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Uneventful

Am I alone?

My Life as a Boson
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Based on a talk presented at Kings College London, Nov. 24th, 2010

The plan of this talk is that I will introduce the ideas of spontaneous symmetry

breaking and discuss how these developed from condensed matter through the work of

Yoichiro Nambu and Jeffrey Goldstone to the work of Robert Brout and Franois Englert

and myself in 1964. That will be the main part, and other topics such as the application of

these ideas to electroweak theory are much better known to this audience, so I shall skim

through them.

My own story, in relation to spontaneous symmetry breaking, begins when I was

appointed to a lectureship at Edinburgh University in October 1960. I was told when I

accepted the job that I should also attend the first Scottish University Summer School in

Physics, with the job of Steward, because there was some money to buy wine which was

to be served with dinner. My task was to buy the wine and look after it, which I achieved

rather badly, I think, thanks to the assistance of a gang of four students whose names

became very well known. This gang of four comprised Nicola Cabbibo (who unfortunately

passed away recently), Sheldon Glashow, Derek Robinson (who was a axiomatic field the-

orist at Oxford) and last but not least Tini Veltman. The gang of four stayed up half the

night discussing theoretical physics, and mostly did not get up in time for the first lecture.

It was not until Cabbibo told me about it some nineteen years later that I discovered they

had been lubricating their discussions with some left-over wine from my cache. Well, not

from my cache but from my store, they hid it in the grandfather clock in the crypt at

Newbattle Abbey College.

So let me now come to the early history of spontaneous symmetry breaking. It is best

known as a phenomenon in condensed-matter physics. The earliest example is perhaps the

theory of ferromagnetism as formulated by Werner Heisenberg in 1928 [1]. The feature of

spontaneous symmetry breaking is that you have some continuous symmetry that is broken

by the ground state of the condensed-matter system. If it is of infinite volume, which of

course a ferromagnet never is, then the ground state is degenerate. But if you were in an

infinite ferromagnet then there would be a spontaneous magnetization, which could point

in any direction, and you would think that the system was no longer rotationally invariant.
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What once was so colourful
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magenta + black ⟹ 2HDM (also C2HDM)

magenta + black + blue + red ⟹ N2HDM

There is a 125 GeV Higgs (other scalars can be lighter and heavier). 
From the 2HDM on, tan β=v2/v1. Also charged Higgs are present. 
Models (except singlet extensions) can be CP-violating. 
They all have ρ=1 at tree-level. 
You get a few more scalars (CP-odd or CP-even or with no definite CP) 
In case all neutral scalars mix there will be three mixing angles  
They can have dark matter candidates (or not)



2HDM, C2HDM…

Searching (almost) everywhere!

•H	→	AZ,	A	→	ZH	and	A	→	Zh125,	ATLAS	and	CMS	

R(C)xSM, 2HDM, 
NMSSM,C2HDM,C-NMSSM,

3HDM…

•h125	→	AA	and		H	→	h125	h125	,	ATLAS	and	CMS			but	still	no	

Si → SjV H → AZ (A → HZ ), h2 → h1Z

Si → SjSk Hi → HjHj(AjAj)

Hi → h125Hk( j ≠ k)

Si → fi f̄j Hi /Ai → bb̄, tt̄, τ+τ−, μ+μ− h125 → τμ, eμ, eτ

Still, the CP-nature of the Higgs not probed (but it is not CP-odd).  
Attempts in tth (production) and ττh (decay) starting (many theory 

papers).



Decay CP eigenstates Model

None C2HDM, other CPV extensions

2 CP-odd; None C2HDM, NMSSM,3HDM...

3 CP-even; None C2HDM, cxSM, NMSSM,3HDM...

For the 2HDM

Combinations of three decays

CNMSSM – King, Mühlleitner, Nevzorov, Walz; NPB901 (2015) 526-555

C2HDM – Fontes, Romão, RS, Silva, PRD92 (2015) 5, 055014

Si → VV

h1 → ZZ( + )h2 → ZZ( + )h2 → h1Z

h1 → ZZ ⇐ CP(h1) = 1 h3 → h2h1 ⇒ CP(h3) = CP(h2)

h3 → h2Z CP(h3) = − CP(h2)

h2(3) → h1Z CP(h2(3)) = − 1

h2 → ZZ CP(h2) = 1



Beware of loop induced decays

Is allowed, and if the CP-even decay is suppressed, they could be of 
the same order.A → VV

Figure 4: [�(gg ! A) + �(bbA)]BR(A ! ZZ) (top) and [�(gg ! A) + �(bbA)]BR(A ! WW ) (bottom)
at

p
s = 8 TeV as a function of mA with mH+ = mH = 600GeV . The values of tan� are color coded as

indicated on the right of the plots.

more than order of magnitude is needed to start probing the largest values of the rates.

Figure 5: [�(gg ! A) + �(bbA)]BR(A ! ZZ) at
p
s = 14 TeV as a function of mA with mH+ = mH =

600GeV . The values of tan� are color coded as indicated on the right of the plots.

10

V = Z,W may also be suppressed compared to the 2HDM.

6 At a 100 TeV pp collider

In the quest for new physics, there is a consensus among the community of particle physicists in

favour of the construction a high energy machine with 100 TeV center of mass energy. One question

that has been raised about a future 100 TeV pp collider is what is the luminosity needed to address

the physics that is not within the reach of the LHC, even at high luminosity. In [77] several physics

scenarios were analysed and a luminosity of about 10-20 ab�1 was shown to be a good compromise

in extending the discovery reach for new phenomena relative to the high luminosity LHC.

Figure 8: Left panel: ratio of cross section �(pp ! A)100TeV /�(pp ! A)8TeV as a function of mA for
tan� = 1 and tan� = 10; Right panel: partial width �(A ! ZZ) as a function of mA for Type I. The values
of tan� are color coded as indicated on the right of the plot.

The production cross sections pp ! A at a 100 TeV collider is increased relative to the 8 TeV

LHC from a factor of about 20 for mA = 50 GeV to about 220 for mA = 600 GeV. This behaviour

is shown in the left panel of figure 8 where the ratio of the cross sections for 100 TeV and for 8

TeV �(pp ! A)100TeV /�(pp ! A)8TeV is shown as a function of the pseudoscalar mass for Type

I and two values of tan�, 1 and 10. The plots for all other Yukawa types show exactly the same

behaviour as the one for Type I for tan� = 1 and for large tan� the contribution of the bb initiated

process slightly changes this ratio with no meaningful changes in the conclusions.

As previously discussed, so far analyses were only performed for 8 TeV with a total luminosity

of about 30fb�1. Therefore, in the low mass region the cross section is increased by a factor of 20

while the luminosity is incremented by about 1000. Overall, an improvement of at least four orders

of magnitude is expected. The increase is more significant for higher masses but the branching

ratios are smaller. Furthermore, the ratio of the cross sections is almost independent of tan� and

of the Yukawa type. Considering figure 2 it is clear that most of the parameter space will be probed

in the case of pp ! A ! �� for the 2HDM, and for any Yukawa type. However, when examining

figure 4 for the case of the decays into massive gauge bosons, we see that only a small portion of

the parameter space will be probed, mainly for low tan� and for pseudoscalar mass below the tt̄

threshold. The same is true for the W
+
W

� final state.
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Parameters:	sin(β	−	α)	=	1,	mh	=	125	GeV,	mH+	=	mH	=	600	GeV.	A	will	decay	
mainly	to	fermions.		

Γ(A	→	ZZ)	as	a	function	of	mA		(Type	I)	for	tan	β	between	1	and	40.		

Below	the	tt	threshold,	where	σ(pp	→	A)BR(A	→	ZZ)	is	largest,	the	width	
is	below	10−5	GeV	while	Γ(H	→	ZZ)	is	zero	at	tree-level	(sin(β	−	α)	=	1).		

At	one	loop	Γ(H	→	ZZ)	can	be	of	the	order	10−5	to	10−4.	So	BR(A	→	ZZ)	
and	the	BR(H	→	ZZ)	will	be	of	the	same	order	of	magnitude.		

Even	if	BR(H	→	ZZ)	can	be	slightly	larger,	also	the	production	cross	
section	of	a	pseudoscalar	is	larger	than	that	of	a	scalar	in	gluon	fusion.		

A	100	TeV	collider	will	finally	probe	A	→	ZZ	at	the	level	of	zero	tree-level	H	
→	ZZ	(and	very	model	dependent	-	dependent	on	higher	order	
corrections).		

arhrib, Benbrik, El Falaki, Sampaio, RS, 1809.04805.

Bernreuther, Gonzalez, Wiebusch, EPJC69, 31 (2010).



Other more exotic final states: fermiophobic Higgs 

arhrib, Benbrik, Moretti, Rouchad, Yan, Zhang, JHEP 1807 (2018) 007.

h125 → hh → 4γ In the 2HDM and also in any extension beyond the 2HDM

6

illustrate the correlation between BR(H ! ��) and BR(H ! hh) for the three scans. Herein, one can verify that, for
scan-1 and scan-3, BR(H ! ��) and BR(H ! hh) are anti-correlated.
Based on the results of these three scans we have selected a few Benchmark Points (BPs), which are given in Tab. 2.

These BPs can be seen in Fig. 4 as black stars. Note that, in BP1, both H ! hh and H ! AA decays are open while
for the other BPs only H ! hh is. For these BPs, we give in Tab. 2 various observables such as: the total widths of h
and H, �h and �H , respectively, BR(H ! hh), BR(h ! ��), BR(h ! Z

⇤
A), BR(A ! ��) and the four photons cross

section �4� in fb. In fact, for these BPs, we take into account all theoretical constraints as well as the LEP and LHC
constraints implemented in the HiggsBounds code plus the limits from ATLAS on multi-photons final states [15], as
explained in the introduction, see Eqs. (1) and (2). It is also interesting to see from Tab. 3 that the BR(A ! ��) is
always suppressed and cannot be used to generate multi-photon finale states. Finally, it can also be seen from this
table that, even for small BR(H ! hh) ⇡ 10�3 but with maximal BR(h ! ��), one can still get a large �4� ⇡ 38 fb.
Before ending this section, we would like to comment on charged Higgs and CP-odd Higgs boson searches. As

mentioned previously, the charged Higgs and CP-odd Higgs states are rather light in our scenarios. LHC limits on
light charged Higgs states produced from top decay and decaying to H± ! ⌧⌫, cb in the 2HDM-I can be evaded
by advocating the dominance of the H

± ! W
±
A or H

± ! W
±
h BRs (see [28] for more details). On the one

hand, the LHC searched for a CP-odd Higgs state decaying via A ! ZH [35–37] and A ! ⌧
+
⌧
�. In our scenario, the

BR(A ! ZH) will su↵er two suppressions: one coming from the coupling AZH, which is proportional to sin(��↵) ⇡ 0,
and the other one coming from the fact that A ! Zh would dominate over A ! ZH since h is lighter than 125 GeV
and the coupling ZAh is proportional to cos(��↵) ⇡ 1. On the other hand, ATLAS and CMS searches for a CP-odd
Higgs state decaying to a pair of ⌧ leptons [38, 39], when applied to the 2HDM-I, only exclude small tan�  1.5 for
mA 2 [110, 350] GeV [40]. This can be understood easily from the fact that A couplings to a pair of fermions in the
2HDM-I are proportional to 1/ tan�, hence both the production gg ! A and the decay A ! ⌧

+
⌧
� are suppressed for

large tan� values. Moreover, in our scenario, BR(A ! ⌧
+
⌧
�) would receive an other suppression from the opening

of the A ! Z
⇤
h channel. Note also that LEP limits on a light h and a light A are implemented in the HiggsBounds

code through limits on the processes e+e� ! Zh and e
+
e
� ! hA.

parameters scan-1 scan-2 scan-3
mH (SM-like) 125 125 125

mh [10, 62.5] [10, 62.5] [10, 62.5]
mA [62.5, 200] [62.5, 200] [10, 200]
mH± [100, 170] [100, 170] [100, 170]
tan� [2, 50] [2, 50] [2, 50]
↵ ↵=±⇡

2 ⌥ � ↵=⇡

2 s��↵ = [�0.35, 0.0]
m

2
12 [0, 100] [0, 100] [0, 100]

�6 = �7 0 0 0

TABLE I. 2HDM parameters scans: all masses are in GeV.

FIG. 1. (Left) The �4� rate as a function of sin(� � ↵) with mh indicated on the right vertical axis. (Right) The BR(h ! ��)
as a function of sin(� � ↵) with BR(H ! hh) indicated on the right vertical axis. Both plots are for scan-1.Multi-photon production in the Type-I 2HDM - This paper presents a study of a possible contribution to a Higgs boson 

signal in the hh → γγγγ channel due to H → hh decays, in the framework of the CP-conserving 2-Higgs Doublet Model Type-I, where 
the heavier of the two CP-even Higgs bosons, H, is the SM-like Higgs state observed with a mass of 125 GeV at the LHC. Then, after 
validating our numerical framework against public experimental analyses carried out at the LHC, we proceed to assess its scope in 
constraining and/or extracting the gg → H → hh → γγγγ signal in presence of a sophisticated Monte Carlo (MC) simulation. We find 
that, over a substantial region of the 2HDM-I parameter space presently un-accessible, the LHC will be able to establish such a 
potential signature in the next 2–3 years. 



2HDM	(CP-conserving	and	no	tree-level	FCNC)

Assumptions:	aligment,	lightest	Higgs	125	GeV,	mH+	=	mA,	U(1)	symmetry	(fixes	m12
2).

Upper	bounds	at	95%	CL	on	the	
production	cross-section	times	
the	branching	ratio	Br(A	→	
ZH)×Br(H	→	bb)	in	pb	for	
gluon–gluon	fusion.	Left:	
expected;	right:	observed.

Observed	and	expected	95%	CL	
exclusion	regions	in	the	(mA,mH	
)	plane	for	various	tan	β	values	
for		Type	I	(left),	and	Type	II	

(right).

ATLAS 1804.01126v1

Searches - the physics of limits



N2HDM	(CP-conserving)

CMS PAS HIG-17-024

Expected	and	observed	95%	CL	limits	on	σ(h)B(h	
→	aa	→	2τ2b)	in	%.	Combined	eμ,	

eτ	and	μτ	channels.	The	inner	(green)	band	and	
the	outer	(yellow)	band	indicate	the	regions	
containing	68	and	95%,	respectively,	of	the	
distribution	of	limits	expected	under	the	

background-only	hypothesis.		

ATLAS, (γγjj final state),1803.11145

BRs	for	the	4	
different	

versions	of	the	
model.

Exclusion	for	the	different	versions	for	2	
values	of	tanβ.

Searches - the physics of limits



For many extensions coupling modifiers are similar
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h125 couplings measurements



The 2HDM (CP-conserving and no tree-level FCNC)

ATLAS 1509.00672

CMS-PAS-HIG-16-007

ATLAS and CMS allowed regions in type I and type 
II for the CP-conserving 2HDM. The central 

region is the SM-like limit (or alignment) where 
the Higgs couplings to the 

other SM particles are just the SM ones. 
The extra leg on the right has the wrong sign in 

the b/tau couplings relative to SM ones.

Models need couplings modifiers - simple in many extensions of the scalar sector

h125 couplings measurements



The allowed region looks very much like 2HDM one
SM-like and wrong-sign limit in the N2HDM type II – the interesting fact is 

that in the alignment limit the singlet admixture can go up to 54 %.

SM like
wrong-sign

singlet admixture of Hi (measure the singlet weight of Hi)

Muhlleitner, Sampaio, RS, Wittbrodt, JHEP 1703 (2017) 094

h125 couplings measurements



Cruel faith for the EHS?

Predicted precision for CLIC

Parameter Relative precision [76,77]

350 GeV +1.4 TeV +3.0 TeV
500 fb�1 +1.5 ab�1 +2.0 ab�1

HZZ 0.43% 0.31% 0.23%
HWW 1.5% 0.15% 0.11%
Hbb 1.7% 0.33% 0.21%
Hcc 3.1% 1.1% 0.75%
Htt � 4.0% 4.0%
H⌧⌧ 3.4% 1.3% <1.3%
Hµµ � 14% 5.5%
Hgg 3.6% 0.76% 0.54%
H�� � 5.6% < 5.6%

Table 4: Results of the model-dependent global Higgs fit on the expected precisions of the Hii (see text). Entries
marked “�” cannot be measured with su�cient precision at the given energy. We call the first (350 GeV) scenario
Sc1, the second (1.4 TeV) Sc2 and the third (3.0 TeV) Sc3.

which at tree-level is just the ratio of the Higgs coupling in the BSM model and the corresponding
SM Higgs coupling. We have called the three benchmarks scenarios Sc1 (350 GeV), Sc2 (1.4
TeV) and Sc3 (3.0 TeV). In this table we can see the foreseen precisions that are expected to
be attained for each Hii. With these predictions we can now ask what is the e↵ect on the
parameter space of each model presented in the previous section. This in turn will tell us how
much an extra component from either a singlet (or more singlets) or a doublet contributes to the
h125 scalar boson. Clearly, if no new scalar is discovered one can only set bounds on the amount
of mixing resulting from the addition of extra fields. In the case of a CP-violating model it is
possible to set a bound on the ratio of pseudoscalar to scalar Yukawa couplings, where there is
an important interplay with the results from EDM measurements. The results presented in this
section always assume that the measured central value is the SM expectation, meaning that all
Hii in Table 4 have a central value of 1. Small deviations from the central value will not have a
significant e↵ect on our results because the errors are very small. If significant deviations from
the SM predicted values are found the data has to be reinterpreted for each model.

Starting with the simplest extension, the CxSM, there are either one or two singlet compo-
nents that mix with the real neutral part of the Higgs doublet. In the broken phase, where there
are no dark matter candidates, the admixture is given by the sum of the squared mixing matrix
elements corresponding to the real and complex singlet parts, i.e.

⌃CxSM

i = (Ri2)
2 + (Ri3)

2
, (4.43)

with the matrix R defined in Eq. (2.3). If a dark matter candidate is present one of the Rij , j =
2, 3, is zero. In any case the Higgs couplings to SM particles are all rescaled by a common factor.
Therefore, we just need to consider the most accurate Higgs coupling measurement to get the
best constraints on the Higgs admixture. The maximum allowed singlet admixture is given by
the lower bound on the global signal strength µ which at present is

⌃CxSM

max LHC ⇡ 1� µmin ⇡ 11% . (4.44)

In CLIC Sc1 the most accurate measurement is for the scaled coupling HZZ , which would give

⌃CxSM

max CLIC@350GeV
⇡ 0.85% , (4.45)
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ΣCxSM
i = R2

i2 + R2
i3

ΣN2HDM
i = R2

i3

ΨC2HDM
i = R2

i3

Non-doublet pieces of the SM-
like Higgs. CxSM - sum of the 
real and complex component of 
the singlet. N2HDM - singlet 
component. C2HDM - 
pseudoscalar component.

Unitarity ⇒ κ2
ZZ,WW + Ψi(Σ1) ≤ 1

If no new physics is discovered and the measured values are in 
agreement with the SM predictions the singlet and pseudoscalar 
components will be below the % level.

Beware of radiative corrections.

Azevedo, Ferreira, Muhlleitner, RS, Wittbrodt, 1808.00755

Abramowicz eal, 1307.5288. 
CLICdp, Sicking, NPPP, 273-275, 801 (2016)



Singlet admixture
N2HDM type II N2HDM type I 

tanβ as a function of the singlet admixture for type I N2HDM (left) and type II 
N2HDM (right)  – in grey all points with constraints; the remaining colours denote μ 
values measured within 5 % of the SM. In black all μ's. Singlet admixture slightly 

below 10 % almost independently of tanβ.
The plot shows how far we can go in the measurement of the singlet component 

of the Higgs.

Muhlleitner, Sampaio, RS, Wittbrodt, JHEP 1703 (2017) 094



But what kind of people are we after all?



The right to party!

Desperate? -There is still so much to explore!
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scalar dark matter

fermionic dark matter

Bauer, Haisch, Kahlhoefer, JHEP 1705 (2017) 138



But even stranger things can happen

Two doublets + one singlet and one exact Z2 symmetry

with the most general renormalizable potential 
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Φ1 =
G+

1

2
(v + h + iG0) Φ2 =

H+

1

2
(ρ + iη) ΦS = ρS

and the vacuum preserves the symmetry 

The potential is invariant under the CP-symmetry

Φ1 → Φ1, Φ2 → − Φ2, ΦS → − ΦS

ΦCP
1 (t, ⃗r ) = Φ*1 (t, − ⃗r ), ΦCP

2 (t, ⃗r ) = Φ*2 (t, − ⃗r ), ΦCP
S (t, ⃗r ) = ΦS(t, − ⃗r )

except for the term (AΦ†
1Φ2ΦS + h . c.) for complex A

Azevedo, Ferreira, Muhlleitner, Patel, RS, Wittbrodt



Dark CP-violating sector

The Z2 symmetry is exact - all particles are dark except the SM-like Higgs. The couplings 
of the SM-like Higgs to all fermions and massive gauge bosons are exactly the SM ones.  

The model is Type I - only the first doublet couples to all fermions  

The neutral mass eigenstates are 

h1

h2

h3

= R (
ρ
η
ρS)

h1, h2, h3

R =
c1c2 s1c2 s2

−(c1s2s3 + s1c3) c1c3 − s1s2s3 c2s3

−c1s2c3 + s1s3 −(c1s3 + s1s2c3) c2c3

But now how do we see signs of CP-violation? 

Missing energy signals are similar to some extent for all dark matter models. They need 
to be combined with a clear sign of CP-violation.

qq̄(e+e−) → Z* → h1h2 → h1h1Z

qq̄(e+e−) → Z* → h1h2 → h1h1h125

Mono-Z and mono-Higgs events.
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Z1

Z2

Z3

hi

hj

hk

ei

ej

ek

mi

mj
mk

p1, µ

p2,↵

p3,�

FIG. 3: Feynman diagram contributing to the CP violating form factor fZ
4 .

regardless of the CP-nature of the particles involved. Therefore, these are not good processes to probe CP-violation
in the dark sector.

However, though CPV occurs in the dark sector of the theory, it can have an observable impact on the phenomenol-
ogy of the SM particles. A sign of CPV in the model – possibly the only type of signs of CPV which might be
observable – can be gleaned from the interesting work of Ref. [34] (see also Ref. [35]), wherein 2HDM contributions to
the triple gauge boson vertices ZZZ and ZW

+
W

� were considered. A Lorentz structure analysis of the ZZZ vertex,
for instance [55–58], reveals that there are 14 distinct structures, which can be reduced to just two form factors on
the assumption of two on-shell Z bosons and massless fermions, the o↵-shell Z being produced by e

+
e
� collisions.

Under these simplifying assumptions, the ZZZ vertex function becomes (e being the unit electric charge)

e�↵�µ

ZZZ
= i e

p
2
1 �m

2
Z

m
2
Z

h
f
Z

4

⇣
p
↵

1 g
µ� + p

�

1g
µ↵

⌘
+ f

Z

5 ✏
µ↵�⇢ (p2 � p3)⇢

i
, (16)

where p1 is the 4-momentum of the o↵-shell Z boson, p2 and p3 those of the remaining (on-shell) Z bosons. The
dimensionless fZ

4 form factor is CP violating, but the fZ

5 coe�cient preserves CP. In our model there is only one-loop
diagram contributing to this form factor, shown in Fig. 3. As can be inferred from the diagram there are three
di↵erent neutral scalars circulating in the loop – in fact, the authors of Ref. [34] showed that in the 2HDM with
explicit CPV (the C2HDM) the existence of at least three neutral scalars with di↵erent CP quantum numbers that
mix among themselves is a necessary condition for non-zero values for fZ

4 . Notice that in the C2HDM there are three
diagrams contributing to f

Z

4 – other than the diagram shown in Fig. 3, the C2HDM calculation involves an additional
diagram with an internal Z boson line in the loop, and another, with a neutral Goldstone boson G

0 line in the loop.
In our model, however, the discrete Z2 symmetry we imposed forbids the vertices ZZhj and ZG

0
hi (these vertices do

occur in the C2HDM, being allowed by that model’s symmetries), and therefore those two additional diagrams are
identically zero. In [34] an expression for f

Z

4 in the C2HDM was found, which can easily be adapted to our model,
by only keeping the contributions corresponding to the diagram of Fig. 3. This results in

f
Z

4 (p21) = � 2↵

⇡s
3
2✓W

m
2
Z

p
2
1 �m

2
Z

f123

X

i,j,k

✏ijk C001(p
2
1,m

2
Z
,m

2
Z
,m

2
i
,m

2
j
,m

2
k
) , (17)

where ↵ is the electromagnetic coupling constant and the LoopTools [59] function C001 is used. The f123 factor
denotes the product of the couplings from three di↵erent vertices, given in Ref. [34] by

f123 =
e1e2e3

v3
, (18)

where the ei,j,k (i, j, k = 1, 2, 3) factors, shown in Fig. 3, are related to the coupling coe�cients that appear in the
vertices Zhihj (in the C2HDM they also concern the ZG

0
hi and ZZhi vertices, cf. [35]). With the conventions of the

current paper, we can extract these couplings from Eq. (15) and it is easy to show that

f123 = (R12R21 �R11R22) (R13R31 �R11R33) (R23R32 �R22R33)

= R13R23R33 , (19)

where the simplification that led to the last line originates from the orthogonality of the R matrix. We observe that
the maximum value that f123 can assume is (1/

p
3)3, corresponding to the maximum mixing of the three neutral

components, ⇢, ⌘ and �S ⌘ s. This is quite di↵erent from what one expects to happen in the C2HDM, for instance –
there one of the mixed neutral states is the observed 125 GeV scalar, and its properties are necessarily very SM-like,

iΓμαβ = − e
p2

1 − m2
Z

m2
Z

fZ
4 (gμα p2,β + gμβ p3,α) + . . .

With one Z off-shell the most general ZZZ vertex has a CP-odd term of the form

that comes from an effective operator (dim-6)

k̃ZZ

m2
Z

∂μZν∂μZρ∂ρZν

in our model it has the simple expression

f123 = R13R23R33
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-0.5
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f
Z 4

f 1
23
[1
0�

5 ]

p21/m
2
Z

Re(fZ

4
/f123)

Im(fZ

4
/f123)

FIG. 4: The CP-violating fZ
4 (p21) form factor, normalized to f123, for mh1 = 80.5 GeV, mh2 = 162.9 GeV and mh3 = 256.9

GeV, as a function of the squared o↵-shell Z boson 4-momentum p21, normalized to m2
Z .

which implies that the 3⇥ 3 matrix R should approximately have the form of one diagonal element with value close
to 1, the corresponding row and column with elements very small and a 2⇥ 2 matrix mixing the other eigenstates4.
Within our model, however, the three neutral dark fields can mix as much or as little as possible.

In Fig. 4 we show, for a random combination of dark scalar masses (mh1 ' 80.5 GeV, mh2 ' 162.9 GeV and
mh3 ' 256.9 GeV) the evolution of fZ

4 normalized to f123
5 with p

2
1, the 4-momentum of the o↵-shell Z boson. This

can be compared with Fig. 2 of Ref. [34], where we see similar (if a bit larger) magnitudes for the real and imaginary
parts of f

Z

4 , despite the di↵erences in masses for the three neutral scalars in both situations (in that figure, the
masses taken for h1 and h3 were, respectively, 125 and 400 GeV, and several values for the h2 mass were considered).
As can be inferred from Fig. 4, f

Z

4 is at most of the order of ⇠ 10�5. For the parameter scan described in the
previous section, we obtain, for the imaginary part of fZ

4 , the values shown in Fig. 5. We considered two values of
p
2
1 (corresponding to two possible collision energies for a future linear collider). The imaginary part of fZ

4 (which,
as we will see, contributes directly to CP-violating observables such as asymmetries) is presented as a function of
the overall coupling f123 defined in Eq. (19). We in fact present results as a function of f123/(1/

p
3)3, to illustrate

that indeed the model perfectly allows maximum mixing between the neutral, dark scalars. Fig. 5 shows that the
maximum values for |Im(fZ

4 )| are reached for the maximum mixing scenarios. We also highlight in red the points
for which the dark neutral scalars hi have masses smaller than 200 GeV. The loop functions in the definition of fZ

4 ,
Eq. (17), have a complicated dependence on masses (and external momentum p1) so that an analytical demonstration
is not possible, but the plots of Fig. 5 strongly imply that choosing all dark scalar masses small yields smaller values
for |Im(fZ

4 )|. Larger masses, and larger mass splittings, seem to be required for larger |Im(fZ

4 )|. A reduction on the
maximum values of |Im(fZ

4 )| (and |Re(fZ

4 )|) with increasing external momentum is observed (though that variation is
not linear, as can be appreciated from Fig. 4). A reduction of the maximum values of |Im(fZ

4 )| (and |Re(fZ

4 )|) when
the external momentum tends to infinity is also observed.

The smaller values for |Im(fZ

4 )| for the red points can be understood in analogy with the 2HDM. The authors of
Ref. [34] argue that the occurrence of CPV in the model implies a non-zero value for the basis-invariant quantities
introduced in Refs. [60, 61], in particular for the imaginary part of the J2 quantity introduced therein. Since Im(J2)
is proportional to the product of the di↵erences in mass squared of all neutral scalars, having all those scalars with
lower masses and lower mass splittings reduces Im(J2) and therefore the amount of CPV in the model. Now, in our
model the CPV basis invariants will certainly be di↵erent from those of the 2HDM, but we can adapt the argument to

4
Meaning, a neutral scalar mixing very similar to the CP-conserving 2HDM, where h and H mix via a 2⇥ 2 matrix but A does not mix

with the CP-even states.
5
For this specific parameter space point, we have f123 ' �0.1835.
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FIG. 6: Scatter plot for the imaginary part of fZ
4 for the ZW+W� vertex from Eq. (21), as a function of the combined Z-scalars

coupling f123, divided by its maximum possible value of (1/
p
3)3. The external Z boson 4-momentum is p21 = (450 GeV)2. In

red, points for which the masses of all the dark neutral scalars are smaller than 200 GeV, mhi < 200 GeV (i = 1, 2, 3).

Interestingly, this form factor is larger, by roughly a factor of ten, than the corresponding quantity in the ZZZ vertex
(though still smaller than the corresponding C2HDM typical values). This is illustrated in Fig. 6, where we plot the
imaginary part of fZ

4 as given by Eq. (21) for p
2
1 = (450 GeV)2, having obtained non-zero values. Therefore CPV

also occurs in the ZW
+
W

� interactions in this model, though presumably it would be no easier to experimentally
establish than for the ZZZ vertex. The point we wished to make does not change, however – if even a single non-zero
CPV quantity is found, then CP violation occurs in the model.

As an example of a possible experimental observable to which the form factors fZ

4 for the ZZZ interactions might
contribute, let us take one of the asymmetries considered in Ref. [34], using the techniques of Ref. [71]. Considering a
future linear collider and the process e+e� ! ZZ, taking cross sections for unpolarized beams �

�,�̄
for the production

of two Z bosons of helicities � and �̄ (assuming the helicity of the Z bosons can be determined), the asymmetry A
ZZ

1
is defined as

A
ZZ

1 =
�+,0 � �0,�
�+,0 + �0,�

= �4��4
⇥
(1 + �

2)2 � 4�2 cos2 ✓
⇤
F1(�, ✓) Im

�
f
Z

4 (p21)
�
, (22)

with ✓ the angle between the electron beam and the closest Z boson with positive helicity, � =
p

1� 4m2
Z
/p

2
1 denoting

the velocity of the produced Z bosons and the function F1(�, ✓) is given in appendix D of Ref. [34]. Choosing the
two points in our parameter scan with largest (positive) and smallest (negative) values of Im

�
f
Z

4 (p21)
�
for p21 = (450

GeV)2, we obtain the two curves shown in Fig. 7. Clearly, the smallness (⇠ 10�5) of the f
Z

4 form factor renders
the value of this asymmetry quite small, which makes its measurement challenging. This raises the possibility that
asymmetries involving the ZW

+
W

� vertex might be easier to measure than those pertaining to the ZZZ anomalous
interactions, since we have shown that fZ

4 is typically larger by a factor of ten in the former vertex compared to the
latter one. To investigate this possibility, we compared A

ZZ

1 , considered above, with the A
WW

1 asymmetry defined in
Eq. (5.21) of Ref. [34]. A direct comparison of the maximum values of AWW

1 and A
ZZ

1 shows that for some regions
of parameter space the former quantity can indeed be one order of magnitude larger than the latter one; but that is
by no means a generic feature, since for other choices of model parameters both asymmetries can also be of the same
order. Notice that both asymmetries show a quite di↵erent

p
s dependence.

V. CONCLUSIONS

We presented a model whose scalar sector includes two Higgs doublets and a real singlet. A specific region of
parameter space of the model yields a vacuum which preserves a discrete symmetry imposed on the model – thus
a charged scalar and three neutral ones have a “dark” quantum number preserved in all interactions and have no
interactions with fermions. The lightest of them, chosen to be a neutral particle, is therefore stable and a good dark

The form factor f4 normalised to f123 for 
m1=80.5 GeV,  m2=162.9 GeV and m3=256.9 GeV 
as a function of the squared off-shell Z-boson 
4-momentum, normalised to mZ2.

Scatter plot for the imaginary part of f4 as a 
function of f123 normalised to its maximum 
value. Red points are the ones for which all dark 
scalars mass are below 200 GeV.



But the bounds we have from present measurements by ATLAS and CMS, 
we are still two orders of magnitude away from what is needed. 

−1.2 × 10−3 < fZ
4 < 1.0 × 10−3

−1.5 × 10−3 < fZ
4 < 1.5 × 10−3

k̃ZZ

m2
Z

∂μZν∂μZρ∂ρZν Also, the measured quantity is a constant unlike f4.

CMS collaboration, EPJC78 (2018) 165.

ATLAS collaboration, PRD97 (2018) 032005.
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FIG. 1: Ratio of the branching ratio of h into two photons to the SM value versus the value of the charged scalar mass for all
the allowed points in the model.

FIG. 2: Points that survive all experimental and theoretical constraints. Left: relic density abundance versus dark matter
mass where the grey line represents the measured DM relic abundance; points either saturate the relic abundance constraints
within +1� and -5� around the central value (pink points) or are below the measured central value (violet points). Right: spin-
independent nucleon dark matter scattering cross section as a function of the dark matter mass where the grey line represents
the latest XENON1T [46, 54] results; colour code is the same and pink points are superimposed on violet points.

the parameter scan was made taking into account all data from dark matter searches, we are comfortable that all
phenomenology in that sector is satisfied by the dark particles.

Let us now study how the model behaves in terms of dark matter variables. Several experimental results put
constraints on the mass of the dark matter (DM) candidate, and on its couplings to SM particles. The most strin-
gent bound comes from the measurement of the cosmological DM relic abundance from the latest results from the
Planck Collaboration [45], (⌦h2)obsDM = 0.120 ± 0.001. The DM relic abundance for our model was calculated with
MicrOMEGAs [44]. In our scan we accepted all points that do not exceed the value measured by Planck by more than
1�. This way, we consider not only the points that are in agreement with the DM relic abundance experimental values
but also the points that are underabundant and would need further dark matter candidates to saturate the measured

Finally: there are also charged particles that that can only 
decay to to another Z2-odd particle. They also contribute to 
the decay of the SM-like Higgs into photons. But again no 
deviation was found so far.



Stranger things can happen II

The SM-like Higgs coupling to ZZ(WW) relative to the corresponding SM coupling is

YTypeII
C2HDM = c2Y

TypeII
2HDM − iγ5s2tβ bottom, tau

κh125WW
C2HDM = c2 sin(β − α)

What if the discovered 125 GeV reveals different CP behaviour in two decay channels?

Thus, the SM-like Higgs couplings to the tops could be mainly CP-even while couplings 
to the bottoms and taus could be mainly CP-odd.

and c2 cannot be far from 1. But α2 is the CP-violating angle and therefore it should 
be small. However, the CP-odd component has an extra tanβ factor for down quarks 
and leptons, but not for the up quarks

YTypeII
C2HDM = c2Y

TypeII
2HDM − iγ5

s2

tβ
top

Fontes, Muhlleitner, Romão, RS, Silva, Wittbrodt, JHEP 1802 (2018) 073.



In the CP-odd vs. CP-even plane, the bounds on the Yukawa 
couplings look like rings. 



Softly broken Z2 symmetric 2HDM Higgs potential

and CP is not spontaneously broken
• m2

12 and λ5 real 2HDM

• m2
12 and λ5 complex C2HDM

V = m2
11 |Φ1 |2 + m 2

22 |Φ2 |2 −m2
12 (Φ†

1Φ2 + h . c.)

+
λ1

2
(Φ†

1Φ1)2 +
λ2

2
(Φ†

2Φ2)2 + λ3(Φ†
1Φ1)(Φ†

2Φ2) + λ4(Φ†
1Φ2)(Φ†

2Φ1)+
λ5

2 [(Φ†
1Φ2) + h . c . ]

< Φ1 > = (
0
v1

2 ) < Φ2 > = (
0
v2

2 )
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The allowed parameter space in type II C2HDM

Bounds are stronger for the up-quarks couplings. They come from µVV and the bound on 
tanβ. In type I all couplings are very constrained.   

co(h125bb(ττ )) = sin(α2 ) tan(β)

co(h125tt) =
sin(α2 )
tan(β)

tan(β ) ≥1

aD = aL ≈ 0  ⇒    bD = bL ≈1
and the remaining h1 couplings to up-type quarks and gauge bosons are

aU
2 = (1− s2

4 ) = (1−1/ tβ
4 )

bU
2 = s2

4 =1/ tβ
4               

⎧

⎨
⎪

⎩⎪

gC2HDM
hVV

gSMhVV
⎛

⎝
⎜

⎞

⎠
⎟

2

=  C2 =
tβ2 −1
tβ2 +1

=
1− s2

2

1+ s2
2



EDMs constraints completely kill large pseudoscalar components in Type II. 
Not true in Flipped and Lepton Specific. 

EDMs act differently in the different Yukawa versions of the model. 
Cancellations between diagrams occur. 

CP-odd coupling proportional to sinα2 tanβ 



And this brings a very interesting CP-violation scenario

A Type II model 
where H2 is the SM-

like Higgs.  

YC2HDM ≡ aF + iγ5bF

bU ≈ 0   and    aD ≈ 0

Find two particles of the same mass one decaying 
to tops as CP-even

h1 = H→ tt

h1 = A→τ +τ −

and the other decaying to taus as CP-odd

Probing one Yukawa coupling is not enough!  



Decays of h125 (h3 or h2) to H↓H↓ for all types in the C2HDM

Left - Signal rates for the production of h125 

decaying to H↓ H↓ for 13 TeV as a function of 
mH for Types I and II 

Right – Same for Flipped 
and Lepton Specific

We are able to distinguish different types of the same model - maximal rates range 
from 10 to 30 pb

But more: there is still plenty of parameter space to cover!



Non-125 to tt

Signal rates for the 
production of H↓ 
(upper) and H↑ 

(lower) 
for 13 TeV as a 
function of mH. 

Dashed line is the 
"SM".

Muhlleitner, Sampaio, RS, Wittbrodt, JHEP 1708 (2017) 132



Conclusions

Though	nothing	can	bring	back	the	hour		
Of	splendour	in	the	grass,	of	glory	in	the	flower;	
										We	will	grieve	not,	rather	find	
										Strength	in	what	remains	behind;	
										In	the	primal	sympathy	
										Which	having	been	must	ever	be;	
										In	the	soothing	thoughts	that	spring	
										Out	of	human	suffering;	
										In	the	faith	that	looks	through	death,		
In	years	that	bring	the	philosophic	mind.

Wordsworth, (1807)

“Ode to Intimations of Immortality”

Or as the poem is known in 
the HEP community - 
“Phenomenologists 

stop whining and just move 
on as the LHC is still 

running.”
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Working Group 3: Sub-group – Neutral Extended Scalars 

Yellow Report 4: benchmarks proposed in many different extensions, 
for the LHC Run 2

1. Motivate searches at the LHC – Look for new scalars (new signatures?) in 
simple extensions of the scalar sector – benchmark models for searches. 

2. Precision - H125 couplings measurements (sure-fire investment)  

a) How efficiently can the parameter space of these simple extensions be 
constrained through measurements of the Higgs properties? 
b) How SM-like is the SM-like Higgs? 
c) What are higher order EW corrections (of extended models) good for? 

3. Distinguishing models - Can the LHC Higgs phenomenology and in particular 
signal rates and coupling measurements be used to distinguish models with 
extended Higgs sectors? Needs new physics but it can also be a guide for 
signature motivated searches.

arXiv:1610.07922v1



Back to The alignment limit in the 2HDM

v1

⎛

⎝
⎜
⎜

⎞

⎠
⎟
⎟   

v2

⎛

⎝
⎜
⎜

⎞

⎠
⎟
⎟

!34

Even if in the end we will have a line only, the mixing 
between vevs can only be seen with new physics. 

Two examples:

What about tanβ? All couplings of h125 with the 
other SM particles are SM-like (even hhh).

Haller, Hoecker, Kogler, 
Peiffer, Stelzer 1803.01853

From	B-physics:	Charged	Higgs	loops	–	
constraint	in	the	charged	Higgs	mass,	tanβ	

planeATLAS, JHEP01(2018)055

From	the	LHC:	
limit	on	the	
pseudoscalar	
mass,	tanβ		

plane.



A comparison between the 
NMSSM and the broken 

Complex Singlet extension of 
the SM for final states with 
two scalars with different 

masses.

Hi →H jHk        j ≠ k
The decay

The models can be 
distinguished in some 

regions of the parameter 
space.

Costa, Mühlleitner, Sampaio, RS JHEP(2016) 034

3. Distinguishing models 



Non-125 CP-even to ZZ in different models Signal rates for the 
production of H↓ 
(upper) and H↑ 

(lower) 
for 13 TeV as a 
function of mH. 

Discovery more likely  
via Higgs to Higgs 

decays for the heavier 
ones.  

h125 takes most of the 
hVV coupling. Yukawa 

couplings can be 
different and lead to 
enhancements relative 

to the SM.

Rates are larger for N2HDM and C2HDM and more in type II because the 
Yukawa couplings can vary independently.  

Muhlleitner, Sampaio, RS, Wittbrodt, JHEP 1708 (2017) 132

Dashed line is the "SM".



Non-125 to γγ

Signal rates for the 
production of H↓ 
(upper) and H↑ 

(lower) 
for 13 TeV as a 
function of mH. 

Dashed line is the 
"SM".

h to tt threshold

Rates can be quite large in the N2HDM 
and C2HDM. Again more freedom in the 

couplings.

Muhlleitner, Sampaio, RS, Wittbrodt, JHEP 1708 (2017) 132



Non-125 to ττ
Signal rates for the 
production of H↓ 
(upper) and H↑ 

(lower) 
for 13 TeV as a 
function of mH. 

Dashed line is the 
"SM".

Region where only 
the N2hDM II 

survives.

Muhlleitner, Sampaio, RS, Wittbrodt, JHEP 1708 (2017) 132



Real Singlet model

H→ hh
NLO Corrections shown  

to be only a few percent

2.c) What are radiative corrections good for?

Bojarski, Chalons, Lopez-Val, Robens, JHEP1602 (2016) 142 

Once upon a time we thought we would find more scalars and the radiative 
corrections would have to be ready. But...



!40

SM-like limit  
sin(β - α) = 1

Wrong sign 
sin(β + α) = 1

Krause, Lorenz, Muhlleitner, RS, Ziesche, JHEP1609 (2016) 143

Several renormalization schemes 
are compared. Only process 
dependent is not stable. 

Corrections are under control for 
reasonably large widths. Small 

widths mean large relative 
corrections as expected.

Real 2HDM


