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Higgs physics vs. High Energy searches

CLIC will be able to measure Higgs properties with a precision of ~ a few 10-3


If in the few TeV range, it is possible to directly produce the new particles.

Are direct searches for the new states at CLIC able to 
compete with the sensitivity in Higgs physics?
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Reference model: scalar singlet

At the risk of being trivial… Take just the SM + real scalar singlet


• Very simple model: easy enough to test capabilities of a collider 
with just a few meaningful parameters


• Nevertheless, appears in several motivated physics scenarios


‣ Low energy effective theory of Mirror/Twin Higgs models,


‣ Realised in the NMSSM,


‣ Paradigm for 1st order ElectroWeak phase transition,


‣ Non-minimal composite Higgs,


‣ More general dark sectors…


• Large (tree-level) Higgs couplings modifications, easily related to direct 
singlet production cross-section



Scalar singlet phenomenology

controls Higgs-singlet

mixing ~ sin γ portal coupling

enters triple couplings: 
BR(φ → hh),  ghhh

Hunting the singlet Higgs bosons

Higgs couplings
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‣ φ decays to SM:



Direct vs indirect searches

Very easy to relate direct searches and Higgs couplings: [see also 1505.05488]
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Scalar singlets at CLIC

‣ At a High Energy Lepton Collider, the dominant production mode is VBF 

‣ The dominant decay modes are into bosons. Equivalence theorem:


• φ → ZZ(4l,2l2j): very clean, some EW background; main channel at LHC.


• φ → hh(4b): also clean channel, very sensitive; more challenging at LHC.
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can be tested in single production

at high energy, WW fusion is the dominant channel

φ is like a heavy SM Higgs with narrow width

Decays of �

At high mass the equivalence theorem relates the decay widths
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4
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(these are the dominant channels, fermionic modes suppressed)

I Phenomenology roughly determined just by m� and Mhh!
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hh(4b) decay channel

• Detector simulation with CLICdp Delphes card


• VLC exclusive jet reconstruction, N = 4, R = 0.7


• 4 b-tags (loose criterion)


• h reconstruction: select the b pairs that give 
the best fit to two 125 GeV Higgs bosons, 
90 GeV < mbb < 130 GeV


• φ reconstruction: 0.75 mφ < m4b < 1.05 mφ


• Other cuts: pT > 20 GeV, Emiss > 30 GeV, 
|cos θh| < 0.9


Signal efficiency εsig~ 25 – 30%


Background reduced by εbkg~ 10-3 – 10-4
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hh(4b) decay channel

Very small background above ~ 500 GeV, the error is dominated by statistics


Cut & count experiment around the resonance peak:


Asymptotic value of excluded cross-section (limit of no bkg):
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Figure 2. Left: single production via WW -fusion of a singlet. Right: pair production induced via WW -fusion
of singlets, assuming sin2 � = 0.

should be understood in all our sensitivities.2 This is safely below the 3% level even at the 14 TeV
stage of future µ-colliders.

3 Single production

In this section we assess the capabilities of HELCs to test the existence of new scalar particles by means
of their single production in W-fusion. The total production rate as a function of the mass of the scalar
has been computed in the previous section, and is displayed in the left panel of Figure 2. The dominant
decay channels of � are into pairs of vector bosons and Higgs bosons, as given in Eq. (9). We are going
to study resonant production modes, in narrow-width approximation and with only visible final states,
and thus we perform our analyses in the “cut-and-count” scheme. The significance of a given number
of signal events N

sig

around the resonance peak, against a background N
bkg

, is defined as

significance =
N

sigq
(N

sig

+N
bkg

) + ↵2

sys

N2

bkg

, (18)

where ↵
sys

are the systematic and theoretical uncertainties on the SM rates. For definiteness, in what
follows we always set ↵

sys

= 2%. As we will show, all our results are dominated by statistics up to
systematic errors of 10% or larger. We refer to Appendix B for a precise assessment of the impact of
di↵erent choices for ↵

sys

.

Before entering into the details of the analysis, to set a reference for the sensitivities, we compute
the best possible reach that one would achieve in the case of negligible background. We define it as
the signal cross section that results in 3 signal events

�(e+e� ! �⌫⌫̄)⇥ BR(� ! f) ' 3/L, (19)

2The production of the new singlet is driven by its couplings to the longitudinal components of SM vectors thus it has
only one logarithm from the collinear singularity. This is not true for the background, but its impact on the uncertainty
of the sensitivities would be subleading because it is dominated by statistics. See also Ref. [40].
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The reach in di-bosons at CLIC

• For BR(φ → hh) ~ 0.25, the most sensitive channel is φ → hh → 4b 

• Low backgrounds: limits depend weakly on φ mass and collider energy 

• φ → VV less sensitive, but complementary (BR(φ → hh) can be small)


• φ → VV analysis done at parton-level: ZZ inv. mass in a window around the 
resonance peak… we checked that it reproduces the full result very well
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Direct vs indirect reach

φ → WW, ZZ and φ → hh searches are complementary:


Especially for lower masses, and sizeable BRhh direct searches @ CLIC 
will be more sensitive than Higgs coupling measurements
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Direct vs indirect reach
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Direct vs indirect reach: high energy colliders

• One can compare the reach of very high energy lepton & hadron colliders 
 
 

• For this class of models, a high-energy µ collider is much more powerful than a 
100 TeV pp collider!
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SUSY: the NMSSMSUSY: the NMSSM

W = WMSSM + �SHuHd + f(S) Fayet ’75

⇧ Extra tree-level contribution to the Higgs mass

M2
hh = m2

Zc22� + �2v2s22� + �2

⇧ Alleviates fine-tuning in v for � & 1 and moderate tan �

�v2
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⇠ 4
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allows for smaller soft masses compared to the MSSM

I Combined tuning better than 5% for � ⇡ 1 and stop/gluino
masses in reach of LHC

Gherghetta et al. ’12 (scale-invariant NMSSM)

⇧ Non-perturbative regime at high scales if � & 0.7

NMSSM
Recast the previous bounds: M2

hh = m2
Zc22� + �2v2s22� + �2

I Perturbative coupling: � = 0.7, � = 80 GeV
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loop correction 
to Higgs mass

from top-stop
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Twin Higgs

‣ Higgs mass is protected from 
radiative corrections without 
new light colored states


‣ Two copies of the SM, with 
approximate Z2 symmetry, 
coupled through the Higgs portal


‣ Higgs is a pseudo-Goldstone 

‣ Model-independent tests:


✓ Higgs couplings


✓ Search for the singlet
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Pair production

• In the limit of small mixing angle, the single production rate of φ vanishes


‣ the Lagrangian has an approximate Z2 symmetry φ → –φ 

• The double production rate does not depend on the mixing: 
controlled by the portal coupling λHS
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we focus on a region of small non-zero mixing: 
the singlet decays to SM bosons in the detector

φ is invisible: requires 
a different treatment

[see e.g. 1409.0005]



Pair production: results

• Final states with 4 Higgs (e.g. 8b) or vector bosons: small backgrounds 
few events are needed to test the model at CLIC 
 

• Even more stringent bounds in the case of displaced decays: 
virtually all the φ can be identified, no background

λHS also induces 
modifications of the 
triple-Higgs coupling

regions where 1st 
order EW phase 

transition can happen
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Summary
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HELC are strong discovery machines:

CLIC @ 3 TeV better than HL-LHC

Can directly probe regions with 
deviations in Higgs couplings ~ 10-3

Double production: 
relevant for small mixing

Can fully test the region

that gives 1st order EWPT



and now for something completely different…



The flavour anomalies

Hints of violations of Lepton Flavour Universality in B-meson decays


• Charged currents: b → cτν   (tree-level in SM) 
 

• Neutral currents: b → sµµ  (FCNC: loop in SM) 

All measurements consistent with NP in LH currents: 

 
Flavour structure reminds Yukawa couplings: larger effect for heavier gen’s

2

Coe↵. best fit 1� 2� pull

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

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

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

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

Cµ
9 = �Cµ

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

Ce
9 = �Ce

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

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

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

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

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

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

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

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

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

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

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

SM = 24.4 for 5
degrees of freedom.

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

scenarios with NP in one individual Wilson coe�cient.
The plots in Fig. 1 show contours of constant ��2 ⇡
2.3, 6.2, 11.8 in the planes of two Wilson coe�cients for
the scenarios with NP in Cµ
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nificance ⇠ 4�. Negative Cµ

9 and positive Cµ
10 decrease

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

�2.0 �1.5 �1.0 �0.5 0.0 0.5 1.0 1.5

Re Cµ
9

�1.0

�0.5

0.0

0.5

1.0

1.5

R
e
C

µ 10

flavio v0.21

LFU observables

b ! sµµ global fit

all

all, fivefold non-FF hadr. uncert.

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

Altmannshofer et al. 2017

R(D)
0.2 0.3 0.4 0.5 0.6

R
(D

*)

0.2

0.25

0.3

0.35

0.4

0.45

0.5 BaBar, PRL109,101802(2012)
Belle, PRD92,072014(2015)
LHCb, PRL115,111803(2015)
Belle, PRD94,072007(2016)
Belle, PRL118,211801(2017)
LHCb, FPCP2017
Average

SM Predictions

 = 1.0 contours2χ∆

R(D)=0.300(8) HPQCD (2015)
R(D)=0.299(11) FNAL/MILC (2015)
R(D*)=0.252(3) S. Fajfer et al. (2012)

HFLAV

FPCP 2017

) = 71.6%2χP(

σ4

σ2

HFLAV
FPCP 2017

RD(⇤) =
BR(B ! D(⇤)⌧ ⌫̄)

BR(B ! D(⇤)`⌫̄)

RK(⇤) =
BR(B ! K(⇤)µ+µ�)

BR(B ! K(⇤)e+e�)

+ several branching ratios and angular distributions

~ 4σ

~ 5σ

1

⇤2
S

(q̄iL�µq
j
L)(

¯̀↵
L�

µ`�L) +
1

⇤2
T

(q̄iL�µ�
aqjL)(

¯̀↵
L�

µ�a`�L)



Mediators

Z’

q

q

l

l
LQ

q

q l

l

1s Flavour fit

tn
tn

bt
bt

bn
bn

bt

t t

300 fb-1
3000 fb-1

500 1000 1500 2000

0 .5

1 .0

1 .5

2 .0

2 .5

3 .0

mS1,3 @GeVD

g1,3

Vector resonances: too large 
meson mixing + LHC searches

Leptoquarks: best 
candidates that fit all the 

anomalies; vector or scalar

Large coupling to third generation, 
couplings to lighter generations 

are flavor-suppressed (CKM)

Difficult searches at the LHC: 
HL-LHC will not probe the full 

param. space

what is the reach of CLIC

in this plane?

(LHC will exclude up to ~1.5 TeV:

consider only CLIC Stage III)

Assumption on flavour structure:



3rd generation leptoquarks @ CLIC

• Pair production: large cross-section when allowed, 
does not depend on coupling to fermions


• Single production: radiation from bb or ττ pair
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Results
• We require 10 expected signal events to exclude a point: 

reasonable approximation if background is small 

• CLIC can improve the LHC limit from ~ 1.5 TeV to ~ 1.8 TeV in the region 
relevant for the anomalies   (this can be improved refining the analysis)

Nevtot>10
CLIC - 3TeV, 3ab-1

1s Flavour Fit@1706.07808D

HL-LHC

@1803.10972D

ppÆtt

pp
Æ
S 3
S 3
*

pr
es
en
tl
im
it
on

S 3

1 0 00 1500 2000 2500

0 .5

1 .0

1 .5

2 .0

2 .5

3 .0

mS3 @GeVD

g3

���� ���� ���� ���� ���� ���� ���� ����
���

���

���

���

���

���

���

���

�� [���]

� �

������� �
� [������

����]

���
�� →

ττ [
����

����
��]

�
�-
��
�
��

→
�
�
�

��-
���

�� →
ττ

����
��� �

����
�� � �

������ > ��
���� � ���� � ��-�

scalar LQ vector LQ

Nevtot>10
CLIC - 3TeV, 3ab-�

1σ Flavour Fit
[1706.07808]

HL-LHC
[1803.10972]

pp→ττ

pp
→
S �
S �

*

pr
es
en
tl
im
it
on
S �

Nevtot>10
(γγ→�τ��)���� - �� ��-�

���� ���� ���� ����

���

���

���

���

���

���

mS3 [GeV]

g�



Results
• We require 10 expected signal events to exclude a point: 

reasonable approximation if background is small 

• CLIC can improve the LHC limit from ~ 1.5 TeV to ~ 1.8 TeV in the region 
relevant for the anomalies   (this can be improved refining the analysis)

Nevtot>10
CLIC - 3TeV, 3ab-1

1s Flavour Fit@1706.07808D

HL-LHC

@1803.10972D

ppÆtt

pp
Æ
S 3
S 3
*

pr
es
en
tl
im
it
on

S 3

1 0 00 1500 2000 2500

0 .5

1 .0

1 .5

2 .0

2 .5

3 .0

mS3 @GeVD

g3

���� ���� ���� ���� ���� ���� ���� ����
���

���

���

���

���

���

���

���

�� [���]

� �

������� �
� [������

����]

���
�� →

ττ [
����

����
��]

�
�-
��
�
��

→
�
�
�

��-
���

�� →
ττ

����
��� �

����
�� � �

������ > ��
���� � ���� � ��-�

scalar LQ vector LQ

Thank you!

Nevtot>10
CLIC - 3TeV, 3ab-�

1σ Flavour Fit
[1706.07808]

HL-LHC
[1803.10972]

pp→ττ

pp
→
S �
S �

*

pr
es
en
tl
im
it
on
S �

Nevtot>10
(γγ→�τ��)���� - �� ��-�

���� ���� ���� ����

���

���

���

���

���

���

mS3 [GeV]

g�



Backup



More details on the hh(4b) analysis
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More details on the hh(4b) analysis

Cut ✏sig ✏4b2⌫bkg

Emiss > 30 GeV 90% 95%

4 b-tags 50% 35%

mbb 2 [88, 129] GeV 64% 23%

| cos ✓| < 0.94 96% 63%

m4b 2 [770, 1070] GeV 98% 2.8%

Total e�ciency 27% 1.3⇥ 10�3

(a) CLIC 1.5 TeV, m� = 1 TeV

Cut ✏sig ✏4b2⌫bkg

Emiss > 30 GeV 94% 96%

4 b-tags 51% 33%

mbb 2 [88, 137] GeV 60% 15%

| cos ✓| < 0.95 97% 58%

m4b 2 [1.5, 2.04] TeV 91% 0.7%

Total e�ciency 26% 2⇥ 10�4

(b) CLIC 3 TeV, m� = 2 TeV

Table 1. E�ciencies for signal and background in e+e� ! 4b 2⌫, for each individual cut applied in the analysis.
The two cases m� = 1 TeV and m� = 2 TeV are shown, respectively, for CLIC Stage II and Stage III.

approximation for the singlet, and retaining the subdominant contribution from � ! ZZ. We use
Pythia8 [43] for showering and Delphes3 [44] for detector simulation, using the configuration of the
CLIC cards of Ref. [45]. We apply the VLC exclusive jet reconstruction algorithm [46] with working
point R = 0.7 and N = 4 (see also Ref. [47]): this allows us to reconstruct b-jets with �R as small as
about 0.1, well below the standard isolation cut, compatibly with the detector resolution expected at
CLIC (see Appendix A for more details).

In order to select the events we proceed with the following steps:

1. We impose a cut on the transverse momentum of the jets pT > 20 GeV and on the missing energy
E

miss

> 30 GeV in order to select events coming from W -fusion.

2. b-tagging: we require the presence of four jets tagged as b, using the loose selection criterion as
implemented in Ref. [45] in order not to excessively reduce the signal e�ciency.

3. h reconstruction: we identify the candidate Higgs bosons by choosing the pairing of the four b-
jets that gives reconstructed invariant masses of the two Higgses closest to 125 GeV, i.e. the one
that minimises the quantity (mb1b2 � 125GeV)2+(mb3b4 � 125GeV)2. We then retain the events
having two distinct b-pairs with mb¯b in a window of about [90, 130] GeV. The exact boundaries
of the invariant-mass window are chosen di↵erently for each m� hypothesis, in order to maximise
the significance of the signal.

4. We apply a cut on the polar angle | cos ✓| . 0.9 of the two Higgs bosons, in order to reduce the
contribution from the forward region, where the background is enhanced. The precise value of
the cut is chosen for each value of the mass in order to maximise the significance.

5. � reconstruction: we select the events with a total invariant mass of the 4b system in a window
of about 0.75m� . m

4b . 1.05m� around the resonance peak, again optimising the cut for each
signal hypothesis.

Figure 3 (left) shows the invariant-mass distribution of the 4 b quarks for the signal, comparing the result
of the detector simulation, including b and h identification cuts, with the output of the Monte Carlo
generator for � ! hh(4b) before parton showering. The e�ciencies ✏

sig,bkg for signal and background of
each step of the cut-flow are given in Table 1 for two benchmark cases. We verified that these numbers
do not vary substantially changing the R parameter of the jet reconstruction algorithm, and changing
the exact values of the kinematical cuts. For the signal, the most important e↵ects come from b-tagging

10

Efficiencies for signal and background:



EW ALPs

• EW ALPs:
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Figure 10. Left: single production via WW -fusion of a photophobic ALP c1 = �3/5c2. Right: Reach of
CLIC at 1.5 TeV (green ) and 3 TeV (blue) in the photophobic ALP parameter space for g⇤ = 4 (c2 = 16⇡2/g2⇤).
In grey we show the region where ma & g⇤f and the EFT in Eq. (29) ceases to be justified. Dashed lines indicate
the scale of the EW states which could be within the reach of CLIC at 1.5 TeV (green) and at 3 TeV (blue).

region where the impact of ⇢
hard

6= 0 is most visible is the one where m� is small. In particular we see
that a non-zero ⇢

hard

allows the Higgs mass constraint to be satisfied at large f and small m�. In this
region the Higgs mass is mostly achieved via ⇢

hard

. However, in the same region the fine tuning gain
of the TH is limited because �⇤ . 0.1 [69].

Figure 9 also displays the phenomenological results of Section 3, where we have extended the
framework to include the invisible decays of the radial mode intoW 0W 0, Z 0Z 0 (all with massesmW⇥f/v,
because the U(1)0 could well be not gauged [72, 73]) and t0t̄0 (with massmt⇥f/v). The SO(8) symmetry
implies that the invisible branching ratio asumptotises to 3/7 for m� � m0

t. One learns from Figure 9
that the phenomenology of the twin Higgs � is independent on how the Z

2

-breaking is achieved, at
least in the region of parameter space where the fine-tuning is ameliorated. HELCs like CLIC are
expected to probe the most natural regions of TH models mainly via their precision in Higgs coupling
measurements. While direct searches for the radial mode would constitute a weaker probe of the
interesting region of the parameter space, they could provide precious complementary information. A
similar conclusion was drawn also in [41], where the hh(4b) signature was studied.

4.3 Comments on heavy electroweak ALPs

Our results can be applied generically also to scalar resonances that are produced singly from the
fusion of transverse W bosons. Resonances of this type are the so-called axion-like particles (ALPs), a
quite generic category of pseudo-scalar particles coupled via ABJ anomalies to the SM gauge bosons.
These arises in many theoretical models related to Dark Matter production [74], Naturalness [75–77]
and vector-like confinement [78].

In this context we consider a somehow heavy ALP a with only electroweak anomalies and mass
ma > 2mW . The e↵ective Lagrangian for an ALP of this type reads

L
ALP

=
1

2
(@µa)

2 � 1

2
m2

aa
2 +

c
1

↵
1

4⇡

a

fa
BB̃ +

c
2

↵
2

4⇡

a

fa
WW̃ , (29)
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also produced in WW fusion (but couple to transverse W’s)



WW fusion

• Single and double production cross-sections: 
 
 
 
 
 
 
 
from W-pdf’s


• Approximate limit on mixing angle:

⇧ Models with a weak coupling g⇤, such that � ⇡ g⇤v/M⇤ ⌧ 1 even for light states. This is the
case in the NMSSM, once we identify M⇤ with the SUSY-breaking mass of the singlet (M⇤ = m̃)
and g⇤ with the coupling in superpotential (g⇤ = �). The only way to additionally suppress the
mixing angle is to invoke a tiny s, which is achievable by neglecting the AS3 + h.c. soft term
and by allowing aHS ⌘ A� sin(2�) ⌧ �m̃ (see Section 4.1).

Notice also that the bounds obtained at the kinematic edge of the lepton collider, where � quickly
approaches O(1) for large masses, could be interpreted in terms of strongly coupled new physics. This
region however is (and will be) strongly constrained by single Higgs production.

2.2 Vector boson fusion

As discussed in the introduction, the advantage of HELCs is mainly due to the e↵ectiveness of vector
boson fusion as a production mode for scalar particles. Both single and double productions can be
written in terms of the cross-section of the subprocess V V ! � and V V ! �� properly convoluted
with the splitting functions for ` ! V `0. Any di↵erential distribution for the process eē ! ⌫⌫̄X can
be written as a distribution in the invariant mass squared of the subprocesses as

d�

dŝ
=
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s
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s
) , (14)

where we defined the e↵ective parton luminosities CViVj in terms of the splitting functions fVi(x). These
can be computed analytically in the regime M2

V /ŝ ⌧ 1 [36, 37]. Here we focus on the longitudinal
polarisations, which are the only ones coupled to the extra singlet through the mixing with the SM
Higgs:
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By inspecting the behaviour at high s, we see that the total rate of WW -fusion does not fall with
energy neither for single nor for double singlet production. The total rates can be computed to be
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where Eq. (17) holds in the limit sin � = 0. The formulas in Eq. (16)–(17) are extremely good approx-
imations as long as the dominant contribution to the rates comes from kinematic configurations where
M2

V /ŝ ⌧ 1. We checked that they reproduce with excellent accuracy the full result, which we compute
with MadGraph5 [38, 39]. This is shown in Figure 2 and we use it in all our numerical calculations.
Here and in what follows, we assume unpolarised electron beams.

The above expressions for the production rate show explicitly what is well known: WW -fusion
is a powerful production channel for HELCs. At increased center-of-mass energy, other production
mechanisms such as �-strahlung and double �-strahlung are subdominant, because they are suppressed
at large s (see also Ref. [20] for a comparison). Based on these considerations we motivate our approach
of just considering V V -fusion processes for the production of the scalar singlet. In our study we do
not include next-to-leading orders in EW radiation, thus an uncertainty of the order of ↵2

4⇡ log(s/m2

W )
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Figure 3. Left: invariant mass distribution of the 4 b-quarks in the signal, for m� = 1 TeV at the 3 TeV
CLIC. The blue histogram shows the signal after parton showering, detector simulation, and identification cuts;
the grey line shows the output of the Monte Carlo generator before parton showering. Right: 4b invariant mass
distribution of the SM background, with two examples of signal superimposed.

where L is the integrated luminosity. Using Eq. (16), this limit translates into an approximate sensi-
tivity on the mixing angle
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Notice the logarithmic dependence on the particle mass for m2

W ⌧ m2

� ⌧ s, explaining why our
sensitivities are almost flat when compared with those obtained at hadron colliders. The aim of the
following two sections is to determine how much a realistic analysis can approach the sensitivity in
Eq. (20).

We now discuss the reach at di↵erent center-of-mass energies in the dominant decay channels hh,
ZZ, and WW . As we show below, the sensitivities from the hh(4b) decay mode turn out to be very
strong at lepton colliders. For this reason we start performing a detailed simulation of this channel,
while we simply work at parton level (before showering) for the leptonic and semi-leptonic V V decays.

3.1 Decay channel � ! hh

In the model under consideration the largest individual branching fraction of the singlet is � ! hh(4b).
We look for this signal as a narrow resonant contribution over the SM background in the 4b invariant
mass distribution. The same signature has been studied in [41], where the authors discuss the reach of
ILC and CLIC 1.5 TeV. With respect to that work we include a full CLIC detector simulation.

Requiring W -fusion production, the principal background is the irreducible SM contribution to
e+e� ! 2⌫4b, with a dominant component due to hh(4b) and Zh(4b). The total cross-section for
this process is computed with MadGraph to be 1.8 fb (0.6 fb) at the center-of-mass energy of 3 TeV
(1.5 TeV). A potentially large reducible contribution from �� ! 4b is avoided imposing cuts on the
transverse momentum of the b quarks (pT > 20GeV) and on the missing energy (E

miss

> 30 GeV),
and turns out to be completely negligible.

We also compute the cross-sections for the signal e+e� ! �(4b)⌫⌫̄ with MadGraph, after im-
plementing the Lagrangian in Eq. (2) in FeynRules 2.0 [42], always working in the narrow-width
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Simultaneous explanations of flavour anomalies

• I. “vertical” structure: the two operators can be related by SU(2)L 

• II. “horizontal” structure: NP structure reminds of the Yukawa hierarchy

(q̄L�µ�
aqL)(¯̀L�

µ�a`L)

⇤D ⌧ ⇤K , �⌧⌧ � �µµ

⇤D = 3.4TeV

?

b

c

τ

ν

1

⇤2
D

(b̄L�µcL)(⌧̄L�
µ⌫⌧ )

⇤K = 31TeV

?

b

s

μ

μ

1

⇤2
K

(b̄L�µsL)(µ̄L�
µµL)



Fit to flavour anomalies

• EFT fit to all semi-leptonic observables + radiative corrections to EWPT


• Don’t include any UV contribution to other operators 
(they will depend on the dynamics of the specific model)

|λsb
q |< 5 Vcb

|λsb
q |< 2 Vcb

SM

1.0 1.1 1.2 1.3 1.4 1.5
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-0.8

-0.6
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RD(*) / RD(*)
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Δ
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-
Δ
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Good fit to all anomalies, with couplings compatible with the U(2) assumption

measurement

best fit prediction @ 1σ
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Simplified models
Mediators that can give rise to the b → c l v and b → s l l amplitudes:

1σ

2σ

3σ

W'

Z'
U1U1U3

S1S3

-0.06 -0.04 -0.02 0.00 0.02 0.04 0.06
-0.06
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-0.02
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0.02
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0.06
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C S

Spin 0 Spin 1
Colour 
singlet 2HDM Vector


resonance

Colour 
triplet

Scalar

lepto-quark

Vector

lepto-quark

no LL operator

Contributions to CT and CS from different 
mediators:


• A vector leptoquark is the only 
single mediator that can fit all the 
anomalies alone: CT ~ CS 

• Combinations of two or more mediators 
also possible (often the case in concrete models)


large b → svv expected in this case!
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q
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q

q l
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LQ production cross-section at CLIC
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Photon-fusion at CLIC
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