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Top quark decay at the Top Factory
t → BSM

Even a mere factor 2 stronger bounds on the particles originating 
flavor violation makes a factor 16 in the FCNC BR. This can take 
a “border-line observable at top factory” BR=10-5  down to 10-6 

and ruin the party.
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flavor violation makes a factor 16 in the FCNC BR. This can take 
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can give bound on λct from collider physics and flavor physics with the most up-to-date

experimental data. The issue on B(Bd → D(∗)τν) is revisited with new data from Belle and

LHCb. Especially it will be shown that the search for the same sign top pair production

at the LHC plays crucial role to constrain λct. Since the current precision measurements

of the SM Higgs properties are very well consistent with the SM expectations [4, 5], we

assume the alignment limit for the Higgs potential of 2HDM type III, in which the SM

Higgs sector is well decoupled from the NP sector.

The paper is organized as follows. In section 2, we briefly describe and discuss about

the Yukawa structure of aligned 2HDM type III. Section 3 explains about the method of

numerical analysis in this work. In section 4, we study the top quark FCNC processes

and investigate the bounds from the LHC experiment. In section 5 and 6, we study the

constraints from the flavor physics with tree-level and loop-level processes. Section 7 is

reserved for the combined analysis and future prospect for the constraints on λct. We

conclude and summarize our result in section 8.

2 Yukawa sector of aligned 2HDM type III

The Yukawa interaction Lagrangian of 2HDM type III can be described as [29]

−LY = Q̄L(Y
d
1 Φ1+Y d

2 Φ2)dR+ Q̄L(Y
u
1 Φ̃1+Y u

2 Φ̃2)uR+ L̄L(Y
ℓ
1Φ1+Y ℓ

2Φ2)eR+h.c., (2.1)

where QL, LL are left-handed quark and lepton doublets while uR, dR, eR are right-handed

singlets in interaction basis. The two Higgs doublets Φ1 and Φ2 are introduced with the

definition Φ̃i = iσ2Φ∗
i where σ2 is Pauli matrix. Y u, d, ℓ

1,2 are corresponding Yukawa matrices

where the flavor indices are implicitly considered. After the EW symmetry breaking Φ1

and Φ2 have the vevs ⟨Φi⟩ = vi/
√
2 which satisfies v21 + v22 = v2, where v = 246GeV. As

usual, we define tan β = v2/v1.

Then, we diagonalize mass matrices for fermions from eq. (2.1) and for Higgses from

Higgs potential Lagrangian which is described in many literatures (We refer to review paper

ref. [7]). We define α as a mixing angle of neutral CP-even Higgses. As we discussed in

the introduction, we adopt the alignment limit that specifies

sin(β − α) = 1 , (2.2)

to make the model comply with the Higgs precision measurement [30–37]. With this align-

ment limit, the Yukawa Lagrangian eq. (2.1) is re-expressed in terms of mass eigenstates

as follows

LY = LY, SM +
1√
2
d̄ξddH +

1√
2
ūξuuH +

1√
2
ℓ̄ξℓℓH − i√

2
d̄γ5ξ

ddA− i√
2
ūγ5ξ

uuA

− i√
2
ℓ̄γ5ξ

ℓℓA+
[
ū
(
ξuVCKMPL − VCKMξdPR

)
dH+ − ν̄ξℓPRℓH

+ + h.c.
]
, (2.3)

by ignoring Goldstone Lagrangian. Here, LY, SM is equal to the SM Yukawa Lagrangian,

u, d, ℓ are mass eigenstates of up- and down-type quarks and leptons, H,A are CP-even

and -odd neutral Higgses, and H± are charged Higgses. VCKM is the CKM matrix, PL and

– 3 –

both the doublets couple to all the quarks and leptons, but flavor violation is only in the 
doublet that does not take a VEV



 in 2HDM-FVt → cg
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of the arbitrary parameter l . Thus we can expect experi-
ments to be able to constrain l<1, for scalar masses of a
few hundred GeVs.

IV. RARE TOP DECAYS: t˜cg ,Z ,g

Starting from the form factors defined in Eq. ~11! and
given in Appendix B, we can also easily derive the rates for
rare top decays like t!cg , t!cZ , and t!cg . The study of
rare top decays has been often emphasized in the literature
@16,17,11,7#, in particular, as a potential source of evidence
for new physics. Indeed, as we can read from Table I, these
decays are extremely suppressed in the SM and they are
quite small even in the 2HDM’s without tree level FCNC’s
~i.e., both in model I and in model II! @16,17#. This is due to
a strong GIM suppression from the small value of the inter-
nal quark masses md ,s ,b as well as the large tree level rate for
t!bW . On the other hand, these rare top decays normally
get enhanced in models with FCNC’s and this motivates us
to estimate their branching ratio in model III. From the ex-
perimental point of view the prospects for the three modes,
t!cg , cZ , and cg are quite different. In particular, t!cg
could be quite problematic for a hadron collider and the
backgrounds will have to be considered before one can en-
sure that they do not represent a serious limitation. On the
other hand, for the e1e2 case background issues are less
likely to be a serious problem even for t!cg .
In model III the modes t!cg and t!cZ have been pre-

viously considered @7# and their rates are given by

G~ t!cg!5
1

~16p2!2
1
8p

mt~ uCg
u
21uDg

u
2!, ~19!

G~ t!cZ !5
1
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2
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2 D S

mt
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2

3Re~AZ*CZ2BZ*DZ!1MZ
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2

mt
2 12 D

3~ uCZ
u
21uDZ

u
2!G . ~20!

The rate for t!cg can be written in an analogous manner as

G~ t!cg !5
1

~16p2!2
1
8p

mtCF~ uCg
u
21uDg

u
2!, ~21!

where CF5(N221)/2N .
The branching ratios reported in Table I are obtained by

normalizing G(t!cg), G(t!cZ), and G(t!cg), for sim-
plicity, just to the main decay t!bW rate: i.e.,

G~ t!bW !5
GF

8pA2
uVtbu

2mt
3S 12

MW
2

mt
2 D S 11

MW
2

mt
2 22

MW
4

mt
4 D .
~22!

The branching ratios for model I and model II are deduced
from the analysis of @16,17#, with mt.180 GeV. The results
for model III are obtained by varying the neutral and the
charged scalar masses between 200 GeV and 1 TeV, assum-
ing different patterns as explained in the preceding section
@see, for instance, Eq. ~18!#. In particular the upper bounds
on the different branching ratios given in Table I are ob-
tained by taking the scalars to have a common and relatively
small mass. We also notice that in model III the results show
a significant dependence on mt , such that the numbers in
Table I change on the average by as much as an order of
magnitude when mt is varied between 150 GeV and 200
GeV. This sensitivity to mt may become relevant when the
experiments ever get to the point of being able to measure
this type of rare top decay. Finally, in the FC couplings of
Eq. ~10! we also take all the l i j parameters to be equal to
l . In particular, the numbers in Table I are given for l51.
Our analytical expressions for the form factors contain

some differences with respect to Ref. @7#, as explained in
Appendix B @18#. Numerically they end up being most rel-
evant for t!cg . Figure 3 illustrates the case in which a
common value Ms is taken for all the scalar masses, as might
be useful for comparison @19# with Fig. 2 of Ref. @7#. We can
see that the analytical difference between us and Ref. @7#
translates into a numerical difference of more than 1 order of
magnitude for the t!cg decay rate.
From Table I, we see that B(t!cg), B(t!cZ), and

B(t!cg) can be substantially enhanced with respect both to
the SM and to the 2HDM’s with no FCSC’s ~i.e., model I

TABLE I. Values of B(t!cg), B(t!cZ), and B(t!cg) for
mt.180 GeV, in the SM and in the 2HDM’s denoted as model I,
model II, and model III. Each range is obtained by varying
mc , mh , mA , tanb , . . . over a broad region of the parameter
space of the corresponding model, as explained in the text. For
model III, we have fixed l i j.l51 in the FC couplings.

Decay SM Model I Model II Model III

t!cg ;5310212 10213–10211 10213–1029 10212–1027

t!cZ ;10213 10213–10211 10213–10210 1028–1026

t!cg ;5310211 10211–1029 10211–1028 1028–1024

FIG. 3. Branching fraction for t!cg ~solid!, t!cZ ~dot-
dashed!, and t!cg ~dashed! as a function of a common scalar mass
Ms , when mt5180 GeV.
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of the arbitrary parameter l . Thus we can expect experi-
ments to be able to constrain l<1, for scalar masses of a
few hundred GeVs.

IV. RARE TOP DECAYS: t˜cg ,Z ,g

Starting from the form factors defined in Eq. ~11! and
given in Appendix B, we can also easily derive the rates for
rare top decays like t!cg , t!cZ , and t!cg . The study of
rare top decays has been often emphasized in the literature
@16,17,11,7#, in particular, as a potential source of evidence
for new physics. Indeed, as we can read from Table I, these
decays are extremely suppressed in the SM and they are
quite small even in the 2HDM’s without tree level FCNC’s
~i.e., both in model I and in model II! @16,17#. This is due to
a strong GIM suppression from the small value of the inter-
nal quark masses md ,s ,b as well as the large tree level rate for
t!bW . On the other hand, these rare top decays normally
get enhanced in models with FCNC’s and this motivates us
to estimate their branching ratio in model III. From the ex-
perimental point of view the prospects for the three modes,
t!cg , cZ , and cg are quite different. In particular, t!cg
could be quite problematic for a hadron collider and the
backgrounds will have to be considered before one can en-
sure that they do not represent a serious limitation. On the
other hand, for the e1e2 case background issues are less
likely to be a serious problem even for t!cg .
In model III the modes t!cg and t!cZ have been pre-
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The branching ratios for model I and model II are deduced
from the analysis of @16,17#, with mt.180 GeV. The results
for model III are obtained by varying the neutral and the
charged scalar masses between 200 GeV and 1 TeV, assum-
ing different patterns as explained in the preceding section
@see, for instance, Eq. ~18!#. In particular the upper bounds
on the different branching ratios given in Table I are ob-
tained by taking the scalars to have a common and relatively
small mass. We also notice that in model III the results show
a significant dependence on mt , such that the numbers in
Table I change on the average by as much as an order of
magnitude when mt is varied between 150 GeV and 200
GeV. This sensitivity to mt may become relevant when the
experiments ever get to the point of being able to measure
this type of rare top decay. Finally, in the FC couplings of
Eq. ~10! we also take all the l i j parameters to be equal to
l . In particular, the numbers in Table I are given for l51.
Our analytical expressions for the form factors contain

some differences with respect to Ref. @7#, as explained in
Appendix B @18#. Numerically they end up being most rel-
evant for t!cg . Figure 3 illustrates the case in which a
common value Ms is taken for all the scalar masses, as might
be useful for comparison @19# with Fig. 2 of Ref. @7#. We can
see that the analytical difference between us and Ref. @7#
translates into a numerical difference of more than 1 order of
magnitude for the t!cg decay rate.
From Table I, we see that B(t!cg), B(t!cZ), and

B(t!cg) can be substantially enhanced with respect both to
the SM and to the 2HDM’s with no FCSC’s ~i.e., model I

TABLE I. Values of B(t!cg), B(t!cZ), and B(t!cg) for
mt.180 GeV, in the SM and in the 2HDM’s denoted as model I,
model II, and model III. Each range is obtained by varying
mc , mh , mA , tanb , . . . over a broad region of the parameter
space of the corresponding model, as explained in the text. For
model III, we have fixed l i j.l51 in the FC couplings.

Decay SM Model I Model II Model III

t!cg ;5310212 10213–10211 10213–1029 10212–1027

t!cZ ;10213 10213–10211 10213–10210 1028–1026

t!cg ;5310211 10211–1029 10211–1028 1028–1024

FIG. 3. Branching fraction for t!cg ~solid!, t!cZ ~dot-
dashed!, and t!cg ~dashed! as a function of a common scalar mass
Ms , when mt5180 GeV.
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observable SM EXP Ref. 2HDM parameters

B(B → τν) · 104 0.85± 0.14 1.14± 0.22 [53] λbb, λbs, λbd, λut, λττ , MH±

R(D) 0.297± 0.017 0.391± 0.041± 0.028 [54] (λbb), λττ , λct, MH±

R(D∗) 0.252± 0.003 0.322± 0.018± 0.012 [54] (λbb), λττ , λct, MH±

∆md[ ps−1] 0.51± 0.06 0.510± 0.003 [53] (λbb), λtt, λct, MH±

∆ms[ ps−1] 16.93± 1.16 17.757± 0.021 [53] (λbb), λbs, λtt, λct, MH±

B(B → Xsγ) · 104 3.36± 0.23 3.43± 0.22 [53] λbb, λtt, λct, MH±

B(t → cg) < 10−10 < 1.6× 10−4 (95% CL) [55] (λbb), λtt, λct, (MH±), MH , MA

σ(pp → tt) - < 62 fb (95% CL) [56] λct, MH , MA

Rb 0.21576± 0.00003 0.21629± 0.00066 [57] (λbb), λtt, λct, MH±

ρ0 1 1.00040± 0.00024 [58] MH± , MH , MA

Table 2. SM predictions and experimental measurements for the observables used in the numerical
analysis. The last column denotes their dependence on the 2HDM parameters. The parameters in
the parenthesis imply that they can be safely neglected.

the LHC provides us unique chance to explore the top quark FCNC processes which are

extremely small in the SM.

The experimental search for top quark FCNC can be performed either by anomalous

decays or production of top quarks at hadron colliders with top quark FCNC couplings [59–

64]. We note that the searches for t → ch [65, 66] do not provide any constraints on

2HDM type III in alignment limit since the top quark FCNC couplings with the SM Higgs

vanish. The anomalous top decays via t → c/u V where V = γ, Z are explored at the

Tevatron [67–69] and at the LHC [70–73], without finding any significant excess of signal

events. However, these searches do not provide any meaningful constraints on 2HDM type

III since the prediction is much suppressed by loop correction and EW couplings. Contrary

to top decays, the anomalous single top production has much chance to probe top quark

FCNC coupling due to the large gluon luminosity in the parton-distribution-function (PDF)

and the relatively large QCD coupling. The experimental searches for single top events

put upper bound on B(t → cg) and B(t → ug) [74–78]. We focus on B(t → cg) by ignoring

u-quark involved FCNC process since it is extremely suppressed in Cheng-Sher ansatz even

though u quark PDF is bigger than c quark PDF.

The same sign top pair production is a tree-level process and therefore promising to

test NP scenarios which contain top quark FCNC couplings. Notable example is that

the NP scenario with Z ′ mediated top quark FCNC coupling [79, 80] that explains the

anomalous top forward-backward asymmetry observed at the Tevatron [81–83] is disfavored

by non-observation of the same sign top pair production at the LHC [84, 85]. The recent

experimental search at ATLAS with integrated luminosity of 20.3 fb−1 at 8TeV puts the

most stringent upper limits on σ(pp → tt). We interpret the result as an upper limit on

cc → tt process to constrain λct.

In what follows, we study the phenomenology of t → cg and cc → tt processes within

the 2HDM type III to investigate the top quark FCNC coupling.

– 6 –
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Figure 7. Allowed parameter space (MH± , |λττ |) by the combined constraints from loop-induced
processes and B → D(∗)τν decays. See eq. (6.15) for the definition of each parameter set. The
projection for cc → tt,∆ρ at 14TeV with 300 fb−1 data is shown by a dotted line. The lower bound
of black region is same with gray region so is not shown in the plot.
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Figure 8. 2HDM prediction on B(t → cg) as a function of MH± . The green and black lines denote
the upper bounds from the solutions of the combined constraints S1 and S2, respectively. The gray
region corresponds to the solution S3. The dashed line denotes the current upper bound at LHC,
while the dotted line is for the future sensitivity at 14TeV with 300 fb−1 data.

contribution with O(1) λsb has no CKM suppression, and is comparable to the loop contri-

bution. By including the tree level contribution, the allowed parameter space in (λtt,λct)

plane is significantly extended since the large NP contribution from the loop processes can

be canceled by the tree level contribution. Therefore, including the tree level contribution

in Bs − Bs mixing always weakens the constraints on λtt,λct. To understand the effect of

λsb quantitatively, we show a plot in figure 9 for allowed region of λctλtt with respect to

the fixed λsb value by imposing the constraints from cc → tt, Z → bb and ∆ρ. We see that

for λsb > 0.003MH,A large λctλtt is required to cancel the large tree-level contribution. In

fact, for λsb ≃ 0.003MH,A, the magnitude of tree-level contributions is already comparable

to the magnitude of the SM contributions. For λsb < 0.003MH,A , the bound on λctλtt is

not much changed from the one given in previous section.

– 18 –
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u-quark involved FCNC process since it is extremely suppressed in Cheng-Sher ansatz even

though u quark PDF is bigger than c quark PDF.

The same sign top pair production is a tree-level process and therefore promising to

test NP scenarios which contain top quark FCNC couplings. Notable example is that

the NP scenario with Z ′ mediated top quark FCNC coupling [79, 80] that explains the

anomalous top forward-backward asymmetry observed at the Tevatron [81–83] is disfavored

by non-observation of the same sign top pair production at the LHC [84, 85]. The recent

experimental search at ATLAS with integrated luminosity of 20.3 fb−1 at 8TeV puts the

most stringent upper limits on σ(pp → tt). We interpret the result as an upper limit on

cc → tt process to constrain λct.

In what follows, we study the phenomenology of t → cg and cc → tt processes within

the 2HDM type III to investigate the top quark FCNC coupling.
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Figure 8. 2HDM prediction on B(t → cg) as a function of MH± . The green and black lines denote
the upper bounds from the solutions of the combined constraints S1 and S2, respectively. The gray
region corresponds to the solution S3. The dashed line denotes the current upper bound at LHC,
while the dotted line is for the future sensitivity at 14TeV with 300 fb−1 data.

contribution with O(1) λsb has no CKM suppression, and is comparable to the loop contri-

bution. By including the tree level contribution, the allowed parameter space in (λtt,λct)

plane is significantly extended since the large NP contribution from the loop processes can

be canceled by the tree level contribution. Therefore, including the tree level contribution

in Bs − Bs mixing always weakens the constraints on λtt,λct. To understand the effect of

λsb quantitatively, we show a plot in figure 9 for allowed region of λctλtt with respect to

the fixed λsb value by imposing the constraints from cc → tt, Z → bb and ∆ρ. We see that

for λsb > 0.003MH,A large λctλtt is required to cancel the large tree-level contribution. In

fact, for λsb ≃ 0.003MH,A, the magnitude of tree-level contributions is already comparable

to the magnitude of the SM contributions. For λsb < 0.003MH,A , the bound on λctλtt is

not much changed from the one given in previous section.
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observable SM EXP Ref. 2HDM parameters

B(B → τν) · 104 0.85± 0.14 1.14± 0.22 [53] λbb, λbs, λbd, λut, λττ , MH±

R(D) 0.297± 0.017 0.391± 0.041± 0.028 [54] (λbb), λττ , λct, MH±

R(D∗) 0.252± 0.003 0.322± 0.018± 0.012 [54] (λbb), λττ , λct, MH±

∆md[ ps−1] 0.51± 0.06 0.510± 0.003 [53] (λbb), λtt, λct, MH±

∆ms[ ps−1] 16.93± 1.16 17.757± 0.021 [53] (λbb), λbs, λtt, λct, MH±

B(B → Xsγ) · 104 3.36± 0.23 3.43± 0.22 [53] λbb, λtt, λct, MH±

B(t → cg) < 10−10 < 1.6× 10−4 (95% CL) [55] (λbb), λtt, λct, (MH±), MH , MA

σ(pp → tt) - < 62 fb (95% CL) [56] λct, MH , MA

Rb 0.21576± 0.00003 0.21629± 0.00066 [57] (λbb), λtt, λct, MH±

ρ0 1 1.00040± 0.00024 [58] MH± , MH , MA

Table 2. SM predictions and experimental measurements for the observables used in the numerical
analysis. The last column denotes their dependence on the 2HDM parameters. The parameters in
the parenthesis imply that they can be safely neglected.

the LHC provides us unique chance to explore the top quark FCNC processes which are

extremely small in the SM.

The experimental search for top quark FCNC can be performed either by anomalous

decays or production of top quarks at hadron colliders with top quark FCNC couplings [59–

64]. We note that the searches for t → ch [65, 66] do not provide any constraints on

2HDM type III in alignment limit since the top quark FCNC couplings with the SM Higgs

vanish. The anomalous top decays via t → c/u V where V = γ, Z are explored at the

Tevatron [67–69] and at the LHC [70–73], without finding any significant excess of signal

events. However, these searches do not provide any meaningful constraints on 2HDM type

III since the prediction is much suppressed by loop correction and EW couplings. Contrary

to top decays, the anomalous single top production has much chance to probe top quark

FCNC coupling due to the large gluon luminosity in the parton-distribution-function (PDF)

and the relatively large QCD coupling. The experimental searches for single top events

put upper bound on B(t → cg) and B(t → ug) [74–78]. We focus on B(t → cg) by ignoring

u-quark involved FCNC process since it is extremely suppressed in Cheng-Sher ansatz even

though u quark PDF is bigger than c quark PDF.

The same sign top pair production is a tree-level process and therefore promising to

test NP scenarios which contain top quark FCNC couplings. Notable example is that

the NP scenario with Z ′ mediated top quark FCNC coupling [79, 80] that explains the

anomalous top forward-backward asymmetry observed at the Tevatron [81–83] is disfavored

by non-observation of the same sign top pair production at the LHC [84, 85]. The recent

experimental search at ATLAS with integrated luminosity of 20.3 fb−1 at 8TeV puts the

most stringent upper limits on σ(pp → tt). We interpret the result as an upper limit on

cc → tt process to constrain λct.

In what follows, we study the phenomenology of t → cg and cc → tt processes within

the 2HDM type III to investigate the top quark FCNC coupling.
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contribution with O(1) λsb has no CKM suppression, and is comparable to the loop contri-

bution. By including the tree level contribution, the allowed parameter space in (λtt,λct)

plane is significantly extended since the large NP contribution from the loop processes can

be canceled by the tree level contribution. Therefore, including the tree level contribution

in Bs − Bs mixing always weakens the constraints on λtt,λct. To understand the effect of

λsb quantitatively, we show a plot in figure 9 for allowed region of λctλtt with respect to

the fixed λsb value by imposing the constraints from cc → tt, Z → bb and ∆ρ. We see that

for λsb > 0.003MH,A large λctλtt is required to cancel the large tree-level contribution. In

fact, for λsb ≃ 0.003MH,A, the magnitude of tree-level contributions is already comparable

to the magnitude of the SM contributions. For λsb < 0.003MH,A , the bound on λctλtt is

not much changed from the one given in previous section.
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Fig. 1. Feynman diagrams of the signal processes ggF or DY produced (upper) and VBF produced (lower): (left) graviton or radion decaying to WW or ZZ; (center) Z′ and W′

decaying to ZH and WH, respectively; (right) Z′ and W′ decaying to WW and WZ, respectively.

duced in a previous search by the CMS Collaboration in the VV
channel [19]. The sensitivity to VV and VH resonances is signif-
icantly improved compared to previous searches by categorizing 
events according to jet tagging algorithms based on machine learn-
ing [50] that analyze the substructure of the large-radius jets to 
separate jets that originate from boosted H, W, and Z bosons from 
other jets. Events are further categorized based on the presence 
of additional small-radius jets, enhancing the sensitivity to VBF-
produced resonances.

2. The CMS detector and event reconstruction

The central feature of the CMS apparatus is a superconduct-
ing solenoid of 6 m internal diameter, providing a magnetic field 
of 3.8 T. Within the solenoid volume are a silicon pixel and strip 
tracker, a lead tungstate crystal electromagnetic calorimeter, and 
a brass and scintillator hadron calorimeter, each composed of a 
barrel and two endcap sections. Forward calorimeters extend the 
pseudorapidity coverage provided by the barrel and endcap detec-
tors. Muons are measured in gas-ionization detectors embedded in 
the steel flux-return yoke outside the solenoid. A more detailed 
description of the CMS detector, together with a definition of the 
coordinate system used and the relevant kinematic variables, can 
be found in Ref. [51].

Event reconstruction is based on a particle flow algorithm [52], 
which reconstructs and identifies individual particles (photon, elec-
tron, muon, charged hadron, neutral hadron) with information 
from the various elements of the CMS detector. Jets are recon-
structed from these particles, using the anti-kT jet clustering al-
gorithm [53] with distance parameters of R = 0.4 (AK4 jets) and 
R = 0.8 (AK8 jets), as implemented in the FastJet package [54]. To 
mitigate the effect of additional pp interactions within the same 
or nearby bunch crossings (pileup) on the reconstructed jet mo-
mentum, tracks identified as originating from pileup vertices are 
discarded and an offset correction is applied to correct for remain-
ing contributions. Jet energy corrections are derived from simu-
lation studies. In situ measurements of the momentum balance 
in dijet, photon+jet, Z+jets, and multijet events are used to de-
termine any residual differences between the jet energy scale in 
data and in simulation, and appropriate corrections are made [55]. 
Additional selection criteria are applied to each jet to remove jet 

measurements potentially arising from instrumental effects or re-
construction failures [56].

Events of interest are selected using a two-tiered trigger sys-
tem [57]. The first level, composed of custom hardware processors, 
uses information from the calorimeters and muon detectors to se-
lect events at a rate of around 100 kHz within a fixed time interval 
of less than 4 µs. The second level, known as the high-level trigger, 
consists of a farm of processors running a version of the full event 
reconstruction software optimized for fast processing, and reduces 
the event rate to around 1 kHz before data storage. Events are se-
lected online with a variety of different jet triggers based on the 
highest jet transverse momentum (pT) or the pT sum of all jets in 
the event (HT). For some of these triggers additional requirements 
on the trimmed jet mass [58] are applied to allow lower the pT
and HT thresholds [19,25]. The trigger efficiency as a function of 
the invariant mass of the two highest pT AK8 jets (mAK8

jj ) is >99% 
above 1250 GeV for all three data-taking years, and the subsequent 
analysis thus requires mAK8

jj to be above this threshold.

3. Signal and background simulation

Each signal model is characterized by key parameters. The bulk 
graviton model is characterized by two free parameters: the mass 
of the first Kaluza–Klein excitation of a spin-2 boson (the Kaluza–
Klein bulk graviton), and the ratio κ̃ = κ

√
8π/MPl, with κ being 

the unknown curvature scale of the extra dimension and MPl the 
Planck mass. A scenario with κ̃ = 0.5, resulting in resonances with 
a width smaller than the detector resolution is considered in this 
analysis, as motivated in Ref. [59]. The radion model is also charac-
terized by two parameters: rc, the compactification radius, and #R, 
the ultraviolet cutoff of the theory. The scenario with κrcπ = 35
and #R = 3 TeV [59] is considered in this analysis. The HVT model 
is characterized in terms of four parameters: the mass of the W′

and Z′ resonance; a coefficient cF, which scales the couplings of 
the additional gauge bosons to fermions; cH, which scales the cou-
plings to the Higgs boson and longitudinally polarized SM vector 
bosons; and gV, representing the typical strength of the new vec-
tor boson interaction. Two scenarios are considered in this anal-
ysis: HVT model B, corresponding to gV = 3, cH = −0.98, and 
cF = 1.02 [17]; and HVT model C [17], corresponding to gV = 1, 
cH = 1 − 3, and cF = 0. In both scenarios, the new resonances have 
a narrow decay width and large branching fraction to vector boson 
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Fig. 1. Feynman diagrams of the signal processes ggF or DY produced (upper) and VBF produced (lower): (left) graviton or radion decaying to WW or ZZ; (center) Z′ and W′

decaying to ZH and WH, respectively; (right) Z′ and W′ decaying to WW and WZ, respectively.

duced in a previous search by the CMS Collaboration in the VV
channel [19]. The sensitivity to VV and VH resonances is signif-
icantly improved compared to previous searches by categorizing 
events according to jet tagging algorithms based on machine learn-
ing [50] that analyze the substructure of the large-radius jets to 
separate jets that originate from boosted H, W, and Z bosons from 
other jets. Events are further categorized based on the presence 
of additional small-radius jets, enhancing the sensitivity to VBF-
produced resonances.

2. The CMS detector and event reconstruction

The central feature of the CMS apparatus is a superconduct-
ing solenoid of 6 m internal diameter, providing a magnetic field 
of 3.8 T. Within the solenoid volume are a silicon pixel and strip 
tracker, a lead tungstate crystal electromagnetic calorimeter, and 
a brass and scintillator hadron calorimeter, each composed of a 
barrel and two endcap sections. Forward calorimeters extend the 
pseudorapidity coverage provided by the barrel and endcap detec-
tors. Muons are measured in gas-ionization detectors embedded in 
the steel flux-return yoke outside the solenoid. A more detailed 
description of the CMS detector, together with a definition of the 
coordinate system used and the relevant kinematic variables, can 
be found in Ref. [51].

Event reconstruction is based on a particle flow algorithm [52], 
which reconstructs and identifies individual particles (photon, elec-
tron, muon, charged hadron, neutral hadron) with information 
from the various elements of the CMS detector. Jets are recon-
structed from these particles, using the anti-kT jet clustering al-
gorithm [53] with distance parameters of R = 0.4 (AK4 jets) and 
R = 0.8 (AK8 jets), as implemented in the FastJet package [54]. To 
mitigate the effect of additional pp interactions within the same 
or nearby bunch crossings (pileup) on the reconstructed jet mo-
mentum, tracks identified as originating from pileup vertices are 
discarded and an offset correction is applied to correct for remain-
ing contributions. Jet energy corrections are derived from simu-
lation studies. In situ measurements of the momentum balance 
in dijet, photon+jet, Z+jets, and multijet events are used to de-
termine any residual differences between the jet energy scale in 
data and in simulation, and appropriate corrections are made [55]. 
Additional selection criteria are applied to each jet to remove jet 

measurements potentially arising from instrumental effects or re-
construction failures [56].

Events of interest are selected using a two-tiered trigger sys-
tem [57]. The first level, composed of custom hardware processors, 
uses information from the calorimeters and muon detectors to se-
lect events at a rate of around 100 kHz within a fixed time interval 
of less than 4 µs. The second level, known as the high-level trigger, 
consists of a farm of processors running a version of the full event 
reconstruction software optimized for fast processing, and reduces 
the event rate to around 1 kHz before data storage. Events are se-
lected online with a variety of different jet triggers based on the 
highest jet transverse momentum (pT) or the pT sum of all jets in 
the event (HT). For some of these triggers additional requirements 
on the trimmed jet mass [58] are applied to allow lower the pT
and HT thresholds [19,25]. The trigger efficiency as a function of 
the invariant mass of the two highest pT AK8 jets (mAK8

jj ) is >99% 
above 1250 GeV for all three data-taking years, and the subsequent 
analysis thus requires mAK8

jj to be above this threshold.

3. Signal and background simulation

Each signal model is characterized by key parameters. The bulk 
graviton model is characterized by two free parameters: the mass 
of the first Kaluza–Klein excitation of a spin-2 boson (the Kaluza–
Klein bulk graviton), and the ratio κ̃ = κ

√
8π/MPl, with κ being 

the unknown curvature scale of the extra dimension and MPl the 
Planck mass. A scenario with κ̃ = 0.5, resulting in resonances with 
a width smaller than the detector resolution is considered in this 
analysis, as motivated in Ref. [59]. The radion model is also charac-
terized by two parameters: rc, the compactification radius, and #R, 
the ultraviolet cutoff of the theory. The scenario with κrcπ = 35
and #R = 3 TeV [59] is considered in this analysis. The HVT model 
is characterized in terms of four parameters: the mass of the W′

and Z′ resonance; a coefficient cF, which scales the couplings of 
the additional gauge bosons to fermions; cH, which scales the cou-
plings to the Higgs boson and longitudinally polarized SM vector 
bosons; and gV, representing the typical strength of the new vec-
tor boson interaction. Two scenarios are considered in this anal-
ysis: HVT model B, corresponding to gV = 3, cH = −0.98, and 
cF = 1.02 [17]; and HVT model C [17], corresponding to gV = 1, 
cH = 1 − 3, and cF = 0. In both scenarios, the new resonances have 
a narrow decay width and large branching fraction to vector boson 
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Fig. 1. Feynman diagrams of the signal processes ggF or DY produced (upper) and VBF produced (lower): (left) graviton or radion decaying to WW or ZZ; (center) Z′ and W′

decaying to ZH and WH, respectively; (right) Z′ and W′ decaying to WW and WZ, respectively.

duced in a previous search by the CMS Collaboration in the VV
channel [19]. The sensitivity to VV and VH resonances is signif-
icantly improved compared to previous searches by categorizing 
events according to jet tagging algorithms based on machine learn-
ing [50] that analyze the substructure of the large-radius jets to 
separate jets that originate from boosted H, W, and Z bosons from 
other jets. Events are further categorized based on the presence 
of additional small-radius jets, enhancing the sensitivity to VBF-
produced resonances.

2. The CMS detector and event reconstruction

The central feature of the CMS apparatus is a superconduct-
ing solenoid of 6 m internal diameter, providing a magnetic field 
of 3.8 T. Within the solenoid volume are a silicon pixel and strip 
tracker, a lead tungstate crystal electromagnetic calorimeter, and 
a brass and scintillator hadron calorimeter, each composed of a 
barrel and two endcap sections. Forward calorimeters extend the 
pseudorapidity coverage provided by the barrel and endcap detec-
tors. Muons are measured in gas-ionization detectors embedded in 
the steel flux-return yoke outside the solenoid. A more detailed 
description of the CMS detector, together with a definition of the 
coordinate system used and the relevant kinematic variables, can 
be found in Ref. [51].

Event reconstruction is based on a particle flow algorithm [52], 
which reconstructs and identifies individual particles (photon, elec-
tron, muon, charged hadron, neutral hadron) with information 
from the various elements of the CMS detector. Jets are recon-
structed from these particles, using the anti-kT jet clustering al-
gorithm [53] with distance parameters of R = 0.4 (AK4 jets) and 
R = 0.8 (AK8 jets), as implemented in the FastJet package [54]. To 
mitigate the effect of additional pp interactions within the same 
or nearby bunch crossings (pileup) on the reconstructed jet mo-
mentum, tracks identified as originating from pileup vertices are 
discarded and an offset correction is applied to correct for remain-
ing contributions. Jet energy corrections are derived from simu-
lation studies. In situ measurements of the momentum balance 
in dijet, photon+jet, Z+jets, and multijet events are used to de-
termine any residual differences between the jet energy scale in 
data and in simulation, and appropriate corrections are made [55]. 
Additional selection criteria are applied to each jet to remove jet 

measurements potentially arising from instrumental effects or re-
construction failures [56].

Events of interest are selected using a two-tiered trigger sys-
tem [57]. The first level, composed of custom hardware processors, 
uses information from the calorimeters and muon detectors to se-
lect events at a rate of around 100 kHz within a fixed time interval 
of less than 4 µs. The second level, known as the high-level trigger, 
consists of a farm of processors running a version of the full event 
reconstruction software optimized for fast processing, and reduces 
the event rate to around 1 kHz before data storage. Events are se-
lected online with a variety of different jet triggers based on the 
highest jet transverse momentum (pT) or the pT sum of all jets in 
the event (HT). For some of these triggers additional requirements 
on the trimmed jet mass [58] are applied to allow lower the pT
and HT thresholds [19,25]. The trigger efficiency as a function of 
the invariant mass of the two highest pT AK8 jets (mAK8

jj ) is >99% 
above 1250 GeV for all three data-taking years, and the subsequent 
analysis thus requires mAK8

jj to be above this threshold.

3. Signal and background simulation

Each signal model is characterized by key parameters. The bulk 
graviton model is characterized by two free parameters: the mass 
of the first Kaluza–Klein excitation of a spin-2 boson (the Kaluza–
Klein bulk graviton), and the ratio κ̃ = κ

√
8π/MPl, with κ being 

the unknown curvature scale of the extra dimension and MPl the 
Planck mass. A scenario with κ̃ = 0.5, resulting in resonances with 
a width smaller than the detector resolution is considered in this 
analysis, as motivated in Ref. [59]. The radion model is also charac-
terized by two parameters: rc, the compactification radius, and #R, 
the ultraviolet cutoff of the theory. The scenario with κrcπ = 35
and #R = 3 TeV [59] is considered in this analysis. The HVT model 
is characterized in terms of four parameters: the mass of the W′

and Z′ resonance; a coefficient cF, which scales the couplings of 
the additional gauge bosons to fermions; cH, which scales the cou-
plings to the Higgs boson and longitudinally polarized SM vector 
bosons; and gV, representing the typical strength of the new vec-
tor boson interaction. Two scenarios are considered in this anal-
ysis: HVT model B, corresponding to gV = 3, cH = −0.98, and 
cF = 1.02 [17]; and HVT model C [17], corresponding to gV = 1, 
cH = 1 − 3, and cF = 0. In both scenarios, the new resonances have 
a narrow decay width and large branching fraction to vector boson 
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Fig. 1. Feynman diagrams of the signal processes ggF or DY produced (upper) and VBF produced (lower): (left) graviton or radion decaying to WW or ZZ; (center) Z′ and W′

decaying to ZH and WH, respectively; (right) Z′ and W′ decaying to WW and WZ, respectively.

duced in a previous search by the CMS Collaboration in the VV
channel [19]. The sensitivity to VV and VH resonances is signif-
icantly improved compared to previous searches by categorizing 
events according to jet tagging algorithms based on machine learn-
ing [50] that analyze the substructure of the large-radius jets to 
separate jets that originate from boosted H, W, and Z bosons from 
other jets. Events are further categorized based on the presence 
of additional small-radius jets, enhancing the sensitivity to VBF-
produced resonances.

2. The CMS detector and event reconstruction

The central feature of the CMS apparatus is a superconduct-
ing solenoid of 6 m internal diameter, providing a magnetic field 
of 3.8 T. Within the solenoid volume are a silicon pixel and strip 
tracker, a lead tungstate crystal electromagnetic calorimeter, and 
a brass and scintillator hadron calorimeter, each composed of a 
barrel and two endcap sections. Forward calorimeters extend the 
pseudorapidity coverage provided by the barrel and endcap detec-
tors. Muons are measured in gas-ionization detectors embedded in 
the steel flux-return yoke outside the solenoid. A more detailed 
description of the CMS detector, together with a definition of the 
coordinate system used and the relevant kinematic variables, can 
be found in Ref. [51].

Event reconstruction is based on a particle flow algorithm [52], 
which reconstructs and identifies individual particles (photon, elec-
tron, muon, charged hadron, neutral hadron) with information 
from the various elements of the CMS detector. Jets are recon-
structed from these particles, using the anti-kT jet clustering al-
gorithm [53] with distance parameters of R = 0.4 (AK4 jets) and 
R = 0.8 (AK8 jets), as implemented in the FastJet package [54]. To 
mitigate the effect of additional pp interactions within the same 
or nearby bunch crossings (pileup) on the reconstructed jet mo-
mentum, tracks identified as originating from pileup vertices are 
discarded and an offset correction is applied to correct for remain-
ing contributions. Jet energy corrections are derived from simu-
lation studies. In situ measurements of the momentum balance 
in dijet, photon+jet, Z+jets, and multijet events are used to de-
termine any residual differences between the jet energy scale in 
data and in simulation, and appropriate corrections are made [55]. 
Additional selection criteria are applied to each jet to remove jet 

measurements potentially arising from instrumental effects or re-
construction failures [56].

Events of interest are selected using a two-tiered trigger sys-
tem [57]. The first level, composed of custom hardware processors, 
uses information from the calorimeters and muon detectors to se-
lect events at a rate of around 100 kHz within a fixed time interval 
of less than 4 µs. The second level, known as the high-level trigger, 
consists of a farm of processors running a version of the full event 
reconstruction software optimized for fast processing, and reduces 
the event rate to around 1 kHz before data storage. Events are se-
lected online with a variety of different jet triggers based on the 
highest jet transverse momentum (pT) or the pT sum of all jets in 
the event (HT). For some of these triggers additional requirements 
on the trimmed jet mass [58] are applied to allow lower the pT
and HT thresholds [19,25]. The trigger efficiency as a function of 
the invariant mass of the two highest pT AK8 jets (mAK8

jj ) is >99% 
above 1250 GeV for all three data-taking years, and the subsequent 
analysis thus requires mAK8

jj to be above this threshold.

3. Signal and background simulation

Each signal model is characterized by key parameters. The bulk 
graviton model is characterized by two free parameters: the mass 
of the first Kaluza–Klein excitation of a spin-2 boson (the Kaluza–
Klein bulk graviton), and the ratio κ̃ = κ

√
8π/MPl, with κ being 

the unknown curvature scale of the extra dimension and MPl the 
Planck mass. A scenario with κ̃ = 0.5, resulting in resonances with 
a width smaller than the detector resolution is considered in this 
analysis, as motivated in Ref. [59]. The radion model is also charac-
terized by two parameters: rc, the compactification radius, and #R, 
the ultraviolet cutoff of the theory. The scenario with κrcπ = 35
and #R = 3 TeV [59] is considered in this analysis. The HVT model 
is characterized in terms of four parameters: the mass of the W′

and Z′ resonance; a coefficient cF, which scales the couplings of 
the additional gauge bosons to fermions; cH, which scales the cou-
plings to the Higgs boson and longitudinally polarized SM vector 
bosons; and gV, representing the typical strength of the new vec-
tor boson interaction. Two scenarios are considered in this anal-
ysis: HVT model B, corresponding to gV = 3, cH = −0.98, and 
cF = 1.02 [17]; and HVT model C [17], corresponding to gV = 1, 
cH = 1 − 3, and cF = 0. In both scenarios, the new resonances have 
a narrow decay width and large branching fraction to vector boson 
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Fig. 1. Feynman diagrams of the signal processes ggF or DY produced (upper) and VBF produced (lower): (left) graviton or radion decaying to WW or ZZ; (center) Z′ and W′

decaying to ZH and WH, respectively; (right) Z′ and W′ decaying to WW and WZ, respectively.
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Interim Summary from FCNC update
•  coupling is best probed at 240 GeV via single-top production at  
• No model* of the Snowmass 2013 able to generate a   
•  coupling is best probed at the LHC via single top production 
• No model* of the Snowmass 2013 able to generate a 

Ztc e+e−

BR > 10−6

gtc
BR > 10−6

*  does not mean one cannot make new ad-hoc models!

No update so far for  coupling 
Will go down compared to Snowmass 2013, but safe to say some model 
will stay above   
Motivates pursuing also  couplings with a general BSM scalar 

htc

BR > 10−6

ϕtc ϕ
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BSM decays of top quark
t → cϕ

studied for mϕ = 15,20,50,120 GeV

Motivation

● FCNC interactions are forbidden at tree level in the SM
● Significantly suppressed in higher orders, especially in 

the case of the top quark
● Ideal to look for new physics effects
● Studied in detail with the LHC data
● The goal of this work is to explore the top-scalar FCNC 

connection in FCCee

2

arX
iv:2210.09641

ϕ

Limits
● Limits computed for scalars with the masses 15, 20, 50 

and 125 GeV
● Sensitivity comparable with the current LHC light scalar 

searches
● CLIC sensibility is not far (8.8 x 10-5, arXiv:1807.02441)

7
arXiv:2301.03902

CLIC study  
for mS=125 GeV
1807.02441

mϕ [GeV]



New boundsLimits
● Limits computed for scalars with the masses 15, 20, 50 

and 125 GeV
● Sensitivity comparable with the current LHC light scalar 

searches
● CLIC sensibility is not far (8.8 x 10-5, arXiv:1807.02441)

7
arXiv:2301.03902

, t → cϕ ϕ → bb̄

Selection

● At least one isolated lepton: p > 5 GeV, |η| < 2.9, relative isolation 
ΔR < 0.5

● 4-jets exclusive clustering with algo Durham, at least two of which 
are b-tagged (ParticleTransformer, trained on Higgs samples, 
training: wc_pt_13_01_2022, WP > 0.5) and at least one that is 
c-tagged (WP > 0.5)

● Flavour tagging performance is crucial for this analysis.
● Jets are combined in order to get the best combination for the S 

-> bb and t -> cS

BDT to discriminate signal to background
● With good performance for high working point (0.97).

4

Key4Hep production chain with Delphes
background  tt + jet
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LHC and HTE factory

Drell-Yan processes + Fusion TBD
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“Pair-coupled” Dark Matter

Giulio Marino



“Pair-coupled” Dark Matter
improved sensitivity for light DM candidates

 GeVs = 91.2
L = 120 ab−1 Colliders

2 FCC-ee: DY process

10

• Z-pole to probe  DM produced in association with an energetic photon 

•  is not not forward and this leads to a large    very clean search channel 

• The dominant bkg is  

• Analysis selections: we have taken   

• We maximize the sensitivity             adding a cut on  

ΛγZ ⇒
γ Pγ

T ⇒
e+e− → γνν̄

|η | < 2.5
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“Pair-coupled” Dark Matter
improved sensitivity for light DM candidates
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Light chargino-neutralino
starting to appear in the LHC data?

6

Impact from LHC SUSY searches limits
taken from M. Berggren 2023

 Ecfa-EW&T&H@Paris, June  2024                   GMP et al.

12

Focus on two scenarios: wino/bino vs higgsino

M. Chakraborti, S. Heinemeyer, I. Saha 24

 Ecfa-EW&T&H@Paris, June  2024                   GMP et al.

G. Moortgat-Pick



Light chargino-neutralino
starting to appear in the LHC data?

34

Relic density

 Ecfa-EW&T&H@Paris, June  2024                   GMP et al.
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Reconstruction of parameters

 Ecfa-EW&T&H@Paris, June  2024                   GMP et al.
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Reconstruction of parameters
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 co-annihilation dark matterτ̃
close to the degenerate LSP-NLSP

arXiv:2105.08616

ILD full simulation analysis:results

7

At ILC discovery and exclusion 
are almost the same and close 

to the kinematic limit
co-annihilation

Teresa Núñez



Dark matter from 2HDM+Singlet
more structure signals of DM

Analysis of low mass dark matter-DM55

In this benchmark the the dark matter comes from the decay of 125 GeV
Higgs boson h2.

We will look into mono-Z (in the dilepton final state), Higgsstrahlung is the
major production.

At low
p
s, required for the low mass DM scenario, the major background comes

from ⌫⌫Z where ⌫⌫ comes from Z -boson.

12

Dark matter search at lepton colliders

Mono-�

Mono-Z

9

To reduce this background, we construct the variable /M missing-mass which is the
invariant mass of the missing particles.

/M = E
2
inv

� | ~pinv |2

= (
p
s � EZ )

2 � | ~pZ |2

= (
p
s � EZ )

2 � (E 2
Z
� m

2
Z
)

= s � 2
p
sEZ + m

2
Z

After applying a cut /M > 100 GeV we achieve :

Benchmark S(
p
s=250 GeV) S(

p
s=500 GeV)

BP55 4.3 (1ab�1), 7.4 (3ab�1) 1.2 (1ab�1), 2.0 (3ab�1)

Table: At ILC

Benchmark S(
p
s=1 TeV) S(

p
s=3 TeV)

BP55 5.4 (10ab�1), 0.38 (10ab�1)

Table: At muon collider
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lepto-philic dark matter
1 singlet, 2 doublets (one only couples to leptons)

ℒint ⊃ −
gχ

2 φχχ − φ ∑
l=e,μ,τ

glll̄

Muon g-2 2311.08282

Muon g-2
OTHER BOUNDS

Cesarotti CC & Krnjaic ’24 
mϕ [GeV]

ℒint ⊃ −
gχ

2 φχχ − φ ∑
l=e,μ,τ

glll̄ gl = ge
ml

me

E

Type III 2HDM

ℒ ⊃ λuH1Qū + λdH†
1 Qd̄ + λℓH2Lē

H1 ∼ (1,2)1/2
H2 ∼ (1,2)−1/2

V(H1, H2, S) = S (μ11H†
1 H1 + μ12H1H2 + μ*12H†

2 H†
1 + μ22H†

2 H2)

+S ∼ (1,1)0

Diagonalize into SM Higgs h and heavy Higgs HEach get vev v1, v2

Work in regime of parameters, esp tan β ≡ v2
v1

≫ 1

LEPTOPHILIC DARK MATTER

Cesarotti 

ℒint ⊃ −
gχ

2 φχχ − φ ∑
l=e,μ,τ

glll̄

Tera-Z run at FCCee can also set significant bounds from rare Z decays

Strongest bound set by couplings to Z → ττ

Bound set by uncertainty in BR

REACH AT FCC-EE

Cesarotti CC & Krnjaic ’24 
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γ

φμ

μ

μ+μ− → φγ

Eγ ∼ s /2  TeV 
% 

 

s = 3
σE = 3

ℒ = 1ab−1

|η | < 2.5

Primary Background:  
 μ+μ− → νν̄γ

For Muon Collider, our sensitivity is going to be to 
heavy states.

REACH AT MUC
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ℒint ⊃ −
gχ

2 φχχ − φ ∑
l=e,μ,τ

glll̄

Tera-Z run at FCCee can also set significant bounds from rare Z decays

Strongest bound set by couplings to Z → ττ

Bound set by uncertainty in BR
Previous LEP: (  Z’s)1.7 × 107

FCCee Tera-Z: (  Z’s)1012

 MeVΓ(Z → ττ) = 84.08 ± 0.22

Assume primary improvements come from statistics
ΔΓ × NLEP /NFCC

REACH AT FCC-EE

Cesarotti CC & Krnjaic ’24 

e+e− → ττϕ
Cari Cesarotti
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New vector states
flavor-aware gauge bosons in IDEA

Li-Lj models

3José Zurita 3rd ECFA workshop on e+ e- Higgs, Top and Electroweak Factories, 9-11 October 2024

•We consider Le-Lτ and Le-Lμ models, to have tree level couplings eeZ’. 
 

.

•Simple model, only two free parameters: 

•Kinetic mixing ignored here: loop induced and (ml/mZ’)2 suppressed.

•Studied for e+e-, μ+ μ- @ 3 TeV [Dasgupta et al, 2308.12804], @FCC-ee with flavor 
violating couplings [Goudelis et al, 2312.14103].

ℒ ⊃ − g′ (L̄iγμLi − L̄jγμLj + l̄i,Rγμli,R − l̄j,Rγμlj,R)Z′ μ + 1
2 (mZ′ )2Z′ μZ′ μ

g′ , mZ′ 

Pipeline

5José Zurita

•MG5_aMC@NLO + Pythia 8 +Delphes, with IDEA card.

•Selection cuts (aligned with IDEA thresholds) 

• .

• .

• ,

•Object efficiencies (from IDEA card): 

•Signal: 

•Backgrounds:  
 
irreducible: .  
reducible: .

e, μ : pT > 0.5 GeV, |η | ≤ 2.5, ΔR(l, X) > 0.5

γ : E > 2GeV, pT > 0.5 GeV, |η | ≤ 3.0, ΔR(γ, X) > 0.5

τ : pT > 1 GeV, |η | ≤ 3.0, ΔR(τ, X) > 0.5

ϵe,μ,γ = 0.99, ϵτ = 0.6

e+e− → γX with X = l+l−, νν

X = l+l−, νν
X = l+l−l+l−, l+l−νν, νννν

3rd ECFA workshop on e+ e- Higgs, Top and Electroweak Factories, 9-11 October 2024
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•MG5_aMC@NLO + Pythia 8 +Delphes, with IDEA card.

•Selection cuts (aligned with IDEA thresholds) 

• .

• .

• ,

•Object efficiencies (from IDEA card): 

•Signal: 

•Backgrounds:  
 
irreducible: .  
reducible: .

e, μ : pT > 0.5 GeV, |η | ≤ 2.5, ΔR(l, X) > 0.5

γ : E > 2GeV, pT > 0.5 GeV, |η | ≤ 3.0, ΔR(γ, X) > 0.5

τ : pT > 1 GeV, |η | ≤ 3.0, ΔR(τ, X) > 0.5

ϵe,μ,γ = 0.99, ϵτ = 0.6

e+e− → γX with X = l+l−, νν

X = l+l−, νν
X = l+l−l+l−, l+l−νν, νννν

3rd ECFA workshop on e+ e- Higgs, Top and Electroweak Factories, 9-11 October 2024

Limits

11José Zurita 3rd ECFA workshop on e+ e- Higgs, Top and Electroweak Factories, 9-11 October 2024

-Large impact of ∆ll variation (4x improvement in g’ exclusion with slimmer window). 

-No large impact of Eγ resolution.
 
-Limits on g’ of few x 10-4 achieved (for Z-pole run), up to tt-run limits better than 
those expected from CLIC, MuC-3 [Dasgupta et al, 2308.12804] 

Le − Lτ gauge boson

Jose Zurita



New vector states
HNL gauge bosons in ILD

jurina@post.kek.jpECFA 2024 5

Signal and backgrounds process & simularion 
setup

6f and 4f major background processes: 

ILC500

e+e-→eνqq

Signal process:

s-channel via Z’ t-channel via W 
(only eL)

(Destructive 
interference)

(Geant4)

+

e+e-→eeqq e+e-→tt

jurina@post.kek.jpECFA 2024 2

Motivation and introduction

RHN pair production

Lepton # violation is possible!

Very small SM BG!

Same sign leptons possible

Experimantal evidence indicates SM neutrinos have tiny masses.

minimal U(1)B-L model
GB−L ≡ SU(3)C × SU(2)L × U(1)Y × U(1)B−L

RHN is assumed to be

gauge boson : Z’

Benchmark points with MN = 100, 150, 200, 225 GeV

arXiV[1812.11931]

Type 1 seesaw is the simplest idea to explain
SM is extended with 3 SM gauge singlet RHN

a Majorana particle ( )N = N̄

jurina@post.kek.jpECFA 2024 4

Current limits - Z’ mass

RHN pair production crosssection at ILC250 
for expected HL-LHC limits on MZ’/g’

minimal B-L model
MN1,2,3 = 50 GeV
MN1,2,3 = 100 GeV

Alternative B-L model
MN1,2 = 50 GeV
MN1,2 = 100 GeV

ILC250

SM like Z’ coupling

ATLAS-TDR-LHCC2017-2018 arXiV[1812.11931]

The heavier Z’ mass less constrained by LHC
This is advantage for direct serach at e+e- collider.

jurina@post.kek.jpECFA 2024 13

Exclusion plot on σ/σ0

Benchmark

Exclude benchmark points and cross-sections up to 10x smaller 

Calculate 95% UL on σ/σ0

eLpR(-0.8,+0.3)
eRpL(+0.8,-0.3)σ0 : benchmark 

cross-section

Normalised to benchmark cross-section

Strongly limited by eRpL case and lighter RHN masses

Jurina Nakajima



New vector and (tensor?) states
puzzles from the LHC keep showing up … 

• We should not ignore the possibility of tensor candidates in searches for 
BSM scalar resonances

• To select T(650)->ZZ, it is therefore important to apply a genuine cut 
based method to CMS data, separating  VBF from ggF

• The RS scenario seems able to accommodate the tensor T(650) 
candidate but also implies Kaluza Klein heavy vectors which require our 
attention

• T(650) is a fascinating object which can be fully elucidated with an e+e-
machine reaching 1 TeV

• This could also be true for the fiveplet comprising T(450)++ 
• We await with great hopes a reanalysis of X(650)->ZZ and conclusive 

results from RUN3, 3.5 sd true signals could then become 5 sd

CONCLUSION

SUMMARY OF BSM SCALAR CANDIDATES

Should the LHC experiment start to publish the “trial 
factor”? How many independent signal regions have 

been looked at? Is   the new 1 ? Helpful to take 
into account properly the LHC results in our study.

3σ σ

François Richard



Thank you!

if you missed our parallels please check the backup slides



a.k.a. NFC − Type I or Inert
a.k.a. "up-specifc" or NFC − Type II

a.k.a. "down-specifc" 
a.k.a. "lepton-specifc" 

Nomenclature for 2HDMs (no pretense to be complete)

2207.06771

ϕ1 → − ϕ1
ϕ2 → − ϕ2, uR → − uR
ϕ1 → − ϕ1, eR → − eR
ϕ1 → − ϕ1, dR → − dR

NFC=Natural Flavor Conservation

Symmetries can be advocated to fix which Higgs doublet interacts with which kind of fermions.



Already? discussed in plenary
Paris SRCH parallels



(Heavy) Neutrinos



Heavy Neutral Lepton
characterization

Symmetry-protected low-scale seesaw

Lepton number L = n‘ � n‘̄

Standard Model (SM): Accidentally conserved

Generalisation: ‘Lepton number’-like symmetry

e.g. U(1)L
with charges

~⌫ N1 N2

L +1 �1 +1

Symmetry L conserved
• Three massless neutrinos
• Single Dirac heavy neutrino

Corresponds to two degenerate Majoranas

Symmetry breaking in the mass matrix
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Small symmetry breaking ◆L

• Light neutrino masses m⌫ / ◆L
• Heavy neutrino mass splitting ´m / ◆L

Breaking induced neutrino mass splitting
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�

Seesaw limits

High scale
mM ⇡ mGUT
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mM ⌧ mGUT

Symmetry protected
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Unprotected
�L ⇡ 1

Small coupling
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Large coupling
~y ⇡ 1

collider
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�

�

�

Symmetry-protected low-scale seesaw

Lepton number L = n‘ � n‘̄

Standard Model (SM): Accidentally conserved

Generalisation: ‘Lepton number’-like symmetry

e.g. U(1)L
with charges

~⌫ N1 N2

L +1 �1 +1

Symmetry L conserved
• Three massless neutrinos
• Single Dirac heavy neutrino

Corresponds to two degenerate Majoranas

Symmetry breaking in the mass matrix

Lm =

0

@
~⌫
N1
N2

1

A
t0

@
0 ~mD ~—D
~m|
D —0

M mM
~—|
D mM —M

1

A

0

@
~⌫
N1
N2

1

A

Small symmetry breaking ◆L

• Light neutrino masses m⌫ / ◆L
• Heavy neutrino mass splitting ´m / ◆L

Breaking induced neutrino mass splitting

m ´m

Dirac pseudo-Dirac

L �L

0 m1
m2
m3

Weyl Majorana

�

Seesaw limits

High scale
mM ⇡ mGUT

Low scale
mM ⌧ mGUT

Symmetry protected
�L ⌧ 1

Unprotected
�L ⇡ 1

Small coupling
~y ⌧ 1

Large coupling
~y ⇡ 1

collider
testable

�

�

�

Symmetry-protected low-scale seesaw

Lepton number L = n‘ � n‘̄

Standard Model (SM): Accidentally conserved

Generalisation: ‘Lepton number’-like symmetry

e.g. U(1)L
with charges

~⌫ N1 N2

L +1 �1 +1

Symmetry L conserved
• Three massless neutrinos
• Single Dirac heavy neutrino

Corresponds to two degenerate Majoranas

Symmetry breaking in the mass matrix

Lm =

0

@
~⌫
N1
N2

1

A
t0

@
0 ~mD ~—D
~m|
D —0

M mM
~—|
D mM —M

1

A

0

@
~⌫
N1
N2

1

A

Small symmetry breaking ◆L

• Light neutrino masses m⌫ / ◆L
• Heavy neutrino mass splitting ´m / ◆L

Breaking induced neutrino mass splitting

m ´m

Dirac pseudo-Dirac

L �L

0 m1
m2
m3

Weyl Majorana

�

Seesaw limits

High scale
mM ⇡ mGUT

Low scale
mM ⌧ mGUT

Symmetry protected
�L ⌧ 1

Unprotected
�L ⇡ 1

Small coupling
~y ⌧ 1

Large coupling
~y ⇡ 1

collider
testable

�

�

�

Heavy neutrino-antineutrino oscillations (NNOs) [����.�����]

Oscillations between events that have
• Lepton number conservation (LNC) l±l⌥

• Lepton number violation (LNV) l±l±

Oscillation frequency governed by ´m

P
LNC=LNV
osc (fi) = 1 ± cos(´mfi)

2

Oscillating mass eigenstates ni

l+ l±

W+ W⌥N

oscillations

P
ni N=N

�

Almost Dirac limit
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Heavy Neutral Lepton
characterization

Maximal significance of the FCC-ee
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Heavy Neutral Lepton
leptogenesis

Institute of Experimental Particle Physics - KIT

Simulation of n=2 Majorana HNLs at FCC-ee Z pole run looking at fully leptonic decays, 
following Ref. JHEP 12(2021)182 

Madgraph5 + SM_HeavyN_CKM_AllMasses_LO arXiv:1411.7305, arXiv:1602.06957 

Pythia8 + Delphes (IDEA detector for FCC-ee) + FCCAnalyses (based on EDM4Hep) 

Parameters are chosen in agreement with leptogenesis Phys. Rev. D 108 (2023) L101302 and 
oscillation data JHEP 09 (2020) 178: 

  

  

Unitarity of the mixing matrix  
 to set: 

 

Six benchmarks selected (shown in the picture)

ΔM = |M1 − M2 | = 1 ⋅ 10−5 GeV

MN = M1 ∈ [10, 80] GeV

U2
e /U2 + U2

μ /U2 + U2
τ /U2 = 1

|Uμ 1,2 | ∈ [1 ⋅ 10−6, 1 ⋅ 10−4]

SIGNAL SIMULATION

10/10/24 - Sofia Giappichini4

Institute of Experimental Particle Physics - KIT

Contours for 4 long-lived HNL events show good performance across the parameter 
space sampled 

The lower couplings region is accessible 

Not so sensitive for higher masses (shorter lifetime) 

The different mixing hypotheses give similar results

LLP RESULTS

10/10/24 - Sofia Giappichini10

Institute of Experimental Particle Physics - KIT

HNLs can be long-lived depending on their parameters PoS ICHEP2022 (2022) 608 

 

SM processes are prompt: LLP HNL signatures can be background-free 

The event selection is reoptimized with critical cuts on HNL decay vertex variables, limited 
to the simulation available (efficiencies in backup slides)

LNi
= ≃ 1.6

U2
i ( Mi

GeV )
−6

(1 − (Mi /MZ)2) cm

LLP EVENT SELECTION

10/10/24 - Sofia Giappichini9

 χ2 < 10
 |d0 | > 0.64 mm

Selection:
Two leptons, no photons 

No other track and no neutral hadron
 pT,miss > 10 GeV

 cosθll > − 0.8

 pT,miss > 5 GeV, pT,ℓ > 1 GeV, Eℓ > 2 GeV

 M(l, l′ ) < 80 GeV



Heavy Neutral Lepton
up to bigger masses, probing Dirac vs. Majorana 

Results for e+e≠ colliders

The cross-section limits can be translated into limits on the V 2
lN
parameter.

210 310  [GeV]Nm

7−10

6−10

5−10

4−10

3−10

2−10

1−102 lN
lim

. V CMS 13 TeV

HL-LHC

HE-LHC

FCC-hh

ILC 1 TeV

CLIC 3 TeV
ILC 500 GeV

ILC 250 GeV

LHC analysis: [1812.08750], diÄ. assumption: VeN = VµN ”= V·N = 0
Krzysztof MÍka≥a (FUW/DESY) HNLs at e

+
e
≠
colliders 10.10.2024 10 / 17

Heavy Neutral Leptons at lepton colliders

Let us assume that HNLs couple only to the SM gauge bosons and Higgs:
L = LSM + LN + LW≠N≠¸ + LZ≠N≠‹ + LH≠N≠‹

LW≠N≠¸ LZ≠N≠‹ LH≠N≠‹

At lepton colliders, single production with subsequent decay into qql
is particularly interesting, as it allows for direct reconstruction of N.

Krzysztof MÍka≥a (FUW/DESY) HNLs at e
+
e
≠
colliders 10.10.2024 3 / 17

Dirac vs. Majorana – results

310 410 [GeV]Nm

7−10

6−10

5−10

4−10

3−10

2−10

1−102 lN
lim

. V

ILC250 ILC1TeV

CLIC3TeV

ILC500

MuC3TeV

 discoveryσ5

95% C.L. Dirac/Maj. discrimination

MuC10TeV

Krzysztof MÍka≥a (FUW/DESY) HNLs at e
+
e
≠
colliders 10.10.2024 16 / 17



Heavy Neutral Lepton
fully reconstructible LLP and prompt with IDEA

6

N→μjj sensitivity 

Prompt vs long-lived separation 
[radial vertex position ≶ 0.5 mm ] 

Selection for long-lived analysis 
reduced to minimal one, so to have 
no background in the long-lived 
regime 9

The simulated parameter space

Parameters chosen to have >5k HNLs with decay length in between 0.5 mm [no SM 
after minimal cuts] and 2m [IDEA tracker extension]

For each point: 3 values of 𝒄𝝉𝒐𝒔𝒄: 1.5,  15 and 150 mm

Analysis efficiency ≳ 60%

Truth oscillation, as a function of the distance of 
the reconstructed vertex from the origin (𝑑𝑣𝑒𝑟𝑡)

𝑐𝜏𝑜𝑠𝑐 ∼ 𝑐𝜏𝑑𝑒𝑐 𝑐𝜏𝑜𝑠𝑐 ≫ 𝑐𝜏𝑑𝑒𝑐

12

The analysis - oscillations

Main signature: production of LNV final states
One cannot detect whether 𝑁 recoils against 𝜈 or ҧ𝜈 → use angular asymmetry from Z polarization

Forward/backward asymmetry
∼ 10% residual oscillation

𝐴ℓ∓
𝐹𝐵 =

𝑃
ℓ∓
[𝜋/2,0] − 𝑃

ℓ∓
[𝜋,𝜋/2]

𝑃ℓ∓
[𝜋/2,0] + 𝑃ℓ∓

[𝜋,𝜋/2] = 𝐴𝑁, ഥ𝑁
𝐹𝐵 Δ𝑃𝑜𝑠𝑐

cτdec = 10 mm; cτosc = 15 mm

Potential capability to measure 𝜏𝑜𝑠𝑐 at the 
percent level, depending on the value of the 
coupling



Heavy Neutral Lepton
ML-powered studies

  5

Dominant background
● Same final state as signal

● Also includes a W boson
– Problem for invariant

mass reconstruction

● W* can be used for filtering
this background

  4

BSM signal
● Exotic Higgs decay: H→νNd

● Only e, μ channels

● Focus on hadronic decay mode

● Signal characteristics:
– 4 jets
– 1 isolated lepton
– Missing 4-momentum

● Free parameters: HNL mass, BR(H→νNd)BR(Nd→lW)
  18

Summary
● Study heavy neutral lepton model

● mZ < mNd < mH

● First ever full detector simulation for H→Nd

● Rectangular cuts + machine learning

● Constrain BR(H→νNd)BR(Nd→lW) to 0.1% (at 2σ)

● 25x higher significance compared to HL-LHC
– ILC allows for high precision measurements!

● Accepted by PRD: arXiv:2309.11254

  17

Exclusion

● Convert branching ratio to
mixing angle between SM
neutrino and HNL

● Exclusion improved by factor
of 10 compared to current
constraints (possibly more)



Scalars



Type-1 “Inert-like”
can be light!Possible models Higgs factories Phenomenological studies Conclusions

2HDM parameter space for fixed cos (� � ↵), Type I
TR, ArXiv:2409.19657

 1

 10

 100

 150  200  250  300  350  400

ta
n
 β

mH [GeV]

cos (β-α)=-0.02

allowed
H/ A to  τ τ

H to 4 leptons
H

+
 to  τ ντ
A to Z h
H to hh

excluded from flavour
excluded from signal strength

 1

 10

 140  160  180  200  220  240  260

ta
n
 β

mH [GeV]

cos (β-α)=-0.05, m12
2
=mH

2
 cos β sin β 

allowed
H to 4 leptons

H/ A to τ τ
H

+
 to τ ντ
H to hh

excluded from flavour
excluded from signal strength

mH = mA = mH±

[using thdmTools, Biekoetter ea, JHEP 01 (2024) 107]

Tania Robens Light Scalar Bosons ECFA 2024, 9.10.24



Type-1 “Inert-like”
can be light!Possible models Higgs factories Phenomenological studies Conclusions

Current constraints on alignment in 2HDMs

[arXiv:2402.05742, ATLAS Full Run II]

Tania Robens Light Scalar Bosons ECFA 2024, 9.10.24



Fully inert
can be light!

�

Introduction Theory setup Experimental setup Parametric neural network Results

The Inert Two-Higgs-Doublet model (IDM)

Two Higgs-Doublet model: 5 scalars, h, H, A, H+, H-.
h is the SM Higgs with constraints from SM measurements.
Add Z2 symmetry:�D ! ��D ,�S ! �S , SM ! SM.
New scalars do not couple to fermions and are pair-produced.
Dark Matter candidate(s): choose H.
Five free parameters: mH , mA, mH± , �345, �2.

Final state considered: 2`(=e or µ) + HH, mainly produced through AH and H+H�

A.-M. Magnan iDM@FCC-ee 09/10/2024 3 / 14

ee→ llHH and ee→ 
llννHH. 

�

Introduction Theory setup Experimental setup Parametric neural network Results

Further signal simulation and assumptions

Signal simulated using
MG5_aMC@NLO by final states:
ee! ``HH and ee! ``⌫⌫HH.
�345 and �2: little impact on
dominant production processes,
fixed at 0 or very small values.
Dominant sensitivity from AH
production: also very little impact
from mH± , "artificially" fixed at
mA + 50 GeV.
Sensitivity depends mainly on mH
and mass splitting mA�mH .
Extend benchmark points to a grid
scan in mA�mH vs mH ) smooth
exclusion/discovery limits.

Check of the validity of the simulated grid

Apply all constraints
Black points: excluded by relic
density constraints.
White region at low splitting:
excluded by LEP SUSY recast.
red points allowed.

 0
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 100
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 50  60  70  80  90  100  110
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A
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H
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G
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relic density

allowed
onshell bound

A.-M. Magnan iDM@FCC-ee 09/10/2024 6 / 14

electroweak Z-pole



Fully inert
can be light!

�

Introduction Theory setup Experimental setup Parametric neural network Results

Simulated parameters

mH± =mA + 50 GeV constraints also mA�mH < 50 GeV

HHll dominated by AH production:
mH± choice irrelevant, can still use
sensitivity obtained for
mA�mH > 50 GeV.

HHll⌫⌫ depends on mH± choice! But
stays subdominant...
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A.-M. Magnan iDM@FCC-ee 09/10/2024 7 / 14

�

Introduction Theory setup Experimental setup Parametric neural network Results

Parametric Neural Network setup

Implemented in PyTorch
MC split into 3 datasets: training,
validation and test with fractions
50%, 20% and 30%.
ee and µµ summed together.

A.-M. Magnan iDM@FCC-ee 09/10/2024 11 / 14

ΔM ≃ 20 GeV



Invisible
can be light!

Motivation

Motivation

e+e� ! Z S (scalar-strahlung) process could be
used to probe new low mass scalar using Recoil
Mass analysis technique.

One can use the decay products of Z boson to probe this process.

Light exotic scalar states at low masses are not excluded by existing data.

We have considered hadronic decay of the Z boson which has a
Br(Z ! qq̄) ' 70% and invisible decay of new scalar - S ! inv (which may
include Dark Matter).

This study considers the center of mass energy as 240 GeV.

Previously, this was studied for CLIC at 380 GeV. Eur. Phys. J. Plus 136,
160 (2021)

Aman Desai (The University of Adelaide, Australia) Light scalars at lepton colliders, invisible decays October 9, 2024 5 / 32

H → ZZ → vv v̄v ̄ 
Simulation

Background Event Samples

All background samples have been generated using the same chain of tools as
for signal.

Background consists of a combination of jets, leptons, and neutrinos.

We have considered the final states consisting of two jets, four jets, two jets
+ two leptons, two jets + neutrinos, two jets + lepton + neutrino.

Aman Desai (The University of Adelaide, Australia) Light scalars at lepton colliders, invisible decays October 9, 2024 10 / 32



Invisible
can be light!

Cut-based Analysis

Recoil Mass Reconstruction

0 20 40 60 80 100 120 140 160 180 200
Recoil Mass [GeV]

210

310

410

510

610

710

810

910

1010
ev

en
ts

 / 
4.

0 
G

eV SM
 = 20 GeVsM
 = 35 GeVsM
 = 55 GeVsM
 = 75 GeVsM
 = 95 GeVsM
 = 115 GeVsM

FCCAnalyses: FCC-ee Simulation (Delphes)

 = 240.0 GeVs
-1L = 5 ab

Recoil mass is given by: MRecoil = s +m2

Z � 2Ez
p
s

A variable cut on MRecoil is applied in a window of a given MS ± 20 GeV.

Peaks seen in SM distribution are from ZZ (at 90 GeV) and ZH events (at
125 GeV).
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Cut-based Analysis

Results: Significance versus Scalar Mass

Significance is high for lower Scalar mass ranges. However, we see a drop in
significance near Z mass as well as near Higgs mass as these regions have
significant contributions from SM (from ZZ and ZH processes).

Plot on right assumes “typical” suppression with sin ✓ ⇠ 0.24 for signal
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Multiple final state
digging deeper

Introduction

EXscalar - new exotic scalars arXiv:2401.07564

Light scalar searches at future Higgs Factories were only partially studied in the past.
To trigger new activities, understand the experimental challenges and prospects, they were
selected as one of the focus topics, with two theoretical and phenomenological targets.

Target I Search for light exotic scalars in the process:

e
+
e
� ! Z S

Production of new scalars can be tagged, independent of their decay, based on the recoil mass.

Di↵erent scalar decay channels e.g. bb̄, W+(⇤)
W

�(⇤), ⌧+⌧� or invisible should be considered.
Non-standard decays channels of the new scalar can also be looked for.

In this talk I will present results obtained within this focus topic at University of Warsaw.
Presented studies were carried out in the framework of the ILD concept group
but the results should be quite general, applying to all 240–250GeV e

+
e
� machines...

A.F.Żarnecki (University of Warsaw) Light scalars at Higgs factory ECFA2024 October 9, 2024 3 / 26

Possible models Higgs factories Phenomenological studies Conclusions

Projections for additional scalar searches

[P. Drechsel, G. Moortgat-Pick, G. Weiglein, Eur.Phys.J.C 80
(2020) 10, 922]

measured, LEP �(mH)

recoil, ILC �h (mH)

traditional, ILC �h (mH)

LHC limit
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Figure 2: combined limits at 95% CL, 500 fb�1 @ 250 GeV
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LEP, Φ➞bb, observed limit

ILC, recoil method

ILC, Φ➞bb

HL-LHC: indirect sensitivity

m�/GeV 

HL-LHC

ILC

HL-LHC/ILC: indirect sensit.

estimate of ILC sensitivity based on validation using LEP results
ILC:

p
s = 250 GeV,

R
L = 2 ab�1; S95: rescaling limit

Tania Robens Light Scalar Bosons ECFA 2024, 9.10.24

S ! ⌧+⌧�

Results Kamil Zembaczyński (University of Warsaw)

Cross section limits for �(e+e� ! Z S) · BR(S ! ⌧⌧)
for di↵erent event categories and combined analysis

Semi-leptonic sample most sensitive to
new scalar production

Significant improvement when
including loose-selection categories

Marginal impact of normalization
uncertainties (theory + lumi).
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S ! ⌧+⌧�

Results Kamil Zembaczyński (University of Warsaw)

Cross section limits for �(e+e� ! Z S) · BR(S ! ⌧⌧)
compared with decay-mode independent limits on �/�SM from earlier studies
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ILD

Targeted analysis results in over order
of magnitude increase in sensitivity...

Possible gain in discovery reach
depends on the BR!
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S ! invisible

CLIC study

Previously only studied for CLIC @ 380GeV arXiv:2002.06034 arXiv:2107.13903

Reconstructed recoil mass spectra
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compared with decay independent limits from LEP and ILC
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S ! invisible

Results Kamil Zembaczyński (University of Warsaw)

Cross section limits for �(e+e� ! Z S) · BR(S ! inv)
compared with previously presented results
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, full sim.-1ILC,  500 GeV,  4 ab
 :-1ILC,  250 GeV,  2 ab

 ZS)→-e+(eσ  Full sim.   
)ττ→ ZS)*BR(S→-e+(eσ  Delphes   

 invisible)→ ZS)*BR(S→-e+(eσ  Delphes   

OPAL, EPJ C27 (2003) 311
, full sim.-1ILC,  500 GeV,  4 ab
 :-1ILC,  250 GeV,  2 ab

 ZS)→-e+(eσ  Full sim.   
)ττ→ ZS)*BR(S→-e+(eσ  Delphes   

 invisible)→ ZS)*BR(S→-e+(eσ  Delphes   

ILD

Sensitivity decrease by about a factor of 2,
compared to the visible decay channel

Both studies consider Z ! qq̄
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S ! invisible

CLIC study
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S ! bb̄

Results Bart lomiej Brudnowski (University of Warsaw)
supervised by Maŕıa Teresa Núñez Pardo de Vera (DESY)

Cross section limits for �(e+e� ! Z S) · BR(S ! bb̄)
compared with previously presented results
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OPAL, EPJ C27 (2003) 311

, full sim.-1ILC,  500 GeV,  4 ab

 :-1ILC,  250 GeV,  2 ab

 ZS)  dec. ind.→-e+(eσ  Full sim.   

)ττ→ ZS)*BR(S→-e+(eσ  Delphes   

 invisible)→ ZS)*BR(S→-e+(eσ  Delphes   

)b b→ ZS)*BR(S→-e+(eσ  Full/SGV  

OPAL, EPJ C27 (2003) 311

, full sim.-1ILC,  500 GeV,  4 ab

 :-1ILC,  250 GeV,  2 ab

 ZS)  dec. ind.→-e+(eσ  Full sim.   

)ττ→ ZS)*BR(S→-e+(eσ  Delphes   

 invisible)→ ZS)*BR(S→-e+(eσ  Delphes   

)b b→ ZS)*BR(S→-e+(eσ  Full/SGV  

ILD work in progress

Order of magnitude improvement in the
low mass domain, compared to decay
independent search.

Limited by statistics of leptonic Z decays...
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BR(ϕ → ff ) = 100 %



The decay mode independent search
broad sensitivity 

4

Motivation and conditions current studies

• Background using new SM 250 GeV samples generated with Whizard v.2.8.5, the SetA
beam-spectrum, simulation and reconstruction with the ILD_l5_o2_v02 model, and ILCSoft
v02-02-01

• Signal generated with Whizard v.2.8.5, the SetA beam-spectrum, detector simulation done by 
sgv.

Samples:

Reimplementation of previous analysis with current experimental 
conditions and full simulation software 

Full detector simulation and reconstruction procedures of the ILD at the ILC  for 𝑠 = 250 GeV 

Different Z decays modes want to be covered 

Conclusions and outlook

• The model independent search for new scalars is reimplemented based on newest MC production
and ILD software

• Cut flow is modified with respect to the previous analysis 
• First results show an improvement with respect to previous limits
• Review and possible optimisation of the cuts is foreseen
• Extension of the searches to other Z mode decays is foreseen

20

Calculation of the limits is going on



Hints of light new particles
requires HTE-level of h → γγ

13

Explanation in 2HDM
Analysis

Dominant decay modes of :  

Considered Benchmark Point:  
 

 
 

 required at the percent level  

Possible in Aligned 2HDM without  symmetry

H± τν , tb

mH = 152 GeV, mH± = 130 GeV, α − β ≈ π/2
mA = 200 GeV, tan β = 20,m2

12 = 1100 GeV

Br(H → γγ)

Z2

Increases 
 −Δχ2


