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The Higgs After Run 1
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Figure 12: Best fit results for the production signal strengths for the combination of ATLAS and CMS data. Also
shown are the results from each experiment. The error bars indicate the 1� (thick lines) and 2� (thin lines) intervals.
The measurements of the global signal strength µ are also shown.
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Figure 13: Best fit results for the decay signal strengths for the combination of ATLAS and CMS data (the results
for µµµ are reported in Table 13). Also shown are the results from each experiment. The error bars indicate the
1� (thick lines) and 2� (thin lines) intervals.
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production decay

ATLAS and CMS, 1606.02266

punchline: agrees with SM predictions at ~10s% precision  
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Precision Higgs Program

Future colliders can carry out a 
precision Higgs program (~0.1-1%)

What will we learn?
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Plan

I. Collider Comparison  

II. Effective Field Theory 

III. Beyond the Standard Model
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I.  Collider Comparison
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HL-LHC
(Andreas’ talk)

rare decays: ~10-20%

VV: ~3-5%

signal strengths
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01/06/2018 Philipp Roloff Linear colliders 21

Overview: ILC projections

Phys. Rev. D 97, 053003 (2018)*: extrapolated

P(e−) = -80%, P(e+) = +30%, L = 250 fb−1 P(e−) = +80%, P(e+) = -30%, L = 250 fb−1

Decay mode

Production channel

Projections for σ(ZH) and σ x BR measurements at the ILC

Assumed polarisation sharing:
(−+,+−,−−,++) = (45%,45%,5%,5%) at 250 GeV
(−+,+−,−−,++) = (40%,40%,10%,10%) at 500 GeV

ILC
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Overview: CLIC projections

√s = 350 GeV: √s = 1.4 & 3 TeV:

Based on Eur. Phys. J. C 77, 475 (2017)

• Unpolarised electron beam (equivalent to 50% in both configurations)
• With present knowledge, more data would be collected with P(e−) = -80% at high energy

†: fast simulation
*: extrapolated from 1.4 to 3 TeV

CLIC

Linear Colliders
(Philipp’s talk)

invisible: 0.6%

ttH: 7% di-Higgs: 18%

bb: 1%
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(total projected lumi. is 2/ab) 

WBF x (h>bb, h>WW): 0.3, 0.6%



FCC

FCC-hh

invisible: few x 10
-4 

HH: 5%
 

FCC-ee

(Michelangelo’s talk)
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Patrick Janot 

Typical	measurement	precision	(FCC-ee)	

q  Detector	performance	similar	at	all	colliders	(SiD,	CLIC,	CLD,	…)		

◆  Statistical	accuracy	expected	to	evolve	like	1/√N,	typically	%-level	or	below	for	FCC-ee	

◆  Experimental	uncertainties	much	smaller	~	few	10-4	(regular	Z	runs,	luminosity,	...)		

1 June 2018 
Higgs properties @ Circular Lepton Colliders 
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√s	(L) 240	GeV	(5	ab-1)	 365	GeV	(1.5	ab-1)	

BR	× σ (%) HZ	 ννH	 HZ	 ννH	

H	�	any	 0.5	 0.9	

H	�	bb	 0.3	 3.1	 0.5	 0.9	

H	�	cc	 2.2	 6.5	 10	

H	�	gg	 1.9	 3.5	 4.5	

H	�	WW	 1.3	 2.6	 3.0	

H	�	ZZ	 4.4	 12	 10	

H	�	ττ 0.9	 1.8	 8	

H	�	γγ 9.0	 22	

H	�	µµ 19	 40	

H	�	inv.	 <	0.3	 <	0.6	

Specific	to	circular	colliders	

(Patrick’s talk)

bb: 0.3%

�ZH : 0.5%
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invisible: 0.3%



hh/ee Synergy from Rare Channel Ratios

FCC-hh

+
�ZH (0.5%)
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FCC-ee / CEPC:
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 BR(H→μμ)/BR(H→4μ)

1 % precision (including systematics) within reach
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 BR(H→ɣɣ)/BR(H→2μ2e)

• assumes 100% between e,ɣ systematics
• 1 % precision (including systematics) within reach
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R
(H
→
ɣɣ

)/
BR

(H
→

2μ
2e

) 
(%

)

M. Selvaggi, 2nd FCC Physics Workshop 
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Collider Comparison Punchlines

•baseline e+e- (FCC-ee, ILC250, CLIC350) perform 
percent-level measurements of “core” Higgs processes

•FCC-hh and CLIC1.4-3 open up kinematically 
limited processes (HH, tth)

•FCC-hh precisely measures rare decays (using ratios 
and combination with e+e-) and invisible decays

10
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sions of the Higgs exotic decays at di↵erent future lep-
ton colliders. In Section 3, we describe our simulation
framework and present our phenomenological analysis
for various Higgs exotic decay modes. We summarize
the physics potential from the Higgs exotic decays at
the (HL-)LHC and the future lepton collider programs
in Section 4. In our summary table, we include compre-
hensive projections and show the complementarity be-
tween future lepton collider programs and the HL-LHC.
We also discuss many important future directions for the
Higgs exotic decay programs.

2 Theoretical framework

2.1 Higgs exotic decay modes considered in this
work

The Higgs boson BSM decays have a rich variety of
possibilities. To organize this study on Higgs boson BSM

decays, we selectively choose a set of phenomenologically
driven processes. We focus on two-body Higgs decays
into BSM particles, which are allowed to subsequently
decay further, up to four-body final states. We only
consider the Higgs boson as an CP-even particle. CP-
violation e↵ects would a↵ect various di↵erential distri-
butions, and this demands future study. These processes
are well-motivated by SM+singlet extensions, two-Higgs-
doublet-models, SUSY models, Higgs portals, gauge ex-
tensions of the SM, etc. These assumptions have also
been emphasized in the recent overview of Higgs exotic
decays [25] and the CERN yellow report [26].

We consider in general the exotic Higgs decays into
BSM particles dubbed as Xi, h ! X

1

X
2

. The cascade
decay modes are classified into four cases, schematically
shown in Fig. 1. We discuss their major physics motiva-
tion and features at lepton colliders in order.

h h h h

h h h

h ! 2 h ! 2 ! 3 h ! 2 ! 3 ! 4 h ! 2 ! (1 + 3)

h ! 2 ! 4 h ! 2 ! 4 ! 6 h ! 2 ! 6

h h h h

h h h

h ! 2 h ! 2 ! 3 h ! 2 ! 3 ! 4 h ! 2 ! (1 + 3)

h ! 2 ! 4 h ! 2 ! 4 ! 6 h ! 2 ! 6

h h h h

h h h

h ! 2 h ! 2 ! 3 h ! 2 ! 3 ! 4 h ! 2 ! (1 + 3)

h ! 2 ! 4 h ! 2 ! 4 ! 6 h ! 2 ! 6

h h h h

h h h

h ! 2 h ! 2 ! 3 h ! 2 ! 3 ! 4 h ! 2 ! (1 + 3)

h ! 2 ! 4 h ! 2 ! 4 ! 6 h ! 2 ! 6

Fig. 1. The topologies of the SM-like Higgs exotic decays.

h! 2: The Xis in this case are detector-stable and
charge-neutral. ⇤ They could be dark matter candi-
dates. The Higgs portal [27] to dark matter models, in-
cluding various SUSY light dark matter models [28–38],
motivates this BSM search channel. The lepton collider
background for this channel are mainly from the process
e+e� ! ZZ ! Z + ⌫⌫̄ and e+e� ! W+W� ! `+`�⌫⌫̄.
This channel, due to its simplicity and importance, has
been studied by most of the future lepton collider pro-
grams [16–18] and we will quote these results in our sum-
mary table. We include this channel here for complete-
ness. In addition, many of the models that motivate this
channel also induce other Higgs exotic decays we consider
in this study.

h! 2! 3! 4: This is the topology in which X
1

is
detector-stable and X

2

decays to two particles, with
one of these decay products further decaying into two

particles. A typical BSM model for such decay modes
is the Higgs decaying into the lightest supersymmetric
particle (LSP) plus a heavier neutralino, which subse-
quently decays into the LSP plus a resonant BSM par-
ticle. This resonant BSM particle could be a singlet-
like scalar in the Next-to-Minimal-Supersymmetric-
Standard-Model (NMSSM). Many SUSY models which
motivate Higgs invisible decays also induce this decay
channel, e.g. [38, 39]. It also commonly exists in the
so-called “stealth SUSY” models [40]. This singlet-like
scalar decays into SM fermion pairs, giving rise to the fi-
nal state of a pair of resonant SM particles plus missing
energy, dubbed h ! (ff)+ /E

T

.† In this study, we only
consider the channels which are very challenging at the
LHC, h ! (jj)+/E

T

, h ! (bb̄)+/E
T

and h ! (⌧+⌧�)+/
E

T

. For the hadronic channels, the major background is
from the SM Higgs decay modes h!ZZ⇤ ! jj+⌫⌫̄ and

⇤The possibility of a detector-stable electrical charged particle Xi is usually more contrived and excluded from direct Drell-Yan
production by both LEP and the LHC. Hence, we ignore this possibility here.

†At lepton colliders we could use the quantity missing momentum instead of Missing Transverse Energy (MET) /E
T

. The former
carries more information while the latter is more widely used in the hadron collider analyses. For the decay channel considered in our
analyses, the reach can be improved only marginally by the inclusion of the z-direction missing momentum information because of the
already great limit achieved and additional uncertainties from the beamstrahlung e↵ect [41] and the initial state radiation (ISR) e↵ect [42].
Consequently, we use only the more widely adopted missing transverse energy throughout this study.
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(bb̄)(⌧+⌧�), (⌧+⌧�)(⌧+⌧�), (jj)(��), and (��)(��) de-
cay channels. For a decay topology of h ! 2 ! 3 ! 4
where intermediate resonances are involved, we choose
the lightest stable particle mass to be 10 GeV, the mass
splitting to be 40 GeV and the intermediate resonance
mass to be 10 GeV, which applies to (bb̄)+/E

T

, (jj)+/E
T

,
(⌧+⌧�)+/E

T

. For a decay topology of h! 2! (1+3), we
choose the lightest stable particle mass to be 10 GeV and
the mass splitting to be 40 GeV, which applies to bb̄+/E

T

,

jj+ /E
T

, ⌧+⌧�+ /E
T

. For the Higgs invisible decays, we
take the best limits in the running scenario ECFA16-S2
amongst the Zh associated production and VBF search
channels [12–14].

For the Higgs invisible decays at lepton colliders, we
quote the limits from current studies [16–18]. These lim-
its do not depend on the invisible particle mass using the
recoil mass technique at lepton colliders.

HL-LHC
CEPC
ILC(H20)
FCC-ee

MET (bb)+MET
(jj)+MET

(ττ)+MET
bb+MET

jj+MET
ττ+MET

(bb)(bb)
(cc)(cc)

(jj)(jj) (bb)(ττ)
(ττ)(ττ) (jj)(γγ) (γγ)(γγ)

10-5

10-4

10-3

10-2

10-1

1

B
R
(h
→
E
xo
tic
s)

95% C.L. upper limit on selected Higgs Exotic Decay BR

Fig. 12. The 95% C.L. upper limit on selected Higgs exotic decay branching fractions at HL-LHC, CEPC, ILC and
FCC-ee. The benchmark parameter choices are the same as in Table 3. We put several vertical lines in this figure
to divide di↵erent types of Higgs exotic decays.

From this summary in Table 3 and the correspond-
ing Fig. 12, we can clearly see the improvement in exotic
decays from the lepton collider Higgs factories. These
exotic Higgs decay channels are selected such that they
are hard to be constrained at the LHC but important for
probing BSM decays of the Higgs boson. The improve-
ments on the limits of the Higgs exotic decay branch-
ing fractions vary from one to four orders of magni-
tude for these channels. The lepton colliders can im-
prove the limits on the Higgs invisible decays beyond the
HL-LHC projection by one order of magnitude, reach-
ing the SM invisible decay branching fraction of 0.12%
from h ! ZZ⇤ ! ⌫⌫̄⌫⌫̄ [56]. For the Higgs exotic de-
cays into hadronic particle plus missing energy, (bb̄)+/

E
T

, (jj)+/E
T

and (⌧+⌧�)+/E
T

, the future lepton colliders
improve on the HL-LHC sensitivity for these channels by
roughly four orders of magnitude. This great advantage
benefits a lot from low QCD background and the Higgs
tagging from recoil mass technique at future lepton col-
liders. As for the Higgs exotic decays without missing
energy, the improvement varies between two to three or-
ders of magnitude, except for the one order of magnitude
improvement for the (��)(��) channel. Being able to re-
construct the Higgs mass from the final state particles
at the LHC does provide additional signal-background
discrimination power and hence the future lepton collid-
ers improvement on Higgs exotic decays without miss-

ing energy is less impressive than for those with missing
energy. Furthermore, as discussed earlier, leptons and
photons are relatively clean objects at the LHC and the
sensitivity at the LHC on these channels will be very
good. Future lepton colliders complement the HL-LHC
for hadronic channels and channels with missing ener-
gies.

There are many more investigations to be carried
out under the theme of Higgs exotic decays. For our
study, we take the cleanest channel of e+e� !ZH with
Z ! `+`� and h !exotics up to four-body final state,
but further inclusion of the hadronic decaying spectator
Z-boson and even invisible decays of the Z-boson would
definitely improve the statistics and consequently result
in better limits. As a first attempt to evaluate the Higgs
exotic decay program at future lepton colliders, we do
not include the case of very light intermediate particles
whose decay products will be collimated, but postpone
this for future study when the detector performance is
more clearly defined. There are many more exotic Higgs
decay modes to consider, such as Higgs decaying to a
pair of intermediate particles with un-even masses [25],
Higgs CP property measurements from its decay di↵eren-
tial distributions [57–60], flavor violating decays, decays
to light quarks [61], decays into meta-stable particles,
and complementary Higgs exotic productions [62]. Our
work is a first systematic study evaluating the physics

063102-12

Liu, Wang, Zhang, 1612.09284

Exotic Higgs Decays

new light particles
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II.  Effective Field Theory

UV

IR

⇤

energy



UV: unknown BSM

IR: SM EFT

energy LSM +
X

i

ci
Oi

⇤di�4

⇤

Standard Model

new operators

unknown coefficients

(di > 4)
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SM EFT
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• dim 5: Majorana neutrino mass m⌫ =
v2
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• dim 6: 2499 baryon number conserving operators
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Figure 1. Growth of the number of independent operators in the SM EFT up to mass dimension
15. Points joined by the lower solid line are for one fermion generation; those joined by the upper
solid line are for three generations. Dashed lines are to guide the eye to the growth of the even and
odd mass dimension operators in both cases.

(which exhibit some rather large prime numbers!). The number of independent operators
evaluated for Nf = 1 and Nf = 3 up to dimension 15 are plotted in Fig. 1. We see the
growth is exponential, which is to be expected on general grounds [43].

5 Discussion

The method we have outlined in this paper can be extended trivially to determining the
content and number of higher dimension operators for any four-dimensional relativistic
gauge theory with scalar and fermionic matter. The master equation is eq. (3.14), which
needs to be modified from the SM to the theory of interest. The pieces of eq. (3.14)
which are SM specific are the gauge groups (and as such the Haar measures that need to be
integrated over to produce gauge singlets), and the field content (which enters the plethystic
exponential).

In the present work we studied the expansion of eq. (2.7) in powers of mass dimension,
✏. However, in our previous work in (0+1) dimensions [11] we were able to obtain all-order
formulae for Hilbert series, revealing a fascinating analytic structure which could not be
seen in any finite order expansion. Can we hope to attack eq. (2.7) directly? Could this
reveal some previously hidden all-order structure of the SM EFT? While lofty, questions
along these lines merit detailed investigation of the structure underlying operator bases,
which we take up in [1].

– 16 –

• beyond dim 6:

Henning, Lu, Melia, Murayama, 1512.03433
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EFT Fit from Higgs Measurements

Jorge de Blas,  
“Global fits to EW and Higgs observables at the FCC,”  
FCC Week 2018, April 11, 2018.

see also:

Jorge de Blas prepared a global EFT fit using the 
projections presented in today’s talks 

• included: - LEP electroweak  
- future Higgs coupling measurements

•not included:

a) HL-LHC alone 
b) HL-LHC combined with future colliders

- Higgs kinematic fits  
- theoretical uncertainties 
- future electroweak precision

warning: this was done quickly, so results are preliminary
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Operators Included in This Fit
X3 ϕ6 and ϕ4D2 ψ2ϕ3

QG fABCGAν
µ GBρ

ν GCµ
ρ Qϕ (ϕ†ϕ)3 Qeϕ (ϕ†ϕ)(l̄perϕ)

QG̃ fABCG̃Aν
µ GBρ

ν GCµ
ρ Qϕ! (ϕ†ϕ)!(ϕ†ϕ) Quϕ (ϕ†ϕ)(q̄purϕ̃)

QW εIJKW Iν
µ W Jρ

ν WKµ
ρ QϕD

(
ϕ†Dµϕ

)⋆ (
ϕ†Dµϕ

)
Qdϕ (ϕ†ϕ)(q̄pdrϕ)

QW̃ εIJKW̃ Iν
µ W Jρ

ν WKµ
ρ

X2ϕ2 ψ2Xϕ ψ2ϕ2D

QϕG ϕ†ϕGA
µνG

Aµν QeW (l̄pσµνer)τ IϕW I
µν Q(1)

ϕl (ϕ†i
↔

Dµ ϕ)(l̄pγµlr)

QϕG̃ ϕ†ϕ G̃A
µνG

Aµν QeB (l̄pσµνer)ϕBµν Q(3)
ϕl (ϕ†i

↔

D I
µ ϕ)(l̄pτ

Iγµlr)

QϕW ϕ†ϕW I
µνW

Iµν QuG (q̄pσµνTAur)ϕ̃GA
µν Qϕe (ϕ†i

↔

Dµ ϕ)(ēpγµer)

Q
ϕW̃

ϕ†ϕ W̃ I
µνW

Iµν QuW (q̄pσµνur)τ I ϕ̃W I
µν Q(1)

ϕq (ϕ†i
↔

Dµ ϕ)(q̄pγµqr)

QϕB ϕ†ϕBµνBµν QuB (q̄pσµνur)ϕ̃Bµν Q(3)
ϕq (ϕ†i

↔

D I
µ ϕ)(q̄pτ

Iγµqr)

QϕB̃ ϕ†ϕ B̃µνBµν QdG (q̄pσµνTAdr)ϕGA
µν Qϕu (ϕ†i

↔

Dµ ϕ)(ūpγµur)

QϕWB ϕ†τ IϕW I
µνB

µν QdW (q̄pσµνdr)τ IϕW I
µν Qϕd (ϕ†i

↔

Dµ ϕ)(d̄pγµdr)

QϕW̃B ϕ†τ Iϕ W̃ I
µνB

µν QdB (q̄pσµνdr)ϕBµν Qϕud i(ϕ̃†Dµϕ)(ūpγµdr)

Table 2: Dimension-six operators other than the four-fermion ones.

3 The complete set of dimension-five and -six operators

This Section is devoted to presenting our final results (derived in Secs. 5, 6 and 7) for the basis

of independent operators Q(5)
n and Q(6)

n . Their independence means that no linear combination
of them and their Hermitian conjugates is EOM-vanishing up to total derivatives.

Imposing the SM gauge symmetry constraints on Q(5)
n leaves out just a single operator [20],

up to Hermitian conjugation and flavour assignments. It reads

Qνν = εjkεmnϕ
jϕm(lkp)

TClnr ≡ (ϕ̃†lp)
TC(ϕ̃†lr), (3.1)

where C is the charge conjugation matrix.2 Qνν violates the lepton number L. After the
electroweak symmetry breaking, it generates neutrino masses and mixings. Neither L(4)

SM nor
the dimension-six terms can do the job. Thus, consistency of the SM (as defined by Eq. (1.1)
and Tab. 1) with observations crucially depends on this dimension-five term.

All the independent dimension-six operators that are allowed by the SM gauge symmetries
are listed in Tabs. 2 and 3. Their names in the left column of each block should be supplemented
with generation indices of the fermion fields whenever necessary, e.g., Q(1)

lq → Q(1)prst
lq . Dirac

indices are always contracted within the brackets, and not displayed. The same is true for the

2 In the Dirac representation C = iγ2γ0, with Bjorken and Drell [21] phase conventions.

3

“Warsaw Basis,” Grzadkowski, Iskrzynski, Misiak, Rosiek, 1008.4884

(L̄L)(L̄L) (R̄R)(R̄R) (L̄L)(R̄R)

Qll (l̄pγµlr)(l̄sγµlt) Qee (ēpγµer)(ēsγµet) Qle (l̄pγµlr)(ēsγµet)

Q(1)
qq (q̄pγµqr)(q̄sγµqt) Quu (ūpγµur)(ūsγµut) Qlu (l̄pγµlr)(ūsγµut)

Q(3)
qq (q̄pγµτ Iqr)(q̄sγµτ Iqt) Qdd (d̄pγµdr)(d̄sγµdt) Qld (l̄pγµlr)(d̄sγµdt)

Q(1)
lq (l̄pγµlr)(q̄sγµqt) Qeu (ēpγµer)(ūsγµut) Qqe (q̄pγµqr)(ēsγµet)

Q(3)
lq (l̄pγµτ I lr)(q̄sγµτ Iqt) Qed (ēpγµer)(d̄sγµdt) Q(1)

qu (q̄pγµqr)(ūsγµut)

Q(1)
ud (ūpγµur)(d̄sγµdt) Q(8)

qu (q̄pγµTAqr)(ūsγµTAut)

Q(8)
ud (ūpγµTAur)(d̄sγµTAdt) Q(1)

qd (q̄pγµqr)(d̄sγµdt)

Q(8)
qd (q̄pγµTAqr)(d̄sγµTAdt)

(L̄R)(R̄L) and (L̄R)(L̄R) B-violating

Qledq (l̄jper)(d̄sq
j
t ) Qduq εαβγεjk

[
(dαp )

TCuβr
] [
(qγjs )TClkt

]

Q(1)
quqd (q̄jpur)εjk(q̄ksdt) Qqqu εαβγεjk

[
(qαjp )TCqβkr

] [
(uγs )

TCet
]

Q(8)
quqd (q̄jpT

Aur)εjk(q̄ksT
Adt) Qqqq εαβγεjnεkm

[
(qαjp )TCqβkr

] [
(qγms )TClnt

]

Q(1)
lequ (l̄jper)εjk(q̄

k
sut) Qduu εαβγ

[
(dαp )

TCuβr
] [
(uγs )

TCet
]

Q(3)
lequ (l̄jpσµνer)εjk(q̄

k
sσ

µνut)

Table 3: Four-fermion operators.

isospin and colour indices in the upper part of Tab. 3. In the lower-left block of that table,
colour indices are still contracted within the brackets, while the isospin ones are made explicit.
Colour indices are displayed only for operators that violate the baryon number B (lower-right
block of Tab. 3). All the other operators in Tabs. 2 and 3 conserve both B and L.

The bosonic operators (classes X3, X2ϕ2, ϕ6 and ϕ4D2) are all Hermitian. Those containing
X̃µν are CP-odd, while the remaining ones are CP-even. For the operators containing fermions,
Hermitian conjugation is equivalent to transposition of generation indices in each of the fermionic
currents in classes (L̄L)(L̄L), (R̄R)(R̄R), (L̄L)(R̄R), and ψ2ϕ2D2 (except for Qϕud). For the
remaining operators with fermions, Hermitian conjugates are not listed explicitly.

If CP is defined in the weak eigenstate basis then Q−
(+)

Q† are CP-odd (-even) for all the
fermionic operators. It follows that CP-violation by any of those operators requires a non-
vanishing imaginary part of the corresponding Wilson coefficient. However, one should remem-
ber that such a CP is not equivalent to the usual (“experimental”) one defined in the mass
eigenstate basis, just because the two bases are related by a complex unitary transformation.

Counting the entries in Tabs. 2 and 3, we find 15 bosonic operators, 19 single-fermionic-
current ones, and 25 B-conserving four-fermion ones. In total, there are 15+19+25=59 inde-
pendent dimension-six operators, so long as B-conservation is imposed.
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ud (ūpγµur)(d̄sγµdt) Q(8)

qu (q̄pγµTAqr)(ūsγµTAut)
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Q(8)
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FCCee: h>gg 

FCChh: (h>2μ)/(h>4μ) 
FCCee: σ(Zh)

FCChh: tth x (h>bb) 
FCCee: h>bb 
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In a Global Fit, Correlations Matter!
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X3 ϕ6 and ϕ4D2 ψ2ϕ3

QG fABCGAν
µ GBρ

ν GCµ
ρ Qϕ (ϕ†ϕ)3 Qeϕ (ϕ†ϕ)(l̄perϕ)

QG̃ fABCG̃Aν
µ GBρ

ν GCµ
ρ Qϕ! (ϕ†ϕ)!(ϕ†ϕ) Quϕ (ϕ†ϕ)(q̄purϕ̃)

QW εIJKW Iν
µ W Jρ

ν WKµ
ρ QϕD

(
ϕ†Dµϕ

)⋆ (
ϕ†Dµϕ

)
Qdϕ (ϕ†ϕ)(q̄pdrϕ)

QW̃ εIJKW̃ Iν
µ W Jρ

ν WKµ
ρ

X2ϕ2 ψ2Xϕ ψ2ϕ2D

QϕG ϕ†ϕGA
µνG

Aµν QeW (l̄pσµνer)τ IϕW I
µν Q(1)

ϕl (ϕ†i
↔

Dµ ϕ)(l̄pγµlr)

QϕG̃ ϕ†ϕ G̃A
µνG

Aµν QeB (l̄pσµνer)ϕBµν Q(3)
ϕl (ϕ†i

↔

D I
µ ϕ)(l̄pτ

Iγµlr)

QϕW ϕ†ϕW I
µνW

Iµν QuG (q̄pσµνTAur)ϕ̃GA
µν Qϕe (ϕ†i

↔

Dµ ϕ)(ēpγµer)

Q
ϕW̃

ϕ†ϕ W̃ I
µνW

Iµν QuW (q̄pσµνur)τ I ϕ̃W I
µν Q(1)

ϕq (ϕ†i
↔

Dµ ϕ)(q̄pγµqr)

QϕB ϕ†ϕBµνBµν QuB (q̄pσµνur)ϕ̃Bµν Q(3)
ϕq (ϕ†i

↔

D I
µ ϕ)(q̄pτ

Iγµqr)

QϕB̃ ϕ†ϕ B̃µνBµν QdG (q̄pσµνTAdr)ϕGA
µν Qϕu (ϕ†i

↔

Dµ ϕ)(ūpγµur)

QϕWB ϕ†τ IϕW I
µνB

µν QdW (q̄pσµνdr)τ IϕW I
µν Qϕd (ϕ†i

↔

Dµ ϕ)(d̄pγµdr)

QϕW̃B ϕ†τ Iϕ W̃ I
µνB

µν QdB (q̄pσµνdr)ϕBµν Qϕud i(ϕ̃†Dµϕ)(ūpγµdr)

Table 2: Dimension-six operators other than the four-fermion ones.

3 The complete set of dimension-five and -six operators

This Section is devoted to presenting our final results (derived in Secs. 5, 6 and 7) for the basis

of independent operators Q(5)
n and Q(6)

n . Their independence means that no linear combination
of them and their Hermitian conjugates is EOM-vanishing up to total derivatives.

Imposing the SM gauge symmetry constraints on Q(5)
n leaves out just a single operator [20],

up to Hermitian conjugation and flavour assignments. It reads

Qνν = εjkεmnϕ
jϕm(lkp)

TClnr ≡ (ϕ̃†lp)
TC(ϕ̃†lr), (3.1)

where C is the charge conjugation matrix.2 Qνν violates the lepton number L. After the
electroweak symmetry breaking, it generates neutrino masses and mixings. Neither L(4)

SM nor
the dimension-six terms can do the job. Thus, consistency of the SM (as defined by Eq. (1.1)
and Tab. 1) with observations crucially depends on this dimension-five term.

All the independent dimension-six operators that are allowed by the SM gauge symmetries
are listed in Tabs. 2 and 3. Their names in the left column of each block should be supplemented
with generation indices of the fermion fields whenever necessary, e.g., Q(1)

lq → Q(1)prst
lq . Dirac

indices are always contracted within the brackets, and not displayed. The same is true for the

2 In the Dirac representation C = iγ2γ0, with Bjorken and Drell [21] phase conventions.
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FCChh: tth x (h>bb) 
FCCee: h>bb 

FCChh: (h>2μ)/(h>4μ) 
FCCee: σ(Zh)

FCChh: (h>γγ)/(h>2e2μ) 
FCCee: σ(Zh)

FCChh: (h>Ζγ)/(h>γγ) 
FCCee: σ(Zh)
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Figure 3. Schematic temperature dependence of the e↵ective potential.

theory and induce a restoration of symmetry at very high temperatures. The breakdown

of the perturbative expansion can be postponed by resumming the most dangerous

thermal corrections by incorporating thermal mass corrections in the propagators. The

net result of such a daisy resummation is to generate an additional term in the e↵ective

potential [31]:

V
(daisy)
1

= � T

12⇡

X

{b}0
nb

⇥

m3

b(�, T )�m3

b(�)
⇤

3/2
, (12)

where the sum runs only over scalars and longitudinal vectors, and m2 is the field-

dependent thermal squared mass:

m2(�) = m2(�) + ⇧(T ) , (13)

with ⇧(T ) / T 2 the thermal contribution to the mass.

The daisy correction is particularly important for a first-order transition because it

a↵ects primarily the crucial cubic term. For example, suppose the contribution to the

cubic term comes from a scalar with a zero-temperature mass of m2(�) = g�2 with a

thermal correction of ⇧(T ) = T 2. The would-be cubic term becomes

�E�3 =
1

12⇡
g3/2�3 ! 1

12⇡

⇥

g�2 + T 2

⇤

3/2
(14)

When ⇧(T ) is large relative to m2(�), this corrected expression ceases to behave as a

cubic in � and the phase transition might no longer be first-order.

When the electroweak phase transition is first-order, it proceeds by the nucleation of

bubbles of the broken phase within the surrounding plasma of symmetric phase. Bubble

nucleation is governed by thermal tunnelling [32] from the local minimum at � = 0 to

a deeper minimum at � 6= 0. In nucleating a bubble there is a competition between

the decrease in free energy, proportional to bubble volume, with the increase due to the

tension of the wall, proportional to bubble area. As such, there is a minimum radius for

which a bubble can grow after it is formed, and this limits the tunnelling rate. Bubble

formation and growth only begins in earnest when this rate exceeds the Hubble rate,

Electroweak Phase Transition

Morrissey, Ramsey-Musolf, 1206.2942

Was the electroweak phase 
transition first order?

Sakharov’s Conditions:
1. baryon number violation 
2. C and CP violation 
3. departure from equilibrium

SM: not first order, no electroweak baryogenesis 
BSM: can be first order but predicts Higgs deviations
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Figure 1: Parameter space scan for the singlet model of Sec. 2.1. An orange point indicates a first

order phase transition, a blue point indicates a strongly first order phase transition (3.4), and a green

point indicates a very-strong first order phase transition with potentially detectable gravitational

wave signal at eLISA. The right panels shows the predicted gravitational wave spectrum today

along with the projected sensitivity of eLISA [2].

at T & 200 GeV, and the electroweak symmetry is broken later T . 100 GeV when the singlet vev

becomes positive. Due to the large field excursion and the barrier provided by tree-level potential

terms (ahs�2
h�s and �hs�2

h�
2
s) there is a significant amount of supercooling, and the phase transition

is very strongly first order. However, at the zero-temperature vacuum, the model is very SM-like,

and the deviation in the hZZ coupling is too small to probe with future Higgs factories. Since the

model admits strongly first order phase transition, but is inaccessible to collider probes, this limit

can be viewed as a new class of “nightmare scenario.”

Stop-Like Scenario

In Sec. 2.2 we extend the SM by three scalar doublets and complex scalar singlets, which can be

viewed as colorless stops and sbottoms. As the text discusses below Eq. (2.12), we restrict to a

4-dimensional parameter space by assuming a common quartic coupling �. The new charged scalars

contribute to the Higgs diphoton decay width �h!�� and lead to a deviation in the hZZ coupling,

parametrized by �ghZZ . Figure 4 shows the result of a scan over the 4-dimensional parameter

space. In the region of parameter space with a first order phase transition (orange, blue, and

green points), the Higgs diphoton decay width is enhanced by more than 10%, and it is enhanced

by more than 20% in the region with a potentially detectable gravitational wave signal (green).

Given current LHC limits (3.2) some of this parameter space is already at tension with the data.

More importantly, the projected sensitivity of figure Higgs factories (CEPC, ILC-500, FCC-ee) is

su�cient to test the entire region of parameter space where the phase transition is first order.
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SM

CLIC350
CLIC3

Huang, Long, Wang, 1608.06619

a large coupling with the Higgs field.

In this paper, we survey a number of simplified models that demonstrate the basic ingredients

necessary for a first order electroweak phase transition. We focus on four models in which the SM

is extended, respectively, to include a real scalar singlet, a scalar doublet, heavy chiral fermions,

and varying Yukawa couplings. This set of models exemplifies all of the di↵erent phase transition

model classes, enumerated above.

2 Models

In each of the models discussed here, the Higgs field is represented by �(x), and the Standard

Model Lagrangian contains

Lsm �
�
Dµ�

�†�
Dµ�

�
�m2

0�
†�� �h

�
�†�

�2
. (2.1)

In calculating the scalar e↵ective potential we write h�(x)i = (0 , �h/
p
2) with �h real. The vacuum

spontaneously breaks the electroweak symmetry, �h = v with v ' 246 GeV. The Higgs mass is

denoted as Mh, and it takes the value Mh ' 125 GeV.

2.1 Real Scalar Singlet

First, we add to the SM a real scalar field S(x), which is a singlet under the SM gauge group. This

is probably the simplest extension of the Higgs sector of the SM. At the same time, due the lack of

other interactions, it gives rise to the most independent signal.

The most general renormalizable Lagrangian is written as

L = Lsm +
1

2

�
@µS

��
@µS

�
� tsS � m2

s

2
S2 � as

3
S3 � �s

4
S4 � �hs�

†�S2 � 2ahs�
†�S . (2.2)

Without loss of generality, we can set ts = 0. Since the new scalar is a singlet, it only interacts with

the Standard Model via the Higgs portal, �†�S2 and �†�S. The electroweak phase transition and

collider phenomenology in this model, sometimes called the xSM, have been studied extensively;

see e.g. Ref. [6] and references therein. The gravitational wave signal in related models has been

studied recently by Refs. [7–13]

There is no single reason why this model admits a first order electroweak phase transition.

In fact di↵erent limits of this simple model exhibit each of the phase transition model classes that

were identified in Ref. [5]. Most notably, the tree-level interactions play a significant role in most

of the parameter space. During the electroweak phase transition, the singlet vs need not remain

fixed. If vs changes along with v, then the Higgs portal terms, �hs�†�S2 and ahs�†�S, can give

rise to a barrier in the e↵ective potential, and the phase transition is first order.

After electroweak symmetry breaking h�i = (0 , v/
p
2), and generically we expect the singlet

field to acquire a vacuum expectation value as well, hSi = vs. Then, the Higgs portal operators

4

Real Scalar Singlet Model

•first order
•strongly first order
•very strongly first order

(eLISA signal)

Higgs couplings: 1�
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Naturalness Predicts Light Top Partners

ex) stops in supersymmetry

it is not relevant for constraining top partners. However, in some cases (e.g., in the MSSM
or in 2HDM models), we set rc = rt, and thus a precise measurement of rc will allow strong
constraints to be set on top-partner models in which rt is a↵ected. For invisible decays, we
use Eq. (3.17) and translate �B

inv

from the 95% CL upper limit given in Table 5 using the
relation �B

inv

= �95%

B
inv

/
p
3.84.

5 Canonical Top Partner Models and Extensions

We outline now the models of three specific classes of colored top partners – spin-0, 1/2, and
1 – that we study. The symmetries that enforce the cancellation of quadratic divergences,
see Eq. (2.4), will be di↵erent in the various cases, and therefore the basic moving parts of
a model and their predictions for Higgs phenomenology are di↵erent. We briefly comment
on their generic prediction for N

ˆt defined by Eq. (3.13) and the extensions that can reduce
the overall contribution to rG.

5.1 Spin-0

For spin-0 colored top partners (without loss of generality we will refer to them as stops),
enforcing Eq. (2.4) requires a symmetry between the fermionic tops of the SM and scalar
particles. Supersymmetry is the only known symmetry that can have such a relation, and
in the minimal incarnations that can incorporate the SM there will be two stops, a partner
for the right-handed and left-handed top quarks. Moreover, since the top-quark is part of
an SU(2) doublet with the bottom-quark, SUSY will also require a left-handed bottom-
partner. We assume that other partner particles are heavy, which in any case does not spoil
naturalness.
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Even though Eq. (2.4) is satisfied for a natural theory, the precise structure of the model
and the Higgs sector is model-dependent. In the case of SUSY, the Higgs sector must
be enlarged at least to a two-Higgs-doublet model (2HDM) because of the symmetry that
enforces Eq. (2.4). This has implications for the Higgs phenomenology, since the Higgs
observed at the LHC must then be a linear combination of the fields within the 2HDM (or
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Light Top Partners Predict Higgs Deviations

it is not relevant for constraining top partners. However, in some cases (e.g., in the MSSM
or in 2HDM models), we set rc = rt, and thus a precise measurement of rc will allow strong
constraints to be set on top-partner models in which rt is a↵ected. For invisible decays, we
use Eq. (3.17) and translate �B

inv

from the 95% CL upper limit given in Table 5 using the
relation �B

inv

= �95%

B
inv

/
p
3.84.

5 Canonical Top Partner Models and Extensions

We outline now the models of three specific classes of colored top partners – spin-0, 1/2, and
1 – that we study. The symmetries that enforce the cancellation of quadratic divergences,
see Eq. (2.4), will be di↵erent in the various cases, and therefore the basic moving parts of
a model and their predictions for Higgs phenomenology are di↵erent. We briefly comment
on their generic prediction for N

ˆt defined by Eq. (3.13) and the extensions that can reduce
the overall contribution to rG.

5.1 Spin-0

For spin-0 colored top partners (without loss of generality we will refer to them as stops),
enforcing Eq. (2.4) requires a symmetry between the fermionic tops of the SM and scalar
particles. Supersymmetry is the only known symmetry that can have such a relation, and
in the minimal incarnations that can incorporate the SM there will be two stops, a partner
for the right-handed and left-handed top quarks. Moreover, since the top-quark is part of
an SU(2) doublet with the bottom-quark, SUSY will also require a left-handed bottom-
partner. We assume that other partner particles are heavy, which in any case does not spoil
naturalness.

In this limit we have the equality a
˜t = at = �2

t in Eq. (2.2), and due to scalars and
fermions contributing with opposite signs to the Higgs-loop integrals, Eq. (2.4) is auto-
matically satisfied. The usual diagrammatic presentation of the cancellation of quadratic
divergences is shown in Fig. 1.
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Figure 1: Diagrams relevant to the cancellation of the top loop with spin-0 partners: the
one-loop diagram for the SM top (left) and the two stops (right).

Even though Eq. (2.4) is satisfied for a natural theory, the precise structure of the model
and the Higgs sector is model-dependent. In the case of SUSY, the Higgs sector must
be enlarged at least to a two-Higgs-doublet model (2HDM) because of the symmetry that
enforces Eq. (2.4). This has implications for the Higgs phenomenology, since the Higgs
observed at the LHC must then be a linear combination of the fields within the 2HDM (or
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Higgs precision observables at the FCC
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Several New Operators Already present in the EWPO analysis

Modifies Higgs kinetic term.  
Enters in all Higgs observables

Field redefinition: trade by this 2 
operators (do not enter in EWPO)
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it is not relevant for constraining top partners. However, in some cases (e.g., in the MSSM
or in 2HDM models), we set rc = rt, and thus a precise measurement of rc will allow strong
constraints to be set on top-partner models in which rt is a↵ected. For invisible decays, we
use Eq. (3.17) and translate �B

inv

from the 95% CL upper limit given in Table 5 using the
relation �B

inv

= �95%

B
inv

/
p
3.84.

5 Canonical Top Partner Models and Extensions

We outline now the models of three specific classes of colored top partners – spin-0, 1/2, and
1 – that we study. The symmetries that enforce the cancellation of quadratic divergences,
see Eq. (2.4), will be di↵erent in the various cases, and therefore the basic moving parts of
a model and their predictions for Higgs phenomenology are di↵erent. We briefly comment
on their generic prediction for N

ˆt defined by Eq. (3.13) and the extensions that can reduce
the overall contribution to rG.

5.1 Spin-0

For spin-0 colored top partners (without loss of generality we will refer to them as stops),
enforcing Eq. (2.4) requires a symmetry between the fermionic tops of the SM and scalar
particles. Supersymmetry is the only known symmetry that can have such a relation, and
in the minimal incarnations that can incorporate the SM there will be two stops, a partner
for the right-handed and left-handed top quarks. Moreover, since the top-quark is part of
an SU(2) doublet with the bottom-quark, SUSY will also require a left-handed bottom-
partner. We assume that other partner particles are heavy, which in any case does not spoil
naturalness.

In this limit we have the equality a
˜t = at = �2

t in Eq. (2.2), and due to scalars and
fermions contributing with opposite signs to the Higgs-loop integrals, Eq. (2.4) is auto-
matically satisfied. The usual diagrammatic presentation of the cancellation of quadratic
divergences is shown in Fig. 1.
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Figure 1: Diagrams relevant to the cancellation of the top loop with spin-0 partners: the
one-loop diagram for the SM top (left) and the two stops (right).

Even though Eq. (2.4) is satisfied for a natural theory, the precise structure of the model
and the Higgs sector is model-dependent. In the case of SUSY, the Higgs sector must
be enlarged at least to a two-Higgs-doublet model (2HDM) because of the symmetry that
enforces Eq. (2.4). This has implications for the Higgs phenomenology, since the Higgs
observed at the LHC must then be a linear combination of the fields within the 2HDM (or
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• Operators considered in this analysis: Higgs couplings 
Vector couplings
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Several New Operators Already present in the EWPO analysis

Modifies Higgs kinetic term.  
Enters in all Higgs observables

Field redefinition: trade by this 2 
operators (do not enter in EWPO)
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Figure 3: Excluded parameter space and expected sensitivities at the 2� CL of current (gray)
and future data (various colors) for spin-0 top-partners in the m

˜t
2

versus m
˜t
1

plane. In the

left plot, we assume tan � ' 1 and hb̃
1

b̃
1

coupling vanishes (Eq. (5.47)), while in the right
plot, tan � is large to maximize the D-term contributions in the stop and sbottom sector
(Eq. (5.48)). We assume that top partners are the only BSM contributions to the Higgs
couplings and can contribute to exotic Higgs decay through h ! t̃t̃ and, possibly, h ! b̃

1

b̃
1

.
The other Higgs couplings are fixed to their SM values. For both plots, we require m

˜b
1

to
be real in the allowed region.

Eq. (5.45).
As anticipated in Section 5.1, the lower bounds on the masses are strongest for m

˜t
1

= m
˜t
2

and weaker for split masses. The constraints and projections along the degenerate direction
for high masses arise dominantly from the presence of the two stops in the hgg and h��
loops. Comparing the two plots in this region, we see that the D-term contribution in the
stop mass matrix Eq. (5.25) and in the Higgs-stop-stop couplings Eqs. (5.29)–(5.31), as well
as including the sbottom contribution, only slightly extends the constraints and projections
at the O(1%) level. When one of the stops becomes lighter than half the Higgs mass,
constraints arise from h ! t̃t̃ (left plot) and from h ! t̃t̃ and h ! b̃

1

b̃
1

(right plot). If
one of the stops becomes heavy, the coupling of the Higgs to the lighter stop with mass
below mh/2 becomes small and the Higgs decay to the lighter stop vanishes. However, in
the presence of a light left-handed sbottom (corresponding to a light left-handed stop, t̃

1

),
the Higgs decay width to sbottoms is large; while the current data is unable to rule out the
m

˜t
2

< mh/2 region entirely, future LHC Run 3 data can su�ciently constrain exotic Higgs
decays to probe this region completely.
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marginalized over stop mixing Xt
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additional Higgs states if there are more). For simplicity, we will start with the minimal
2HDM required for stops, which is a type-II model as in the MSSM, and take the decoupling
limit. In the decoupling limit, the Higgs couples to the SM fields as the SM Higgs (i.e., rt
and the other Higgs-SM couplings are 1). We will comment below in Sections 5.1.1 and 5.1.2
on changes that occur from extended Higgs sectors.

We now first review the structure of the stop masses and their couplings to the Higgs,
and then explain how Higgs precision measurements constrain the stops. We then discuss
how the stop constraints are a↵ected when including the left-handed sbottom.

After EWSB the stop-mass matrix is given by
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where mQ
3

and mU
3

are the soft SUSY breaking masses of the left- and right-handed stops,
respectively.6 Dt

L and Dt
R are D-terms
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where ✓W is the Weinberg angle and tan � ⌘ v
2

/v
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is the ratio of the two Higgs VEVs.
The stop matrix has two eigenvalues, m
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Since mQ
3

, mU
3

, Dt
L, and Dt

R are real, the maximum value for Xt is given by
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To calculate the e↵ect of the stops on Higgs-precision measurement, we need to know the
couplings between the Higgs, t̃

1

, and t̃
2

. In the decoupling limit, these are given by

gh˜t
1
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1

=
2
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2
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2

�m2
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1

+D
11

!
, (5.29)
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2

t

m2

˜t
2

�m2

˜t
1

+D
22

!
, (5.30)

gh˜t
1

˜t
2

=
mt

v
Xt (cos 2✓t +D

12

) , (5.31)

6In the MSSM, the o↵-diagonal mixing parameter can be written as Xt = At � µ cot �, where At is a
soft-SUSY breaking parameter and µ is a supersymmetric mass term for the Higgs doublets; for a review
see [75].
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Figure 4: Excluded parameter space and expected sensitivities at the 2� CL of current and
future data for spin-0 (left), spin-1/2 (middle), and spin-1 (right) top-partners. We assume
that the two spin-0 top partners are degenerate in mass, m

˜t
1

= m
˜t
2

⌘ m
˜t. We assume that

top partners contribute only in the hgg and h�� loops, there are no modifications of the
Higgs couplings to other SM particles, and there are no exotic or invisible Higgs decays. The
parameter space excluded by current LHC and Tevatron data is shown in dark gray, while
the expected sensitivity of the current data is shown in light gray. Future LHC runs and the
proposed future colliders (ILC, CEPC, and FCC-ee/hh) are shown in various colors.

6.1.2 Comparison of Constraints between Spin-0, Spin-1/2, and Spin-1

To compare constraints on spin-0 particles with constraints on spin-1/2 and spin-1, we focus
on the degenerate direction for spin-0 (m

˜t
1

= m
˜t
2

), because our canonical spin-1/2 and spin-1
models only have a single top partner. Recall that along the high-mass spin-0 degenerate
direction, the contributions from the left-handed sbottom and from stopD-terms only matter
at a few-percent level. For the remainder of Section 6, we set gh˜b

1

˜b
1

= 0, but require that
the choice of stop-sector masses and mixing allow the left-handed sbottom to be real, see
Section 5.1 (note that we include D-term contributions in the stop-sector, i.e., large tan�).

In Fig. 4 we show the current constraints and expected sensitivities for degenerate spin-
0 (left), spin-1/2 (middle), and spin-1 (right) top-partners. The current constraints from
Tevatron and LHC data for these di↵erent spin-states are about 350 GeV, 700 GeV, and
2.2 TeV, respectively. The LHC Run 4 is expected to improve on these by a few hundred GeV,
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6 Higgs Couplings to Photons and Gluons

Following the discovery of the Higgs boson, a multi-year program to precisely measure

the Higgs couplings is envisioned [13]. The upcoming LHC experiments as well as,

hopefully, experiments at a next-generation electron-positron Higgs factory [14, 15],

will be able to measure many Higgs couplings with precision of ⇠ 1% or better. It

is therefore worthwhile to study deviations from the SM predicted by models of new

physics at the TeV scale.

In the CCT model, the corrections to Higgs couplings are of two types. First,

since the full structure of the MSSM is reproduced, the Higgs sector is extended to a

two-Higgs doublet model, leading to tree-level shifts in the Higgs couplings to gauge

bosons and fermions. These e↵ects have been already comprehensively studied in the

MSSM [16]. More interesting are the corrections from new particles running in loops.

In particular, it has been argued in Ref. [17–20] that very generally, loops of top quark

partners (i.e., particles whose loops cancel the quadratic divergence in m2
h induced by

the SM top loop) induce potentially observable shifts in the hgg and h�� couplings.4

The corrections from spin-0 and spin-1/2 top partners have been previously calculated.

Here, we focus on the e↵ect of the spin-1 top partner loops, shown in Fig. 5. We

performed the calculation using the Mathematica implementation of the h ! V V decay

amplitudes for a generic gauge extension of the SM, described in [22] and available on

the website http://www.phy.syr.edu/ jhubisz/HIGGSDECAYS/. To leading order in

(mh/M ~Q)
2, we obtain the e↵ective Lagrangian

Lh�� =
2↵

9⇡v
C�hFµ⌫F

µ⌫ , Lhgg =
↵s

12⇡v
CghGa

µ⌫G
aµ⌫ , (6.1)

4These two couplings are singled out because they are absent at tree level in the SM, making the new
physics e↵ects relatively more significant. Top partner loops may have other potentially observable
e↵ects, e.g. wavefunction renormalization corrections which may be measured in the e+e� ! hZ

process at Higgs factories [21].
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Figure 2: Diagrams involved in the cancellation of top loop in a spin 1/2 top partner model.
The original one-loop diagram of SM top (left), the one-loop diagram with HTtc interaction
(middle), and the one-loop diagram with a dimension-five h2TT c coupling and a T mass
insertion (right).

pseudo-Nambu-Goldstone-boson (PNGB) of a larger symmetry that is collectively broken,
ensuring the cancellation of one-loop quadratic divergences. This is a di↵erent symmetry
realization than spin-0 that ensures the cancellation in Eq. (2.4), and thus the diagrammatic
cancelation also is di↵erent in the low-energy e↵ective field theory (EFT). For fermionic
top partners, the cancelation occurs because of a higher-dimension interaction between the
top-partner and Higgs, unlike the spin-statistics cancellation with renormalizable terms for
spin-0. For instance, if the fermionic top partner, T , is a singlet under SU(2), one can add a
dimension-five operator h2TT c in addition to the allowed renormalizable interactions. Dia-
gramatically a cancellation can occur as shown in Fig. 2. The collective symmetry breaking
ensures the couplings of the various terms are appropriately related to preserve the cance-
lation. Since the Higgs is realized as a PNGB it can be parametrized by an EFT expansion
with the Higgs field residing in a nonlinear-sigma-model (NLSM) field and an expansion
scale f with cuto↵ ⇤ ⇠ 4⇡f .

Rather than investigating a complete model, we focus on the physics of the fermionic
top partner’s cancellation of quadratic divergences. We start with the simplest spin-1/2
top partner extension, a singlet fermionic top partner, T under the EW gauge group. The
Lagrangian of the top sector takes the form,

L
top

= (T, t)M

✓
T c

tc

◆
+ h.c. , (5.51)

where M is a 2⇥2 mixing matrix of the top/top-partner, and tc and T c are the right-handed
top/top-partner conjugates. We assign t and tc with SU(2)L charge (t, tc) = (2,1) as in
the SM. The top Lagrangian, before EWSB, in the mass eigenbasis up to O(1/f 2) is then
restricted to be

L
top

= (T, t)

✓
M

1

� aH2/f �bH2/f
c (H � c0H2/f 2) dH (1� d0H2/f 2)

◆ ✓
T c

tc

◆
+ h.c. , (5.52)

where {a, b, c, d, c0, d0} are dimensionless real coe�cients obtained from the expansion of a
NLSM field and M

1

is a bare mass that can exist for singlets. H2 is the shorthand notation
forH†H. The mass matrix given in Eq. (5.52) shows that T is massive and t remains massless
before EWSB. The cancellation of diagrams in Fig. 2 requires the following relationship to
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Figure 4: Excluded parameter space and expected sensitivities at the 2� CL of current and
future data for spin-0 (left), spin-1/2 (middle), and spin-1 (right) top-partners. We assume
that the two spin-0 top partners are degenerate in mass, m

˜t
1

= m
˜t
2

⌘ m
˜t. We assume that

top partners contribute only in the hgg and h�� loops, there are no modifications of the
Higgs couplings to other SM particles, and there are no exotic or invisible Higgs decays. The
parameter space excluded by current LHC and Tevatron data is shown in dark gray, while
the expected sensitivity of the current data is shown in light gray. Future LHC runs and the
proposed future colliders (ILC, CEPC, and FCC-ee/hh) are shown in various colors.

6.1.2 Comparison of Constraints between Spin-0, Spin-1/2, and Spin-1

To compare constraints on spin-0 particles with constraints on spin-1/2 and spin-1, we focus
on the degenerate direction for spin-0 (m

˜t
1

= m
˜t
2

), because our canonical spin-1/2 and spin-1
models only have a single top partner. Recall that along the high-mass spin-0 degenerate
direction, the contributions from the left-handed sbottom and from stopD-terms only matter
at a few-percent level. For the remainder of Section 6, we set gh˜b

1

˜b
1

= 0, but require that
the choice of stop-sector masses and mixing allow the left-handed sbottom to be real, see
Section 5.1 (note that we include D-term contributions in the stop-sector, i.e., large tan�).

In Fig. 4 we show the current constraints and expected sensitivities for degenerate spin-
0 (left), spin-1/2 (middle), and spin-1 (right) top-partners. The current constraints from
Tevatron and LHC data for these di↵erent spin-states are about 350 GeV, 700 GeV, and
2.2 TeV, respectively. The LHC Run 4 is expected to improve on these by a few hundred GeV,
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Figure 6: Values of the invisible Z and h branching ratio into DM particles needed to reproduce the

DM abundance via thermal freeze-out of decays. We consider DM with g
DM

= 1 (black curve), 2

(blue), 3 (magenta), 4 (red) degrees of freedom.

annihilation case, the relevant rate is averaged over the DM components and summed over the SM

components. In the left panel of fig. 5, we show the invisible width of the mediator, in units of its

mass, that corresponds to the correct DM abundance via decays.

We can now apply our results to the case in which the mediator M is either the Z or the Higgs

boson. For the various couplings considered in section 3, the decay widths into DM particles are

�Z!DM

=
g2
2

MZ

12⇡ cos2 ✓
W

s

1� 4M2

DM

M2

Z

8
><

>:

gDM2

V (1 + 2M2

DM

/M2

Z)

gDM2

A (1� 4M2

DM

/M2

Z)

g2s(1/4�M2

DM

/M2

Z)

, (4.5)

�h!DM

=
Mh

16⇡

s

1� 4M2

DM

M2

h

8
><

>:

y2
DM

(1� 4M2

DM

/M2

h)

yP2

DM

1

2

�2

DM

(v/Mh)2
. (4.6)

The values of the invisible branching ratios needed to reproduce the DM abundance are shown in

fig. 6. This result holds as long as the on-shell contribution that we are considering dominates over

the neglected o↵-shell contribution, which occurs typically for �M <⇠ 0.2M
DM

. As shown in fig. 6,

a broad range of experimentally unexplored Z or Higgs invisible widths could account for DM via

thermal freeze-out of decays. This result gives good motivations for improved measurements of the

invisible width of the Z boson (e.g. in GigaZ) and of the Higgs boson (in upcoming LHC data and

in future Higgs factories).

5 Summary

The search for DM is one of the most exciting goals of the LHC. However, the path that DM hunters

should follow is not obvious because of our ignorance about the nature of the DM and the lack of
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Figure 3: Excluded parameter space and expected sensitivities at the 2� CL of current (gray)
and future data (various colors) for spin-0 top-partners in the m

˜t
2

versus m
˜t
1

plane. In the

left plot, we assume tan � ' 1 and hb̃
1

b̃
1

coupling vanishes (Eq. (5.47)), while in the right
plot, tan � is large to maximize the D-term contributions in the stop and sbottom sector
(Eq. (5.48)). We assume that top partners are the only BSM contributions to the Higgs
couplings and can contribute to exotic Higgs decay through h ! t̃t̃ and, possibly, h ! b̃

1

b̃
1

.
The other Higgs couplings are fixed to their SM values. For both plots, we require m

˜b
1

to
be real in the allowed region.

Eq. (5.45).
As anticipated in Section 5.1, the lower bounds on the masses are strongest for m

˜t
1

= m
˜t
2

and weaker for split masses. The constraints and projections along the degenerate direction
for high masses arise dominantly from the presence of the two stops in the hgg and h��
loops. Comparing the two plots in this region, we see that the D-term contribution in the
stop mass matrix Eq. (5.25) and in the Higgs-stop-stop couplings Eqs. (5.29)–(5.31), as well
as including the sbottom contribution, only slightly extends the constraints and projections
at the O(1%) level. When one of the stops becomes lighter than half the Higgs mass,
constraints arise from h ! t̃t̃ (left plot) and from h ! t̃t̃ and h ! b̃

1

b̃
1

(right plot). If
one of the stops becomes heavy, the coupling of the Higgs to the lighter stop with mass
below mh/2 becomes small and the Higgs decay to the lighter stop vanishes. However, in
the presence of a light left-handed sbottom (corresponding to a light left-handed stop, t̃

1

),
the Higgs decay width to sbottoms is large; while the current data is unable to rule out the
m

˜t
2

< mh/2 region entirely, future LHC Run 3 data can su�ciently constrain exotic Higgs
decays to probe this region completely.
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Figure 6: Values of the invisible Z and h branching ratio into DM particles needed to reproduce the

DM abundance via thermal freeze-out of decays. We consider DM with g
DM

= 1 (black curve), 2

(blue), 3 (magenta), 4 (red) degrees of freedom.

annihilation case, the relevant rate is averaged over the DM components and summed over the SM

components. In the left panel of fig. 5, we show the invisible width of the mediator, in units of its

mass, that corresponds to the correct DM abundance via decays.

We can now apply our results to the case in which the mediator M is either the Z or the Higgs

boson. For the various couplings considered in section 3, the decay widths into DM particles are

�Z!DM

=
g2
2

MZ
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, (4.5)
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16⇡
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y2
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(1� 4M2
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yP2
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�2

DM

(v/Mh)2
. (4.6)

The values of the invisible branching ratios needed to reproduce the DM abundance are shown in

fig. 6. This result holds as long as the on-shell contribution that we are considering dominates over

the neglected o↵-shell contribution, which occurs typically for �M <⇠ 0.2M
DM

. As shown in fig. 6,

a broad range of experimentally unexplored Z or Higgs invisible widths could account for DM via

thermal freeze-out of decays. This result gives good motivations for improved measurements of the

invisible width of the Z boson (e.g. in GigaZ) and of the Higgs boson (in upcoming LHC data and

in future Higgs factories).

5 Summary

The search for DM is one of the most exciting goals of the LHC. However, the path that DM hunters

should follow is not obvious because of our ignorance about the nature of the DM and the lack of
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HL-LHC

CLIC350

Figure 1: Parameter space scan for the singlet model of Sec. 2.1. An orange point indicates a first

order phase transition, a blue point indicates a strongly first order phase transition (3.4), and a green

point indicates a very-strong first order phase transition with potentially detectable gravitational

wave signal at eLISA. The right panels shows the predicted gravitational wave spectrum today

along with the projected sensitivity of eLISA [2].

at T & 200 GeV, and the electroweak symmetry is broken later T . 100 GeV when the singlet vev

becomes positive. Due to the large field excursion and the barrier provided by tree-level potential

terms (ahs�2
h�s and �hs�2

h�
2
s) there is a significant amount of supercooling, and the phase transition

is very strongly first order. However, at the zero-temperature vacuum, the model is very SM-like,

and the deviation in the hZZ coupling is too small to probe with future Higgs factories. Since the

model admits strongly first order phase transition, but is inaccessible to collider probes, this limit

can be viewed as a new class of “nightmare scenario.”

Stop-Like Scenario

In Sec. 2.2 we extend the SM by three scalar doublets and complex scalar singlets, which can be

viewed as colorless stops and sbottoms. As the text discusses below Eq. (2.12), we restrict to a

4-dimensional parameter space by assuming a common quartic coupling �. The new charged scalars

contribute to the Higgs diphoton decay width �h!�� and lead to a deviation in the hZZ coupling,

parametrized by �ghZZ . Figure 4 shows the result of a scan over the 4-dimensional parameter

space. In the region of parameter space with a first order phase transition (orange, blue, and

green points), the Higgs diphoton decay width is enhanced by more than 10%, and it is enhanced

by more than 20% in the region with a potentially detectable gravitational wave signal (green).

Given current LHC limits (3.2) some of this parameter space is already at tension with the data.

More importantly, the projected sensitivity of figure Higgs factories (CEPC, ILC-500, FCC-ee) is

su�cient to test the entire region of parameter space where the phase transition is first order.
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