G-20 operation
scenario from ref. [44], and we further include the Giga-Z operation. For the CLIC [45] we consider the discussed physics runs in [46].

We define the heavy neutrino production cross section, to
leading order in the small active-sterile mixing, by

�

⌫N

=
X

i,j

�(e�e+ ! N

j

⌫

i

) , (17)

where the sum is taken over all the light neutrino (i = 1, 2, 3)
and heavy neutrino (j = 1, 2) mass eigenstates. We display
the dependency of the cross sections on the sterile neutrino
mass M for the di↵erent physics runs and for the di↵erent
accelerator layouts in fig. 6. The cross sections were evalu-
ated by implementing the SPSS via Feynrules [47] into the
Monte Carlo event generator WHIZARD [48,49], where ini-
tial state radiation and only for the linear colliders lepton
beam polarisation has been included.

We remark that for
p
s ' m

z

heavy neutrino production
proceeds dominantly via Zs, while for

p
s = 160 GeV and

above it is dominated by Wt. This allows for a separate
assessment of the two di↵erent production channels via the
center-of-mass energy or, respectively, the physics program.

It is interesting to note that we can expect up to O(104)
heavy neutrinos per ab�1 for values of |✓|2 consistent with
the present constraints.

3.2 Signatures and searches

In this section, we discuss observable e↵ects from sterile
neutrinos at e

�
e

+ colliders, which manifest themselves in
specific final states with the related production and decay
channels, cf. fig. 2, and the dependency on the active-sterile
mixing angles. We refer to these e↵ects as signatures and
list them in tab. 3.

In the following, we discuss these and other signatures for
sterile neutrinos at future lepton colliders, thereby updating
several estimates for the sensitivities of the CEPC and FCC-
ee.

⌫

e+

e�

N

Z

production channel: Zs

W

e+

e�

N

⌫

production channel: Wt

Figure 5: Dominating Feynman diagrams for the production of heavy
neutrinos. Heavy neutrino production via the s-channel Z boson is
dominant at the Z-pole. For center-of-mass energies above the Z-pole
the dominant production stems from the t-channel exchange of a W
boson.

3.2.1 Lepton-dijet

The heavy neutrino decays via the charged current together
with the hadronic decays of the W boson yield the final
state `

↵

⌫jj, with the invariant mass of the two jets being
consistent with m

W

. The invariant mass of the visible fi-
nal states allows to infer the heavy neutrino mass M . For
center-of-mass energies above the Z-pole this signature is
mainly dependent on |✓

e

✓

↵

|2/|✓|2. We show our estimates
for the 1� sensitivity of this signature at 250 and 350 GeV
for the CEPC and FCC-ee, respectively, by the orange line
in fig. 7, where we use |✓

↵

| = |✓
e

| and |✓
µ

| = |✓
⌧

| = 0.
For details on the calculation of the sensitivity we refer the
reader to section A.2 in the appendix.
For

p
s ' 90 GeV, this signature is dependent on |✓

↵

|2 and
has been investigated at LEP in ref. [35]. Its sensitivity is
included in the dashed purple line, which was obtained from
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Circular future lepton colliders (left): For the CEPC we use the exemplary integrated luminosities from the preCDR [40]. For the FCC-
ee [41] we use the product of the target instantaneous luminosities from [42] (for two interaction points) and the envisaged run-times, and the
Higgs run with a center-of-mass energy of 240 GeV. Linear future lepton colliders (right): For the ILC [43] we consider the G-20 operation
scenario from ref. [44], and we further include the Giga-Z operation. For the CLIC [45] we consider the discussed physics runs in [46].

We define the heavy neutrino production cross section, to
leading order in the small active-sterile mixing, by

�

⌫N

=
X

i,j

�(e�e+ ! N

j

⌫

i

) , (17)

where the sum is taken over all the light neutrino (i = 1, 2, 3)
and heavy neutrino (j = 1, 2) mass eigenstates. We display
the dependency of the cross sections on the sterile neutrino
mass M for the di↵erent physics runs and for the di↵erent
accelerator layouts in fig. 6. The cross sections were evalu-
ated by implementing the SPSS via Feynrules [47] into the
Monte Carlo event generator WHIZARD [48,49], where ini-
tial state radiation and only for the linear colliders lepton
beam polarisation has been included.

We remark that for
p
s ' m

z

heavy neutrino production
proceeds dominantly via Zs, while for

p
s = 160 GeV and

above it is dominated by Wt. This allows for a separate
assessment of the two di↵erent production channels via the
center-of-mass energy or, respectively, the physics program.

It is interesting to note that we can expect up to O(104)
heavy neutrinos per ab�1 for values of |✓|2 consistent with
the present constraints.

3.2 Signatures and searches

In this section, we discuss observable e↵ects from sterile
neutrinos at e

�
e

+ colliders, which manifest themselves in
specific final states with the related production and decay
channels, cf. fig. 2, and the dependency on the active-sterile
mixing angles. We refer to these e↵ects as signatures and
list them in tab. 3.

In the following, we discuss these and other signatures for
sterile neutrinos at future lepton colliders, thereby updating
several estimates for the sensitivities of the CEPC and FCC-
ee.
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Figure 5: Dominating Feynman diagrams for the production of heavy
neutrinos. Heavy neutrino production via the s-channel Z boson is
dominant at the Z-pole. For center-of-mass energies above the Z-pole
the dominant production stems from the t-channel exchange of a W
boson.

3.2.1 Lepton-dijet

The heavy neutrino decays via the charged current together
with the hadronic decays of the W boson yield the final
state `

↵

⌫jj, with the invariant mass of the two jets being
consistent with m

W

. The invariant mass of the visible fi-
nal states allows to infer the heavy neutrino mass M . For
center-of-mass energies above the Z-pole this signature is
mainly dependent on |✓

e

✓

↵

|2/|✓|2. We show our estimates
for the 1� sensitivity of this signature at 250 and 350 GeV
for the CEPC and FCC-ee, respectively, by the orange line
in fig. 7, where we use |✓

↵

| = |✓
e

| and |✓
µ

| = |✓
⌧

| = 0.
For details on the calculation of the sensitivity we refer the
reader to section A.2 in the appendix.
For

p
s ' 90 GeV, this signature is dependent on |✓

↵

|2 and
has been investigated at LEP in ref. [35]. Its sensitivity is
included in the dashed purple line, which was obtained from
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Sterile Heavy Neutrinos

• Present in minimal neutrino mass models (seesaw mechanism type 1)


• Interactions with SM via mixing with active neutrinos

Production
Decay
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`↵
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X 0

X

X

Wt : W

`e

Y

Zs :

⌫X

X

h :

⌫X

X

`±�

W⌥N

⌫

Z
N

⌫

h
N

Final States

pp : `↵⌫jj, `↵⌫`
±
� `

⌥
� , `↵⌫⌫⌫

e�e+, e�p : Y ⌫jj, Y ⌫`±� `
⌥
� , Y ⌫⌫⌫

e�e+,pp : ⌫⌫jj, ⌫⌫`±� `
⌥
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±
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⌥
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⌥
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Figure 2: Pictographic representation of the di↵erent heavy neutrino production and decay channels at leading order, including the dependency
of the active-sterile mixing parameters. These production and decay channels yield possible final states for sterile neutrino searches at di↵erent
collider types.

the t-channel, labelled with Wt in fig. 2, where X = `

e

in the initial state is the anti particle to `

e

= e

�
, e

+

and Y = ⌫ (where we suppressed the indices of the light
neutrino mass eigenstates for simplicity). Another pro-
duction channel is depicted by the diagram labelled Zs,
where the initial states {X,X} are the electron positron
pair {`

e

, `

e

}. A sub-dominant channel is given by Higgs
boson decays into heavy and light neutrinos, given by
the diagram labelled h. The Higgs boson can be pro-
duced for instance via Higgs strahlung or WW boson
fusion. We note that its production from the e�e+ pair
is usually negligible, due to the smallness of the elec-
tron Yukawa coupling. The sub-dominant channel via
the Higgs can be relevant when the heavy neutrino mass
M is below the Higgs boson mass m

h

.

• pp colliders: The dominant production channels for
heavy neutrinos in proton-proton collisions are Drell-
Yan processes. In fig. 2 they are denoted by the dia-
grams labelledWs, with {X,X

0} = {q
u

, q

d

} or {q
d

, q

u

},
and Zs, with {X,X} = {q, q}, where q

u

, q

d

, q are up-
type quarks, down-type quarks, and constituents of the
proton, respectively. A sub-dominant process at higher
order is given by W� fusion with initial states {q, �},

which is further suppressed by the photon’s parton dis-
tribution function (PDF). Also at pp colliders, the pro-
duction of heavy neutrinos from diagram h are sub-
dominant. The Higgs boson can be produced, for in-
stance, via vector boson fusion (including gluons).

• e

�
p colliders: The dominant production channel for

heavy neutrinos is given by the diagram Wt in fig. 2.
In electron-proton collisions, X is a proton constituent
(e.g. a quark) and Y is the isospin partner of X. An-
other leading order production channel is given by W�

fusion, labelled W

(�)
t

, with X = � and Y = W

� which
is, contrary to the pp colliders, only suppressed by the
photon’s PDF. Furthermore, for M < m

h

the produc-
tion via the Higgs boson is possible, when the latter is
produced via vector boson fusion, which is, however a
process of higher order.

2.2.2 Signal channels

For the here considered sterile neutrino masses, all the heavy
neutrino mass eigenstates will decay according to the second
column of fig. 2. Also the Z,W and Higgs bosons decay
further into SM particles. The possible final states from
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Figure 2: Pictographic representation of the di↵erent heavy neutrino production and decay channels at leading order, including the dependency
of the active-sterile mixing parameters. These production and decay channels yield possible final states for sterile neutrino searches at di↵erent
collider types.

the t-channel, labelled with Wt in fig. 2, where X = `

e

in the initial state is the anti particle to `

e

= e

�
, e

+

and Y = ⌫ (where we suppressed the indices of the light
neutrino mass eigenstates for simplicity). Another pro-
duction channel is depicted by the diagram labelled Zs,
where the initial states {X,X} are the electron positron
pair {`

e

, `

e

}. A sub-dominant channel is given by Higgs
boson decays into heavy and light neutrinos, given by
the diagram labelled h. The Higgs boson can be pro-
duced for instance via Higgs strahlung or WW boson
fusion. We note that its production from the e�e+ pair
is usually negligible, due to the smallness of the elec-
tron Yukawa coupling. The sub-dominant channel via
the Higgs can be relevant when the heavy neutrino mass
M is below the Higgs boson mass m

h

.

• pp colliders: The dominant production channels for
heavy neutrinos in proton-proton collisions are Drell-
Yan processes. In fig. 2 they are denoted by the dia-
grams labelledWs, with {X,X

0} = {q
u

, q

d

} or {q
d

, q

u

},
and Zs, with {X,X} = {q, q}, where q

u

, q

d

, q are up-
type quarks, down-type quarks, and constituents of the
proton, respectively. A sub-dominant process at higher
order is given by W� fusion with initial states {q, �},

which is further suppressed by the photon’s parton dis-
tribution function (PDF). Also at pp colliders, the pro-
duction of heavy neutrinos from diagram h are sub-
dominant. The Higgs boson can be produced, for in-
stance, via vector boson fusion (including gluons).

• e

�
p colliders: The dominant production channel for

heavy neutrinos is given by the diagram Wt in fig. 2.
In electron-proton collisions, X is a proton constituent
(e.g. a quark) and Y is the isospin partner of X. An-
other leading order production channel is given by W�

fusion, labelled W

(�)
t

, with X = � and Y = W

� which
is, contrary to the pp colliders, only suppressed by the
photon’s PDF. Furthermore, for M < m

h

the produc-
tion via the Higgs boson is possible, when the latter is
produced via vector boson fusion, which is, however a
process of higher order.

2.2.2 Signal channels

For the here considered sterile neutrino masses, all the heavy
neutrino mass eigenstates will decay according to the second
column of fig. 2. Also the Z,W and Higgs bosons decay
further into SM particles. The possible final states from
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From eq. (1), we obtain the mass matrixM of the relevant
neutral fermions, i.e. the active neutrinos and the two sterile
neutrinos N

1
R

and N

2
R

, after EW symmetry breaking. It
can be diagonalised with the unitary 5 ⇥ 5 leptonic mixing
matrix U :

U

T MU

⇠= Diag (0, 0, 0,M,M) . (2)

The resulting mass eigenstates are the three light neutri-
nos ⌫

i

(i = 1, 2, 3), which are massless in the symmetric
limit, and two heavy neutrinos N

j

(j = 1, 2) with approx-
imately degenerate mass eigenvalues M (in the symmetric
limit). The mixing of the active and sterile neutrinos can
be quantified by the mixing angles and their magnitude:

✓

↵

=
y

⇤
⌫↵p
2

vEW

M

, |✓|2 :=
X

↵

|✓
↵

|2 , (3)

with vEW = 246.22 GeV. Using the mixing angles ✓
↵

we can
express the leptonic mixing matrix U in eq. (2), in the limit
of exact symmetry, as (cf. [3]):

U =

0

B

B

B

B

B

@

N
e1 N

e2 N
e3 � ip

2
✓

e

1p
2
✓

e

N
µ1 N

µ2 N
µ3 � ip

2
✓

µ

1p
2
✓

µ

N
⌧1 N

⌧2 N
⌧3 � ip

2
✓

⌧

1p
2
✓

⌧

0 0 0 ip
2

1p
2

�✓

⇤
e

�✓

⇤
µ

�✓

⇤
⌧

�ip
2
(1� 1

2✓
2) 1p

2
(1� 1

2✓
2)

1

C

C

C

C

C

A

.

(4)
The leptonic mixing matrix U is unitary up to second or-
der in ✓

↵

. The elements of the non-unitary 3⇥ 3 submatrix
N , which is the e↵ective mixing matrix of the three ac-
tive neutrinos, i.e. the Pontecorvo–Maki–Nakagawa–Sakata
(PMNS) matrix relevant for neutrino oscillation experi-
ments, are given as

N
↵i

= (�
↵�

� 1
2✓↵✓

⇤
�

) (U
`

)
�i

, (5)

with U

`

being a unitary 3⇥ 3 matrix.
When the Higgs boson develops its vacuum expectation

value the light and heavy neutrino mass eigenstates emerge
as admixtures of the active and sterile neutrinos. The weak
currents in the mass basis are given by

j

±
µ

=
5

X

i=1

X

↵=e,µ,⌧

gp
2
¯̀
↵

�

µ

P

L

U

↵i

ñ

i

+ H.c. , (6)

j

0
µ

=
5

X

i,j=1

X

↵=e,µ,⌧

g

2 c
W

ñ

j

U

†
j↵

�

µ

P

L

U

↵i

ñ

i

, (7)

with U the leptonic mixing matrix in eq. (4), g being the
weak coupling constant, c

W

the cosine of the Weinberg angle
and P

L

= 1
2 (1� �

5) the left-chiral projection operator, and
where we introduced the neutrino mass eigenstates

ñ

j

= (⌫1, ⌫2, ⌫3, N4, N5)
T

j

= U

†
j↵

n

↵

, (8)

with the definition

n =
�

⌫

eL , ⌫µL , ⌫⌧L , (N
1
R

)c, (N2
R

)c
�

T

. (9)

The weak currents involving the heavy neutrinos can be ex-
pressed as

j

±
µ

� g

2
✓

↵

¯̀
↵

�

µ

P

L

(�iN4 +N5) + H.c. , (10)

j

0
µ

=
g

2 c
W

5
X

i,j=1

#

ij

ñ

i

�

µ

P

L

ñ

j

, (11)

with the definition:

#

ij

=
X

↵=e,µ,⌧

U

†
i↵

U

↵j

. (12)

The Yukawa part of the Lagrangian density in the mass basis
to leading order in the active-sterile mixing angle, is

M

vEW

3
X

i=1

�

#

⇤
i4N

c

4 + #

⇤
i5N

c

5

�

h ⌫

i

+ H.c. , (13)

with h =
p
2Re(�0) being the real scalar Higgs boson.

In the limit of exact symmetry, the SPSS benchmark
model introduces seven additional parameters to the theory,
the moduli of the neutrino Yukawa couplings (|y

⌫e |, |y⌫µ |,
|y

⌫⌧ |), their respective phase, and the mass M . The phases
are di�cult to measure at colliders. They may be accessible
in neutrino oscillation experiments (see e.g. [10,11]). In the
following we will restrict ourselves to the four parameters
|y

⌫e |, |y⌫µ |, |y⌫⌧ | and M .

2.2 Heavy neutrino production and decay
in e�e+, pp and e�p collisions

In this section we discuss the dominant production channels
of the heavy neutrino mass eigenstates in e

�
e

+
, pp and e

�
p

collisions, and their subsequent decays at the leading order.
In this line, we address the dependency on active-sterile mix-
ing angles for the di↵erent processes, and we comment on
the occurrence of observable lepton number violating (LNV)
and lepton flavour violating (LFV) e↵ects.

2.2.1 Production processes

The heavy neutrino states can be produced in high energy
collisions by the weak interaction (see eq. (10) and eq. (11))
or the Higgs boson (see eq. (13)). The production processes
for heavy neutrino mass eigenstates at leading order in the
active-sterile mixing angles and in the weak coupling con-
stant, are given in the first column of fig. 2. We now specify
the relevant production channels for the e

�
e

+
, pp and e

�
p

colliders (for a summary cf. tab. 1):

• e

�
e

+ colliders: There are two dominant production
channels. One is given by the exchange of a W boson in
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Figure 6: Production cross section for heavy neutrinos at di↵erent center-of-mass energies, divided by the square of the active-sterile mixing angle.
For all the lepton colliders initial state radiation is included, and for the linear colliders we also included beamstrahlung e↵ects and use a (L,R)
beam polarisation of (80%,30%). For the cross section calculation we have applied the following cut: | cos(✓)|  0.99, with ✓ being the angle
between the heavy neutrino and the lepton beams.

Name Final State Channel [production,decay] |✓
↵

| dependency

lepton-dijet `

↵

⌫jj [Wt,W ], [Zs,W ]
|✓

e

✓

↵

|2
✓

2

(⇤⇤)

, |✓
↵

|2(⇤⇤)

dilepton `

↵

`

�

⌫⌫ [Wt, {W,Z(h)}], [Zs, {W,Z(h)}]
(

|✓
e

✓

↵

|2
✓

2

(⇤)

, |✓
e

|2(⇤)
)(⇤⇤)

,
n

|✓
↵

|2(⇤), |✓|2
o(⇤⇤)

dijet ⌫⌫jj [Wt, Z(h)], [Zs, Z(h)] |✓
e

|2(⇤⇤), |✓|2(⇤⇤)

invisible ⌫⌫⌫⌫ [Wt, Z], [Zs, Z] |✓
e

|2(⇤⇤), |✓|2(⇤⇤)

Table 3: Signatures of sterile neutrinos at leading order for e�e+ colliders with their corresponding final states, production and decay channels
(cf. section 2.2), dependency on the active-sterile mixing parameters.
(⇤) : The dependency on the active-sterile mixing can be inferred when the origin of the charged leptons can be reconstructed.
(⇤⇤) : The dependency on the active-sterile mixing is determined by the center-of-mass energy, i.e. by the physics run of the given e�e+ collider.

a trivial rescaling of the DELPHI results by the luminosity,
in fig. 7. This signature has been studied for the ILC in
refs. [50, 51].

We note that this final state can be produced by both
lepton-number-conserving and lepton-number-violating pro-
cesses and it might be possible to infer lepton number vio-
lation from the kinematic distributions.

3.2.2 Dilepton

The dilepton final state `

↵

`

�

⌫⌫ can be achieved from heavy
neutrinos that decay leptonically via the W boson or that
decay into two charged leptons via the Z or Higgs boson.

For the W boson decay channel at energies above the Z-

pole, the resulting process e

�
e

+ Wt��! N⌫

W�! `

±
↵

W

⌥
⌫ !

`

±
↵

`

⌥
�

⌫⌫ can be mistaken for the SM process e

�
e

+ !
W

+
W

� and thus lead to a modified WW -production cross
section. In ref. [3] the sensitivity of this channel was es-
timated for |✓

e

| 6= 0 and |✓
µ

| = |✓
⌧

| = 0 using statistical
uncertainties of the WW production cross section (consid-

ering only leptonic final states), shown by the green line in
fig. 7.

When the heavy neutrino decays proceed via the Z boson,
the invariant mass of the charged lepton pair is compatible
with m

Z

. For the physics runs above the Z-pole, the chan-

nel e�e+
Wt��! N⌫

Z�! Z⌫⌫ ! `

±
↵

`

⌥
�

⌫⌫, where ↵ = � at tree
level, constitutes a signal with the SM background given by
e

�
e

+ ! ZZ. The signature yields a “mono-Z boson” can-
didate that may cause deviations of the SM predicted mono-
Z-production cross section. To the best of our knowledge,
this signature has not yet been investigated with respect to
sterile neutrino searches.

Similarly, for masses M above m
h

the heavy neutrino can
decay via a Higgs boson, which in turn decays into a pair
of ⌧ leptons. This yields the signature of a “mono-Higgs”
candidate, similar to the one discussed in ref. [13] for a dijet
final state (see subsection 3.2.3).

At center-of-mass energies around the Z pole, the dilep-
ton signature is generated from the decays of the heavy neu-
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Figure 4: Physics programs of the di↵erent future lepton colliders given by the center-of-mass energy and envisaged integrated luminosity.
Circular future lepton colliders (left): For the CEPC we use the exemplary integrated luminosities from the preCDR [40]. For the FCC-
ee [41] we use the product of the target instantaneous luminosities from [42] (for two interaction points) and the envisaged run-times, and the
Higgs run with a center-of-mass energy of 240 GeV. Linear future lepton colliders (right): For the ILC [43] we consider the G-20 operation
scenario from ref. [44], and we further include the Giga-Z operation. For the CLIC [45] we consider the discussed physics runs in [46].

We define the heavy neutrino production cross section, to
leading order in the small active-sterile mixing, by

�

⌫N

=
X

i,j

�(e�e+ ! N

j

⌫

i

) , (17)

where the sum is taken over all the light neutrino (i = 1, 2, 3)
and heavy neutrino (j = 1, 2) mass eigenstates. We display
the dependency of the cross sections on the sterile neutrino
mass M for the di↵erent physics runs and for the di↵erent
accelerator layouts in fig. 6. The cross sections were evalu-
ated by implementing the SPSS via Feynrules [47] into the
Monte Carlo event generator WHIZARD [48,49], where ini-
tial state radiation and only for the linear colliders lepton
beam polarisation has been included.

We remark that for
p
s ' m

z

heavy neutrino production
proceeds dominantly via Zs, while for

p
s = 160 GeV and

above it is dominated by Wt. This allows for a separate
assessment of the two di↵erent production channels via the
center-of-mass energy or, respectively, the physics program.

It is interesting to note that we can expect up to O(104)
heavy neutrinos per ab�1 for values of |✓|2 consistent with
the present constraints.

3.2 Signatures and searches

In this section, we discuss observable e↵ects from sterile
neutrinos at e

�
e

+ colliders, which manifest themselves in
specific final states with the related production and decay
channels, cf. fig. 2, and the dependency on the active-sterile
mixing angles. We refer to these e↵ects as signatures and
list them in tab. 3.

In the following, we discuss these and other signatures for
sterile neutrinos at future lepton colliders, thereby updating
several estimates for the sensitivities of the CEPC and FCC-
ee.

⌫

e+

e�

N

Z

production channel: Zs

W

e+

e�

N

⌫

production channel: Wt

Figure 5: Dominating Feynman diagrams for the production of heavy
neutrinos. Heavy neutrino production via the s-channel Z boson is
dominant at the Z-pole. For center-of-mass energies above the Z-pole
the dominant production stems from the t-channel exchange of a W
boson.

3.2.1 Lepton-dijet

The heavy neutrino decays via the charged current together
with the hadronic decays of the W boson yield the final
state `

↵

⌫jj, with the invariant mass of the two jets being
consistent with m

W

. The invariant mass of the visible fi-
nal states allows to infer the heavy neutrino mass M . For
center-of-mass energies above the Z-pole this signature is
mainly dependent on |✓

e

✓

↵

|2/|✓|2. We show our estimates
for the 1� sensitivity of this signature at 250 and 350 GeV
for the CEPC and FCC-ee, respectively, by the orange line
in fig. 7, where we use |✓

↵

| = |✓
e

| and |✓
µ

| = |✓
⌧

| = 0.
For details on the calculation of the sensitivity we refer the
reader to section A.2 in the appendix.
For

p
s ' 90 GeV, this signature is dependent on |✓

↵

|2 and
has been investigated at LEP in ref. [35]. Its sensitivity is
included in the dashed purple line, which was obtained from
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ee [41] we use the product of the target instantaneous luminosities from [42] (for two interaction points) and the envisaged run-times, and the
Higgs run with a center-of-mass energy of 240 GeV. Linear future lepton colliders (right): For the ILC [43] we consider the G-20 operation
scenario from ref. [44], and we further include the Giga-Z operation. For the CLIC [45] we consider the discussed physics runs in [46].

We define the heavy neutrino production cross section, to
leading order in the small active-sterile mixing, by

�

⌫N

=
X

i,j

�(e�e+ ! N

j

⌫

i

) , (17)

where the sum is taken over all the light neutrino (i = 1, 2, 3)
and heavy neutrino (j = 1, 2) mass eigenstates. We display
the dependency of the cross sections on the sterile neutrino
mass M for the di↵erent physics runs and for the di↵erent
accelerator layouts in fig. 6. The cross sections were evalu-
ated by implementing the SPSS via Feynrules [47] into the
Monte Carlo event generator WHIZARD [48,49], where ini-
tial state radiation and only for the linear colliders lepton
beam polarisation has been included.

We remark that for
p
s ' m

z

heavy neutrino production
proceeds dominantly via Zs, while for

p
s = 160 GeV and

above it is dominated by Wt. This allows for a separate
assessment of the two di↵erent production channels via the
center-of-mass energy or, respectively, the physics program.

It is interesting to note that we can expect up to O(104)
heavy neutrinos per ab�1 for values of |✓|2 consistent with
the present constraints.

3.2 Signatures and searches

In this section, we discuss observable e↵ects from sterile
neutrinos at e

�
e

+ colliders, which manifest themselves in
specific final states with the related production and decay
channels, cf. fig. 2, and the dependency on the active-sterile
mixing angles. We refer to these e↵ects as signatures and
list them in tab. 3.

In the following, we discuss these and other signatures for
sterile neutrinos at future lepton colliders, thereby updating
several estimates for the sensitivities of the CEPC and FCC-
ee.
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Figure 5: Dominating Feynman diagrams for the production of heavy
neutrinos. Heavy neutrino production via the s-channel Z boson is
dominant at the Z-pole. For center-of-mass energies above the Z-pole
the dominant production stems from the t-channel exchange of a W
boson.

3.2.1 Lepton-dijet

The heavy neutrino decays via the charged current together
with the hadronic decays of the W boson yield the final
state `

↵

⌫jj, with the invariant mass of the two jets being
consistent with m

W

. The invariant mass of the visible fi-
nal states allows to infer the heavy neutrino mass M . For
center-of-mass energies above the Z-pole this signature is
mainly dependent on |✓

e

✓

↵

|2/|✓|2. We show our estimates
for the 1� sensitivity of this signature at 250 and 350 GeV
for the CEPC and FCC-ee, respectively, by the orange line
in fig. 7, where we use |✓

↵

| = |✓
e

| and |✓
µ

| = |✓
⌧

| = 0.
For details on the calculation of the sensitivity we refer the
reader to section A.2 in the appendix.
For

p
s ' 90 GeV, this signature is dependent on |✓

↵

|2 and
has been investigated at LEP in ref. [35]. Its sensitivity is
included in the dashed purple line, which was obtained from
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Larger Energy reach than Linear Colliders 

But current (indirect) constraints are  
stronger for mixing with 2nd family for  
minimal seesaw models with  
EW-scale neutrinos…
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Figure 1: Upper limits on the active-sterile neutrino mixing parameters from “indirect” tests at 90% CL.
The left panel shows the mixing parameters θα, α = e, µ, τ , the right panel shows the Yukawa couplings yνα .
The purple line represents the direct search constraints on the parameter space from Delphi [24].
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Figure 2: Feynman diagram dominating the production of sterile neutrinos at the Z pole.
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