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Outline                  
 why BSM   

 CepC  “fields of expertise”    

 indirect effects: Higgs, Z, WW, ff precision physics 

 weakly coupled particles production  

  (WIMPs, heavy sterile neutrinos, …) 

 Exotics 

 massless Dark Photons  in e+e- collisions  

 Outlook
(input from CepC, ILC, CLIC, FCC-ee studies)
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 two kinds of issues with the SM : 
 existence of “external” phenomena : 
 
 
 

 “internal” poor consistency :

huge (although hazy) expectations  
for new BSM phenomena at colliders !

(quantum ?) 
Gravity

Dark Matter

Barion asymmetry
+ empirical evidences :

 neutrino masses

mainly connected to the 
EWSB/Higgs sector

. . . 
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what’s so tricky about the Higgs 

the only “fundamental” scalar particle (microscopic interpretation ?) 

not protected by symmetries (the less constrained SM sector):  
 naturalness problem : mH ~ g × Λcutoff 

many different couplings all fixed by masses (?) 
proliferation of parameters historically leads to breakdown 
in TH models 

fermion masses/Yukawa’s hierarchy (?) 
have neutrinos a special role ?!!! 

λ determines shape and evolution of Higgs potential     cosmology ! 

Figure 40: The measured production cross section for e
+
e
� ! W

+
W

� compared to the SM and to
fictitious theories not including trilinear gauge couplings, as indicated

In order to obtain these result for the vertex the reader must duly take into account the

factor of -1/4 in front of F 2

µ⌫ in the lagrangian and the statistical factors which are equal

to 2 for each pair of identical particles (like W+W+ or ��, for example). The quartic

coupling, being quadratic in g, hence small, could not be directly tested so far.

3.5 The Higgs Sector

We now turn to the Higgs sector of the EW lagrangian [10]. Until recently this sim-

plest realization of the EW symmetry breaking was a pure conjecture. But on July ’12

the ATLAS and CMS Collaborations at the CERN LHC have announced [229, 230] the

discovery of a particle with mass mH ⇠ 126 GeV that very much looks like the long sought

Higgs particle. More precise measurements of its couplings and the proof that its spin is

zero are necessary before the identification with the SM Higgs boson can be completely

established. But the following description of the Higgs sector of the SM can now be read

with this striking development in mind.

The Higgs lagrangian is specified by the gauge principle and the requirement of renor-

malizability to be

LHiggs = (Dµ�)
†(Dµ�)� V (�†�)�  ̄L� R��  ̄R�

† L�
† , (264)
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where � is a column vector including all Higgs fields; in general it transforms as a reducible

representation of the gauge group SU(2)L ⌦U(1). In the Minimal SM it is just a complex

doublet. The quantities � (which include all coupling constants) are matrices that make the

Yukawa couplings invariant under the Lorentz and gauge groups. The potential V (�†�),

symmetric under SU(2)L ⌦ U(1), contains, at most, quartic terms in � so that the theory

is renormalizable:

V (�†�) = �µ2�†�+
1

2
�(�†�)2 (265)

As discussed in Chapter 1, spontaneous symmetry breaking is induced if the minimum

of V, which is the classical analogue of the quantum mechanical vacuum state, is not a

single point but a whole orbit obtained for non-vanishing � values. Precisely, we denote

the vacuum expectation value (VEV) of �, i.e. the position of the minimum, by v (which

is a doublet):

h0|�(x)|0i = v =

✓
0

v

◆
6= 0 . (266)

The reader should be careful that, for economy of notation, the same symbol is used for

the doublet and for the only non zero component of the same doublet. The fermion mass

matrix is obtained from the Yukawa couplings by replacing �(x) by v:

M =  ̄L M R +  ̄RM† L , (267)

with

M = � · v . (268)

In the MSM, where all left fermions  L are doublets and all right fermions  R are singlets,

only Higgs doublets can contribute to fermion masses. There are enough free couplings in

� so that one single complex Higgs doublet is indeed su�cient to generate the most general

fermion mass matrix. It is important to observe that by a suitable change of basis we can

always make the matrix M Hermitian (so that the mass matrix is �5-free) and diagonal.

In fact, we can make separate unitary transformations on  L and  R according to

 0
L = U L,  0

R = W R (269)

and consequently

M ! M0 = U †MW . (270)

This transformation produces di↵erent e↵ects on mass terms and on the structure of the

fermion couplings in Lsymm, because both the kinetic terms and the couplings to gauge

bosons do not mix L and R spinors. The combined e↵ect of these unitary rotations leads to

the phenomenon of mixing and, generically, to flavour changing neutral currents (FCNC),

as we shall see in Sect. 3.6. If only one Higgs doublet is present, the change of basis that

makes M diagonal will at the same time diagonalize the fermion–Higgs Yukawa couplings.

Thus, in this case, no flavour-changing neutral Higgs vertices are present. This is not

true, in general, when there are several Higgs doublets. But one Higgs doublet for each
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Note that the trilinear couplings are nominally of order g2, but the adimensional coupling

constant is actually of order g if we express the couplings in terms of the masses according

to Eqs.(278):

L[H,W,Z] = gmWW+

µ W�µH +
g2

4
W+

µ W�µH2 +

+
gmZ

2 cos2 ✓W
ZµZ

µH +
g2

8 cos2 ✓W
ZµZ

µH2 . (285)

Thus the trilinear couplings of the Higgs to the gauge bosons are also proportional to the

masses (at fixed g: if instead GF is kept fixed then, by Eq. 244, g is proportional to mW ,

and the Higgs couplings are quadratic in mW ). The quadrilinear couplings are of order g2.

Recall that to go from the lagrangian to the Feynman rules for the vertices the statistical

factors must be taken into account: for example, the Feynman rule for the ZZHH vertex

is igµ⌫g2/2 cos2 ✓W .

The generic coupling of H to a fermion of type f is given by (after diagonalization):

L[H,  ̄, ] =
gfp
2
 ̄ H, (286)

with
gfp
2
=

mfp
2v

= 21/4G1/2
F mf . (287)

The Higgs self couplings are obtained from the potential in Eq.(265) by the replacement

in Eq.(283). Given that, from the minimum condition:

v =

r
µ2

�
(288)

one obtains:

V = �µ2(v +
Hp
2
)2 +

µ2

2v2
(v +

Hp
2
)4 = �µ2v2

2
+ µ2H2 +

µ2

p
2v

H3 +
µ2

8v2
H4 (289)

The constant term can be omitted in our context. We see that the Higgs mass is positive

(compare with Eq.(265)) and is given by:

m2

H = 2µ2 = 2�v2 (290)

By recalling the value of v in Eq.(279), we see that formH ⇠ 126 GeV � is small, �/2 ⇠ 0.13

(note that �/2 is the coe�cient of �4 in Eq.(265), and the Higgs self interaction is in the

perturbative domain.

The di�culty of the Higgs search is due to the fact that it is heavy and coupled in

proportion to mass: it is a heavy particle that must be radiated by another heavy particle.

So a lot of phase space and of luminosity are needed. At LEP2 the main process for

Higgs production was the Higgs-strahlung process e+e� ! ZH shown in Fig. 3.5 [231].
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four paths to advance in HEP today at colliders:
by exploring the characteristics of the Higgs sector 
and confirming/spoiling the SM picture  
(primary relevance since the Higgs sector is so critical !) 
by searching for new heavy states coupled to the SM, 
[acting as a cut-off for the SM  
possibly solving the naturalness issues and/or  
non-SM phenomena (dark matter, …)] 

by exploring  Λ >> o(1TeV)  indirect effects through 
high-accuracy studies of  SM x-sections/distributions 
and searches for rare processes (EFT parametrization) 
by looking for new DARK states (i.e.,uncoupled to SM at 
tree level) either in production or/and heavy-state  
(H,t…) decays (elusive signatures, may be long-lived p.les)

!5!5
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every single method is of fundamental 
importance to make progress ! 
e+e- colliders great opportunities in all sectors 
(cleanness [➜ model independence], accuracy…)

Higgs new particles

Dark signals

indirect effects

four paths to advance in HEP today at colliders:

!6
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BSM impact on Higgs couplings
up to few percent for natural model not showing up by 
heavy states production at LHC

!7CERN,  17 January 2018

�g(hV V ) �g(htt) �g(hbb)
Composite Higgs 10% tens of % tens of %
Minimal Supersymmetry < 1% 3% tens of %
Mixed-in Singlet 6% 6% 6%

Table 2: Estimated maximum deviations of Higgs couplings to various SM states allowed
by three di↵erent scenarios of physics beyond the SM. The assumption is that no new
physics associated with electroweak symmetry breaking is found at the HL-LHC (3 ab�1 atp
s = 14TeV), and thus Higgs coupling measurements are the only potential signal for new

physics. Adapted from [36].

boson state is also composite. If this is true, it has the potential to explain the large
hierarchy between the Higgs mass and the Planck scale. A collection of some of the
simplest approaches along this line leads to potentially large deviations of Higgs boson
couplings to SM states compared to the expected measurement accuracies from the
ILC.

A di↵erent class of models makes use of supersymmetry. Supersymmetry posits a
symmetry between bosons and fermions that not only could explain the Higgs boson
mass with respect to the Planck mass, but it could also be the source of dark matter,
and it could be the key ingredient that enables the unification of forces at the high
scale [37]. The symmetry requirements of supersymmetry require the introduction of
two Higgs bosons – one that gives mass to up-type fermions and one that gives mass to
down-type fermions. The two Higgs doublets mix and leave one CP-even eigenstate
light, which is identified with the 125 GeV Higgs boson (h). It is straightforward
to derive that this light boson h has couplings identical to those of the SM Higgs
boson except for small deviations that are induced by mixings with the extra Higgs
states and loop corrections involving the superpartners and the heavy Higgs bosons.
These deviations of couplings can be well above 10% in the case of Higgs coupling
to b quarks, even if no superpartner is ever found at the LHC in all its planned
upgrade phases [36]. This is illustrated nicely by Fig. 8, where the authors scanned
over hundreds of thousands of MSSM supersymmetric points [38]. They showed that
many sets of parameters in the MSSM can never be found at the LHC but would be
easily discernible through precision measurements at the ILC.

A third class of models postulates additional scalar fields. After all, there are many
fermions, and there are many vector bosons. Multiple scalars are already required
within supersymmetry, where in addition to scalar superpartners we stated that two
Higgs bosons are required. But there are many more ideas of beyond the SM physics
that incorporate several scalar bosons but do not cause ill e↵ects elsewhere, by, for
example, inducing too large flavor changing neutral currents. These multi-Higgs
doublet models are classified as type I (in which one Higgs gives mass to fermions,
and the other does not), type II (in which one Higgs gives mass to up fermions only

23

arXiv:1710.07621 

Model bb cc gg WW ⌧⌧ ZZ �� µµ
1 MSSM [38] +4.8 -0.8 - 0.8 -0.2 +0.4 -0.5 +0.1 +0.3
2 Type II 2HD [39] +10.1 -0.2 -0.2 0.0 +9.8 0.0 +0.1 +9.8
3 Type X 2HD [39] -0.2 -0.2 -0.2 0.0 +7.8 0.0 0.0 +7.8
4 Type Y 2HD [39] +10.1 -0.2 -0.2 0.0 -0.2 0.0 0.1 -0.2
5 Composite Higgs [40] -6.4 -6.4 -6.4 -2.1 -6.4 -2.1 -2.1 -6.4
6 Little Higgs w. T-parity [41] 0.0 0.0 -6.1 -2.5 0.0 -2.5 -1.5 0.0
7 Little Higgs w. T-parity [42] -7.8 -4.6 -3.5 -1.5 -7.8 -1.5 -1.0 -7.8
8 Higgs-Radion [43] -1.5 - 1.5 +10. -1.5 -1.5 -1.5 -1.0 -1.5
9 Higgs Singlet [44] -3.5 -3.5 -3.5 -3.5 -3.5 -3.5 -3.5 -3.5

Table 3: Percent deviations from SM for Higgs boson couplings to SM states in various new
physics models. These model points are unlikely to be discoverable at 14 TeV LHC through
new particle searches even after the high luminosity era (3 ab�1 of integrated luminosity).
From [20].

and one to down fermions only), and type X and Y models (with more complicated
discrete symmetries that protect flavor observables) [39].

5.2 Comparisons of models to the ILC potential

All of these ideas lead to models with deviations from the SM expectations of the
couplings of the 125 GeV Higgs boson to SM states. Table 3 collects a set of models
of new physics based on the ideas described in the previous section and on several
additional ideas of interest to theorists. For each model, we chose a representative
parameter point for which the predicted new particles would be beyond the reach of
the 14 TeV LHC with the full projected data set. The deviations of Higgs couplings
from the SM expectations at these representative model points are listed in the Table.
(For details, see [20] as well as the papers cited in Table 3.) These examples illustrate
diverse possibilities for models with significant deviations of the Higgs couplings from
the SM expectation that would be allowed even if the LHC and other experiments are
not able to discover the corresponding new physics beyond the SM. We should make
clear that the quantitative statements to follow refer to these particular models at the
specific parameter points shown in the Table. Figure 9 shows graphically the ability
of ILC measurements to distinguish the Higgs boson couplings in the models in the
Table from the SM expectations and from the expectations of other models. Each
square shows relative goodness of fit for the two models in units of �. The top figure
is based on the covariance matrix from the 250 GeV stage of the ILC, corresponding
to the second column of Table 1. The bottom figure reflects the full ILC program with
500 GeV running, corresponding to the fourth column of Table 1. It is noteworthy
that, once it is known that the Higgs boson couplings deviate significantly from the

25

different patterns of deviations from SM for different NP models 



Barbara Mele !8U. Roma Tre,  24 May 2018

2 ab�1 2 ab�1 5 ab�1 + 1.5 ab�1 full ILC
w. pol. 350 GeV no pol. at 350 GeV 250+500 GeV

g(hbb) 1.04 1.08 0.98 0.66 0.55
g(hcc) 1.79 2.27 1.42 1.15 1.09
g(hgg) 1.60 1.65 1.31 0.99 0.89
g(hWW ) 0.65 0.56 0.80 0.42 0.34
g(h⌧⌧) 1.16 1.35 1.06 0.75 0.71
g(hZZ) 0.66 0.57 0.80 0.42 0.34
g(h��) 1.20 1.15 1.26 1.04 1.01
g(hµµ) 5.53 5.71 5.10 4.87 4.95
g(hbb)/g(hWW ) 0.82 0.90 0.58 0.51 0.43
g(hWW )/g(hZZ) 0.07 0.06 0.07 0.06 0.05
�h 2.38 2.50 2.11 1.49 1.50
�(e+e� ! Zh) 0.70 0.77 0.50 0.22 0.61
BR(h ! inv) 0.30 0.56 0.30 0.27 0.28
BR(h ! other) 1.50 1.63 1.09 0.94 1.15

Table 3: Projected relative errors for Higgs boson couplings and other Higgs observables,

in %, comparing the full EFT fit described in Section 4 to other possible e+e� collider

scenarios. The second column shows a fit with 2 ab
�1

, with 80% electron and zero positron

polarization, and with a higher energy of 350 GeV. The third and fourth columns show

scenarios with no polarization but higher intergrated luminosity, 5 ab
�1

at 250 GeV in the

third column and 5 ab
�1

at 250 GeV plus 1.5 ab
�1

at 350 GeV in the fourth column. The

fifth column gives the result of the fit described in Section 6 including data from 250 and

500 GeV. The notation is as in Table 1.

13

Here are some final results for various proposed colliders: 

                        ILC250      CLIC350       CEPC           FCC-ee            ILC250+500

errors in % 

2 ab�1 2 ab�1 5 ab�1 + 1.5 ab�1 full ILC
w. pol. 350 GeV no pol. at 350 GeV 250+500 GeV

g(hbb) 1.1 1.1 0.98 0.66 0.58
g(hcc) 1.9 2.3 1.4 1.2 1.2
g(hgg) 1.7 1.7 1.3 0.99 0.95
g(hWW ) 0.67 0.56 0.80 0.42 0.34
g(h⌧⌧) 1.2 1.4 1.1 0.75 0.74
g(hZZ) 0.68 0.57 0.80 0.42 0.35
g(h��) 1.2 1.2 1.3 1.0 1.0
g(hµµ) 5.6 5.7 5.1 4.87 5.1
g(hbb)/g(hWW ) 0.88 0.90 0.58 0.51 0.46
g(hWW )/g(hZZ) 0.07 0.06 0.07 0.06 0.05
�h 2.5 2.5 2.1 1.5 1.6
BR(h ! inv) 0.32 0.56 0.30 0.27 0.29
BR(h ! other) 1.6 1.6 1.1 0.94 1.2

(%) 
arXiv:1708.08912 

Higgs coupling accuracy in e+e- (EFT approach)



Barbara Mele

HL-LHC (𝝹 fit) versus adding e+e- (250 GeV, 2ab-1) (EFT fit)
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 (Model Independent EFT fit)-1 ILC 250 GeV, 2000 fb⊕ -1LHC 3000 fb

 (Model Independent EFT fit)-1 350 GeV, 200 fb⊕ -1 ILC 500 GeV, 4000 fb⊕

-1 ILC 250 GeV, 2000 fb⊕ -1LHC 3000 fb

Figure 5: Illustration of the Higgs boson coupling uncertainties from fits in the EFT formal-
ism, as presented in Table 1, and comparison of these projections to the results of model-
dependent estimates for HL-LHC uncertainties presented by the ATLAS collaboration [24].
Earlier projections for HL-LHC are summarized in [29].
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Figure 8: Histograms of the ratio rbb = �(h ! bb)/�(h ! bb)SM within a scan of the
approximately 250,000 supersymmetry parameter sets after various stages of the LHC,
assuming the LHC does not find direct evidence for supersymmetry. The purple histogram
shows parameter points that would not be discovered at future upgrades of the LHC (14
TeV and 3 ab�1 integrated luminosity). From [38].

24

Barbara Mele

new handles to constrain MSSM
1% accuracy on Hbb coupling gives excellent resolution on 
LHC left over

!10CERN,  17 January 2018

Figure 8: Histograms of the ratio rbb = �(h ! bb)/�(h ! bb)SM within a scan of the
approximately 250,000 supersymmetry parameter sets after various stages of the LHC,
assuming the LHC does not find direct evidence for supersymmetry. The purple histogram
shows parameter points that would not be discovered at future upgrades of the LHC (14
TeV and 3 ab�1 integrated luminosity). From [38].
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δgHbb~1%

Cahill-Rowley, Hewett, Ismail, Rizzo, 1407.7021 

scan over 250 000 pMSSM points 
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EWPT at the Z pole
order-of-magnitude improvement from CepC  
➜	probe NP scale up to o(10-100) TeV !

!11CERN,  17 January 2018

Electroweak precision at Z-pole

- About a factor of 10, big step beyond the current 
precision.
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Current
LHC Prospect

ILC
TLEP-Z
TLEP-W
TLEP-t

U = 0

68 % C.L.

-0.2 -0.15 -0.1 -0.05 0. 0.05 0.1 0.15 0.2
-0.2

-0.15

-0.1

-0.05

0.

0.05

0.1

0.15

0.2

S

T

ILC
TLEP-Z
TLEP-W
TLEP-t

U = 0

68 % C.L.

-0.04 -0.02 0. 0.02 0.04

-0.04

-0.02

0.

0.02

0.04

S

T

Figure 1. Left: 68% C.L. contours of S and T for di↵erent experiments using the simplified fit as described

in Tables 1 and 2. Right: a magnified view of 68% C.L. contours of S and T for ILC and TLEP. We set the

best fit point to be S = T = 0, which corresponds to the current SM values. Our results are in approximate

agreement with the current fit from ref. [33, 40], current/LHC14/ILC results by the Gfitter group [23], the

TLEP result from a talk by Satoshi Mishima [21]. The contours of TLEP-Z and TLEP-W almost overlap on

top of each other.

are estimated for an energy scan on and around the Z pole with (100� 1000) fb�1 luminosity on the
Z pole and 10 fb�1 for 6 energy points close to the Z pole. The weak mixing angle is derived from
the forward-backward asymmetry AFB of the b quark, which is determined from fits to the di↵erential
cross-section distribution d�/d cos ✓ / 1 + cos 2✓ + 8/3AFB cos ✓. We will also present estimates of
Higgs couplings precisions in Table 6 of Section 6.

CEPC

↵s(M2
Z) ±1.0⇥ 10�4 [35]

�↵
(5)
had(M

2
Z) ±4.7⇥ 10�5

mZ [GeV] ±(0.0005� 0.001) [41]

mt [GeV] (pole) ±0.6exp ± 0.25th [23]

mh [GeV] < ±0.1

mW [GeV] (±(3� 5)exp ± 1th)⇥ 10�3 [24, 38, 41]

sin2 ✓`e↵ (±(4.6� 5.1)exp ± 1.5th)⇥ 10�5 [25, 38, 41]

�Z [GeV] (±(5� 10)exp ± 0.8th)⇥ 10�4 [26, 41]

Table 3. The precisions of electroweak observables in the simplified electroweak fit at CEPC. The experimental

uncertainties are mostly taken from [41]. Entries that do not display a theory uncertainty either incorporate it

into the experimental error bar or have a small enough theoretical uncertainty that it can be neglected. Similar

to ILC and TLEP, the non-negligible theory uncertainties of the derived observables mW , sin2
✓
`
eft and �Z come

from unknown four-loop contributions assuming that in the future, the electroweak three-loop correction will

be computed. For �Z , we assumed that it has the same experimental uncertainty as mZ .

– 6 –

Fan, M. Reece, LT Wang, 1411.1054 
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WIMP search in mono-photon events
by extrapolating present expts results  
➜ yellow area still allowed before ILC startup!
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WIMPs at the ILC Moritz Habermehl

1. Introduction

The International Linear Collider (ILC) is a future electron-positron collider with a mature
technology [1]. Currently, a political decision in Japan is awaited. The centre-of-mass energy can
be tuned between 250 GeV and 500 GeV and is upgradable to 1 TeV. The instantaneous luminosity
for

p
s = 500 GeV is 1.8⇥1034 cm�2s�1 which can be doubled to 3.6⇥1034cm�2s�1 after a lumi-

nosity upgrade. Both the electron and position beams are foreseen to be polarised to at least ±80%
and ±30%, respectively. The ILC will have one interaction region which will accommodate the two
foreseen detectors in a push-pull scheme. The presented study is performed for the International
Large Detector (ILD) [2].

At colliders, WIMPs could be pair produced. Since the WIMPs do not leave signals in the
detector an additional particle is required to detect the process, for example a photon from initial
state radiation (ISR). We look for the signal process e+e� ! ccg whose signature is a single
photon in an otherwise "empty" detector. This approach is quasi model-independent. Due to the
known initial state, the missing four-momentum can be calculated using two observables, namely
the photon energy Eg and the photon polar angle qg .

Figure 1: Pseudo-Feynman diagram for the signal process and example Feynman diagrams for the two main
background processes: radiative neutrino pair production and Bhabha scattering.

The two main background processes are neutrino pair production and Bhabha scattering, both
with an associated photon from initial state radiation, or in the latter case also from final state
radiation (see fig.1). The neutrino background is irreducible, but can be enhanced or suppressed by
changing the polarisation combination. Bhabha scattering has a huge cross section and mimics the
signal if both leptons escape undetected. For the suppression of this background process the best
possible hermeticity in the forward region of the detector is required.

2. Motivation for an ILC Simulation Study

The theoretical framework used in this analysis are effective operators, where the underlying
idea is to classify the WIMP based on its quantum numbers (spin and weak isospin) and the medi-
ator by its spin and construct the minimal effective Lagrangian. The only parameter that remains,
L, can be called the energy scale of new physics and is a function of the mediator mass and the
coupling to the fermions g f and the coupling to the WIMPs gc : L = Mmediator/

pg f gc .
In such a framework, considering the full Lagrangian, a likelihood analysis of data of exist-

ing experiments, together with extrapolations of expected exclusion limits at the time the ILC is
running is being performed. Figure 2 shows the surviving region assuming that no WIMP signal
is detected, for the example of a singlet-like fermion WIMP [3]. Data from the following exper-
iments are considered: from the Planck satellite, from the direct detection experiments PICO-2L,

1

WIMPs at the ILC Moritz Habermehl

LUX and XENON100, from collider searches at LEP and LHC and from future experiments like
LZ and PICO250. Here, the couplings are tested in the range [-1,1]. Above the grey area this sim-
plified model reproduces the results of effective operators. The yellow region shows the parameter
space which will not be explored by other experiments before the ILC starts.

Figure 2: The parameter space which will not be covered by
dark matter experiments by the time the ILC will be running is
shown in yellow (68% confidence level) and blue (95% C.L.).
The computations are based on extrapolations of current and fu-
ture experiments assuming that no WIMP signal is detected. The
grey area reflects the parameter space in which the approach of
effective operators is not valid: L has to be larger than three times
the WIMP mass and above 300 GeV. [3]

3. Modelling of Signal and Background

The signal definition in this analysis comprises three requirements on the photon: a minimum
energy of 10 GeV, a maximum energy of 220 GeV and |cosqg |< 0.98. The upper cut on the energy
is applied to avoid the large background rates in the region close to the radiative return to the Z
boson, which corresponds to Eg = 242 GeV for

p
s = 500 GeV. The angle is restricted to the parts of

the detector in which the tracking performance guarantees that photons can be distinguished from
electrons and positrons.

The events are generated using WHIZARD version 2.2.8 [4], with the matrix element gener-
ator O’Mega [5]. Polarised beams are included as well as the beam energy spectrum. The gener-
ated background processes are neutrino pairs plus several photons and for the Bhabha scattering
electron-positron pairs plus several photons. The signal events ccg are obtained by reweighting
the nn̄g events using the differential cross section formulas expressed in terms of the WIMP mass
and spin.

For modelling the photons, WHIZARD offers an ISR parametrisation that comprises all or-
ders of soft-collinear photons and the first three orders of hard-collinear photons. With this the
cross sections of the considered processes are calculated with high accuracy. However, a realistic
distribution of the photon polar angle is obtained by including the photons in the matrix element.
By doing so, double counting of photons is avoided. Both approaches are combined by generating
the events with the photons in the matrix element and reweighting the cross section to the one with
the ISR parametrisation.

The events are simulated in a Geant4 based simulation of the full ILD detector model presented
in the Technical Design Report [2].
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Figure 5: Extrapolation of the exclusion limits from the full simu-
lation to the full range of ILC centre-of-mass energies and different
integrated luminosities, for fractions of 22.5% (left) and 40% of the
data collected with right-handed electrons and left-handed positrons.

Figure 6: The H-20 run-
ning scenario which is one
of the possible 20 years pro-
grammes for the ILC[10].

The sensitivity strongly depends on the fraction of the integrated luminosity collected with
right-handed electrons and left-handed positrons for which the neutrino background is strongly
suppressed. The rather large fraction in H20 (40%) is clearly favoured over 22.5% (compare fig.5).

A full update of the whole analysis to the new detector performance for all types of WIMPs is
underway.
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Figure 4: Physics programs of the di↵erent future lepton colliders given by the center-of-mass energy and envisaged integrated luminosity.
Circular future lepton colliders (left): For the CEPC we use the exemplary integrated luminosities from the preCDR [40]. For the FCC-
ee [41] we use the product of the target instantaneous luminosities from [42] (for two interaction points) and the envisaged run-times, and the
Higgs run with a center-of-mass energy of 240 GeV. Linear future lepton colliders (right): For the ILC [43] we consider the G-20 operation
scenario from ref. [44], and we further include the Giga-Z operation. For the CLIC [45] we consider the discussed physics runs in [46].

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

�⌫N =
X

i,j

�(e�e+ ! Nj ⌫i) , (17)

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

We remark that for
p
s ' mz heavy neutrino production

proceeds dominantly via Zs, while for
p
s = 160 GeV and

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

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

3.2 Signatures and searches

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

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

⌫

e+

e�

N

Z

production channel: Zs

W

e+

e�

N

⌫

production channel: Wt

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

3.2.1 Lepton-dijet

The heavy neutrino decays via the charged current together
with the hadronic decays of the W boson yield the final
state `↵⌫jj, with the invariant mass of the two jets being
consistent with mW . The invariant mass of the visible fi-
nal states allows to infer the heavy neutrino mass M . For
center-of-mass energies above the Z-pole this signature is
mainly dependent on |✓e✓↵|2/|✓|2. We show our estimates
for the 1� sensitivity of this signature at 250 and 350 GeV
for the CEPC and FCC-ee, respectively, by the orange line
in fig. 7, where we use |✓↵| = |✓e| and |✓µ| = |✓⌧ | = 0.
For details on the calculation of the sensitivity we refer the
reader to section A.2 in the appendix.
For

p
s ' 90 GeV, this signature is dependent on |✓↵|2 and

has been investigated at LEP in ref. [35]. Its sensitivity is
included in the dashed purple line, which was obtained from
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Figure 6: Production cross section for heavy neutrinos at di↵erent center-of-mass energies, divided by the square of the active-sterile mixing angle.
For all the lepton colliders initial state radiation is included, and for the linear colliders we also included beamstrahlung e↵ects and use a (L,R)
beam polarisation of (80%,30%). For the cross section calculation we have applied the following cut: | cos(✓)|  0.99, with ✓ being the angle
between the heavy neutrino and the lepton beams.

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

lepton-dijet `↵⌫jj [Wt,W ], [Zs,W ]
|✓e✓↵|2

✓2

(⇤⇤)

, |✓↵|2
(⇤⇤)

dilepton `↵`�⌫⌫ [Wt, {W,Z(h)}], [Zs, {W,Z(h)}]

(
|✓e✓↵|2

✓2

(⇤)

, |✓e|2
(⇤)

)(⇤⇤)

,
n
|✓↵|2

(⇤)
, |✓|2

o(⇤⇤)

dijet ⌫⌫jj [Wt, Z(h)], [Zs, Z(h)] |✓e|2
(⇤⇤)

, |✓|2
(⇤⇤)

invisible ⌫⌫⌫⌫ [Wt, Z], [Zs, Z] |✓e|2
(⇤⇤)

, |✓|2
(⇤⇤)

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

a trivial rescaling of the DELPHI results by the luminosity,
in fig. 7. This signature has been studied for the ILC in
refs. [50, 51].
We note that this final state can be produced by both

lepton-number-conserving and lepton-number-violating pro-
cesses and it might be possible to infer lepton number vio-
lation from the kinematic distributions.

3.2.2 Dilepton

The dilepton final state `↵`�⌫⌫ can be achieved from heavy
neutrinos that decay leptonically via the W boson or that
decay into two charged leptons via the Z or Higgs boson.

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

pole, the resulting process e�e+
Wt
��! N⌫

W
�! `±↵W

⌥⌫ !

`±↵ `
⌥
� ⌫⌫ can be mistaken for the SM process e�e+ !

W+W� and thus lead to a modified WW -production cross
section. In ref. [3] the sensitivity of this channel was es-
timated for |✓e| 6= 0 and |✓µ| = |✓⌧ | = 0 using statistical
uncertainties of the WW production cross section (consid-

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

When the heavy neutrino decays proceed via the Z boson,
the invariant mass of the charged lepton pair is compatible
with mZ . For the physics runs above the Z-pole, the chan-

nel e�e+
Wt
��! N⌫

Z
�! Z⌫⌫ ! `±↵ `

⌥
� ⌫⌫, where ↵ = � at tree

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

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

At center-of-mass energies around the Z pole, the dilep-
ton signature is generated from the decays of the heavy neu-
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e�e+ ! ZZ. The signature yields a “mono-Z boson” can-
didate that may cause deviations of the SM predicted mono-
Z-production cross section. To the best of our knowledge,
this signature has not yet been investigated with respect to
sterile neutrino searches.

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

At center-of-mass energies around the Z pole, the dilep-
ton signature is generated from the decays of the heavy neu-
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Figure 2: Pictographic representation of the di↵erent heavy neutrino production and decay channels at leading order, including the dependency
of the active-sterile mixing parameters. These production and decay channels yield possible final states for sterile neutrino searches at di↵erent
collider types.

the t-channel, labelled with Wt in fig. 2, where X = `e
in the initial state is the anti particle to `e = e�, e+

and Y = ⌫ (where we suppressed the indices of the light
neutrino mass eigenstates for simplicity). Another pro-
duction channel is depicted by the diagram labelled Zs,
where the initial states {X,X} are the electron positron
pair {`e, `e}. A sub-dominant channel is given by Higgs
boson decays into heavy and light neutrinos, given by
the diagram labelled h. The Higgs boson can be pro-
duced for instance via Higgs strahlung or WW boson
fusion. We note that its production from the e�e+ pair
is usually negligible, due to the smallness of the elec-
tron Yukawa coupling. The sub-dominant channel via
the Higgs can be relevant when the heavy neutrino mass
M is below the Higgs boson mass mh.

• pp colliders: The dominant production channels for
heavy neutrinos in proton-proton collisions are Drell-
Yan processes. In fig. 2 they are denoted by the dia-
grams labelledWs, with {X,X 0} = {qu, qd} or {qd, qu},
and Zs, with {X,X} = {q, q}, where qu, qd, q are up-
type quarks, down-type quarks, and constituents of the
proton, respectively. A sub-dominant process at higher
order is given by W� fusion with initial states {q, �},

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

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

fusion, labelled W (�)
t , with X = � and Y = W� which

is, contrary to the pp colliders, only suppressed by the
photon’s PDF. Furthermore, for M < mh the produc-
tion via the Higgs boson is possible, when the latter is
produced via vector boson fusion, which is, however a
process of higher order.

2.2.2 Signal channels

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

I Sterile neutrinos are well motivated extensions of the SM.

I Symmetry protected seesaw scenarios allow for electroweak
scale sterile neutrino masses and O(1) active-sterile mixings.

I Present constraints: active-sterile mixing |✓|2  10�3.

I The FCC modes provide di↵erent (complementary
information).

I Global fits may help to pin down model parameters
and distinguish di↵erent realisations of the seesaw mechanism.
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Figure 6: Production cross section for heavy neutrinos at di↵erent center-of-mass energies, divided by the square of the active-sterile mixing angle.
For all the lepton colliders initial state radiation is included, and for the linear colliders we also included beamstrahlung e↵ects and use a (L,R)
beam polarisation of (80%,30%). For the cross section calculation we have applied the following cut: | cos(✓)|  0.99, with ✓ being the angle
between the heavy neutrino and the lepton beams.

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

lepton-dijet `↵⌫jj [Wt,W ], [Zs,W ]
|✓e✓↵|2

✓2

(⇤⇤)

, |✓↵|2
(⇤⇤)

dilepton `↵`�⌫⌫ [Wt, {W,Z(h)}], [Zs, {W,Z(h)}]

(
|✓e✓↵|2

✓2

(⇤)

, |✓e|2
(⇤)

)(⇤⇤)

,
n
|✓↵|2

(⇤)
, |✓|2

o(⇤⇤)

dijet ⌫⌫jj [Wt, Z(h)], [Zs, Z(h)] |✓e|2
(⇤⇤)

, |✓|2
(⇤⇤)

invisible ⌫⌫⌫⌫ [Wt, Z], [Zs, Z] |✓e|2
(⇤⇤)

, |✓|2
(⇤⇤)

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

a trivial rescaling of the DELPHI results by the luminosity,
in fig. 7. This signature has been studied for the ILC in
refs. [50, 51].
We note that this final state can be produced by both

lepton-number-conserving and lepton-number-violating pro-
cesses and it might be possible to infer lepton number vio-
lation from the kinematic distributions.

3.2.2 Dilepton

The dilepton final state `↵`�⌫⌫ can be achieved from heavy
neutrinos that decay leptonically via the W boson or that
decay into two charged leptons via the Z or Higgs boson.

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

pole, the resulting process e�e+
Wt
��! N⌫

W
�! `±↵W

⌥⌫ !

`±↵ `
⌥
� ⌫⌫ can be mistaken for the SM process e�e+ !

W+W� and thus lead to a modified WW -production cross
section. In ref. [3] the sensitivity of this channel was es-
timated for |✓e| 6= 0 and |✓µ| = |✓⌧ | = 0 using statistical
uncertainties of the WW production cross section (consid-

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

When the heavy neutrino decays proceed via the Z boson,
the invariant mass of the charged lepton pair is compatible
with mZ . For the physics runs above the Z-pole, the chan-

nel e�e+
Wt
��! N⌫

Z
�! Z⌫⌫ ! `±↵ `

⌥
� ⌫⌫, where ↵ = � at tree

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

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

At center-of-mass energies around the Z pole, the dilep-
ton signature is generated from the decays of the heavy neu-

9

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

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

�⌫N =
X

i,j

�(e�e+ ! Nj ⌫i) , (17)

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

We remark that for
p
s ' mz heavy neutrino production

proceeds dominantly via Zs, while for
p
s = 160 GeV and

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

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

3.2 Signatures and searches

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

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

⌫

e+

e�

N

Z

production channel: Zs

W

e+

e�

N

⌫

production channel: Wt

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

3.2.1 Lepton-dijet

The heavy neutrino decays via the charged current together
with the hadronic decays of the W boson yield the final
state `↵⌫jj, with the invariant mass of the two jets being
consistent with mW . The invariant mass of the visible fi-
nal states allows to infer the heavy neutrino mass M . For
center-of-mass energies above the Z-pole this signature is
mainly dependent on |✓e✓↵|2/|✓|2. We show our estimates
for the 1� sensitivity of this signature at 250 and 350 GeV
for the CEPC and FCC-ee, respectively, by the orange line
in fig. 7, where we use |✓↵| = |✓e| and |✓µ| = |✓⌧ | = 0.
For details on the calculation of the sensitivity we refer the
reader to section A.2 in the appendix.
For

p
s ' 90 GeV, this signature is dependent on |✓↵|2 and

has been investigated at LEP in ref. [35]. Its sensitivity is
included in the dashed purple line, which was obtained from
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sterile neutrinos at CepC and FCC
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Overview of the estimated sensitivities At one-sigma confidence level.

ep and pp at parton level
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S. Antusch, E. Cazzato, OF; Int. J. Mod. Phys. A 32 (2017) no.14, 1750078

The combination of ee with pp and ep colliders provides
complementary tests for symmetry protected sterile neutrinos.
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Figure 7: Sensitivities of the di↵erent signatures to the active-sterile mixing and masses of sterile neutrinos at the FCC-ee and the CEPC. For
details on the signatures see text and tab. 3, for the considered modi operandi see fig. 4. See section 3.3 for a summary on the references that
were used.

3.3 Electron-positron colliders: summary

In the above section we presented and discussed a complete
list of the signatures for sterile neutrino searches at e�e+

colliders at leading order. Here we summarize our findings,
including results from previous works on the prospects of
sterile neutrino searches at future e�e+ colliders (within the
SPSS benchmark model). We have extended and updated
the summary plot shown in fig. 7 for the CEPC and FCC-ee
in the following ways:
We present first parton-level estimates for the lepton-dijet

signature at
p
s =250 GeV and 350 GeV for the CEPC and

FCC-ee, respectively, by the orange line. We updated the
sensitivities for the mono-Higgs signature from ref. [13] for
the dijet final state (at the reconstructed level) according
to the luminosity goals as given in fig. 4. This signature is
shown for the CEPC and FCC-ee with the solid and dashed
yellow lines for

p
s =250 and 350 GeV, respectively. The

sensitivity estimate for the conventional Z pole search is
shown by the dashed purple line, and it was obtained from
a trivial rescaling (cf. ref. [3]) of the DELPHI results. The
sensitivity from the displaced vertex searches for sterile neu-
trinos at the Z pole is taken from ref. [56] and shown by the
solid purple lines. The estimates for the sensitivity of the
indirect searches from the EWPOs, the Higgs boson branch-
ing ratios, and the sensitivity estimate for the dilepton final
states at

p
s =250 GeV, are from ref. [3] .

We note that the Z pole run of an e�e+ collider allows
to test the active-sterile mixing parameter |✓|2, whereas
the physics runs at higher energies, starting with the WW
threshold scan, are mainly sensitive to |✓e|2. The relative
strength of the |✓↵| can be inferred, e.g. from the lepton-
dijet final states.
We find that the best sensitivity is given by the displaced

vertex searches at the Z pole, which can test |✓|2 as small
as ⇠ 10�8 and ⇠ 10�11 at the CEPC and the FCC-ee, re-
spectively, for heavy neutrino masses below mW . It is worth

noting that the sensitivity of the FCC-ee in this channel is
even closing in on the active-sterile mixing that is expected
from the näıve type-I seesaw relation.

Among the direct searches for the physics runs above the
Z pole, our estimate for the lepton-dijet signature shows a
comparable sensitivity to the dilepton and the mono-Higgs
signatures, and allow tests of |✓e|2 down to ⇠ 10�5 at the
CEPC and FCC-ee, respectively. We remark that that the
mono-Z signature has not yet been investigated with respect
to sterile neutrino searches, but we expect its sensitivity to
be similar to the aforementioned direct searches.

The indirect searches for e↵ects from sterile neutrinos via
the electroweak precision observables allow to test the com-
bination |✓e|2 + |✓µ|2 down to values slightly below ⇠ 10�4

and⇠ 10�5 at the CEPC and FCC-ee, respectively, and they
allow to test masses M above the center-of-mass energy and
well into the O(10) TeV range.

We remark that lepton-number-violating processes exist,
that contribute to the lepton-dijet and to the dilepton final
states. However, they always contain a light neutrino in the
final state such that there is no unambiguous LNV signature.
Nevertheless, using the di↵erent kinematics of signature and
background final states with di↵erent light neutrino lepton
number, it might be possible to find a signal of LNV at e�e+

colliders.

We have focused here on circular colliders, however we
like to note that also linear colliders such as the ILC or
CLIC can e�ciently search for sterile neutrinos via the same
signatures. The latter will also run at higher energies (cf. fig.
4) and therefore their direct searches have an extended mass
reach for testing heavy neutrinos, compared to the circular
colliders.
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sterile neutrino searches at future e�e+ colliders (within the
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in the following ways:
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p
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sensitivities for the mono-Higgs signature from ref. [13] for
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to test the active-sterile mixing parameter |✓|2, whereas
the physics runs at higher energies, starting with the WW
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strength of the |✓↵| can be inferred, e.g. from the lepton-
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We find that the best sensitivity is given by the displaced
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as ⇠ 10�8 and ⇠ 10�11 at the CEPC and the FCC-ee, re-
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noting that the sensitivity of the FCC-ee in this channel is
even closing in on the active-sterile mixing that is expected
from the näıve type-I seesaw relation.

Among the direct searches for the physics runs above the
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comparable sensitivity to the dilepton and the mono-Higgs
signatures, and allow tests of |✓e|2 down to ⇠ 10�5 at the
CEPC and FCC-ee, respectively. We remark that that the
mono-Z signature has not yet been investigated with respect
to sterile neutrino searches, but we expect its sensitivity to
be similar to the aforementioned direct searches.

The indirect searches for e↵ects from sterile neutrinos via
the electroweak precision observables allow to test the com-
bination |✓e|2 + |✓µ|2 down to values slightly below ⇠ 10�4

and⇠ 10�5 at the CEPC and FCC-ee, respectively, and they
allow to test masses M above the center-of-mass energy and
well into the O(10) TeV range.

We remark that lepton-number-violating processes exist,
that contribute to the lepton-dijet and to the dilepton final
states. However, they always contain a light neutrino in the
final state such that there is no unambiguous LNV signature.
Nevertheless, using the di↵erent kinematics of signature and
background final states with di↵erent light neutrino lepton
number, it might be possible to find a signal of LNV at e�e+

colliders.

We have focused here on circular colliders, however we
like to note that also linear colliders such as the ILC or
CLIC can e�ciently search for sterile neutrinos via the same
signatures. The latter will also run at higher energies (cf. fig.
4) and therefore their direct searches have an extended mass
reach for testing heavy neutrinos, compared to the circular
colliders.
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signatures. The latter will also run at higher energies (cf. fig.
4) and therefore their direct searches have an extended mass
reach for testing heavy neutrinos, compared to the circular
colliders.

11



Barbara Mele

Exotic Higgs decays

e+e- environment superior on final states with MET 
and hadronic activity ➜ BR sensitivity better than 10-3
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(bb̄)(⌧+
⌧
�), (⌧+

⌧
�)(⌧+

⌧
�), (jj)(��), and (��)(��) de-

cay channels. For a decay topology of h ! 2 ! 3 ! 4
where intermediate resonances are involved, we choose
the lightest stable particle mass to be 10 GeV, the mass
splitting to be 40 GeV and the intermediate resonance
mass to be 10 GeV, which applies to (bb̄)+/ET, (jj)+/ET,
(⌧+

⌧
�)+/ET. For a decay topology of h! 2! (1+3), we

choose the lightest stable particle mass to be 10 GeV and
the mass splitting to be 40 GeV, which applies to bb̄+/ET,

jj+/ET, ⌧+
⌧
�+/ET. For the Higgs invisible decays, we

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

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

HL-LHC
CEPC
ILC(H20)
FCC-ee

MET (bb)+MET
(jj)+MET

(ττ)+MET
bb+MET

jj+MET
ττ+MET

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

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

10-5

10-4

10-3

10-2

10-1

1

B
R
(h
→
E
xo
tic
s)

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

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

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

⇤
! ⌫⌫̄⌫⌫̄ [56]. For the Higgs exotic de-

cays into hadronic particle plus missing energy, (bb̄)+/

ET, (jj)+/ET and (⌧+
⌧
�)+/ET, the future lepton colliders

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

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

There are many more investigations to be carried
out under the theme of Higgs exotic decays. For our
study, we take the cleanest channel of e+e� !ZH with
Z ! `

+
`
� and h !exotics up to four-body final state,

but further inclusion of the hadronic decaying spectator
Z-boson and even invisible decays of the Z-boson would
definitely improve the statistics and consequently result
in better limits. As a first attempt to evaluate the Higgs
exotic decay program at future lepton colliders, we do
not include the case of very light intermediate particles
whose decay products will be collimated, but postpone
this for future study when the detector performance is
more clearly defined. There are many more exotic Higgs
decay modes to consider, such as Higgs decaying to a
pair of intermediate particles with un-even masses [25],
Higgs CP property measurements from its decay di↵eren-
tial distributions [57–60], flavor violating decays, decays
to light quarks [61], decays into meta-stable particles,
and complementary Higgs exotic productions [62]. Our
work is a first systematic study evaluating the physics
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sions of the Higgs exotic decays at di↵erent future lep-
ton colliders. In Section 3, we describe our simulation
framework and present our phenomenological analysis
for various Higgs exotic decay modes. We summarize
the physics potential from the Higgs exotic decays at
the (HL-)LHC and the future lepton collider programs
in Section 4. In our summary table, we include compre-
hensive projections and show the complementarity be-
tween future lepton collider programs and the HL-LHC.
We also discuss many important future directions for the
Higgs exotic decay programs.

2 Theoretical framework

2.1 Higgs exotic decay modes considered in this

work

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

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

We consider in general the exotic Higgs decays into
BSM particles dubbed as Xi, h ! X1X2. The cascade
decay modes are classified into four cases, schematically
shown in Fig. 1. We discuss their major physics motiva-
tion and features at lepton colliders in order.

h h h h

h h h

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

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

h h h h

h h h

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

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

h h h h

h h h

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

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

h h h h

h h h

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

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

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

h! 2: The Xis in this case are detector-stable and
charge-neutral. ⇤ They could be dark matter candi-
dates. The Higgs portal [27] to dark matter models, in-
cluding various SUSY light dark matter models [28–38],
motivates this BSM search channel. The lepton collider
background for this channel are mainly from the process
e
+
e
�

! ZZ ! Z + ⌫⌫̄ and e
+
e
�

! W
+
W

�
! `

+
`
�
⌫⌫̄.

This channel, due to its simplicity and importance, has
been studied by most of the future lepton collider pro-
grams [16–18] and we will quote these results in our sum-
mary table. We include this channel here for complete-
ness. In addition, many of the models that motivate this
channel also induce other Higgs exotic decays we consider
in this study.

h! 2! 3! 4: This is the topology in which X1 is
detector-stable and X2 decays to two particles, with
one of these decay products further decaying into two

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

⌧
�)+/

ET. For the hadronic channels, the major background is
from the SM Higgs decay modes h!ZZ

⇤
! jj+⌫⌫̄ and

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

†At lepton colliders we could use the quantity missing momentum instead of Missing Transverse Energy (MET) /ET. The former
carries more information while the latter is more widely used in the hadron collider analyses. For the decay channel considered in our
analyses, the reach can be improved only marginally by the inclusion of the z-direction missing momentum information because of the
already great limit achieved and additional uncertainties from the beamstrahlung e↵ect [41] and the initial state radiation (ISR) e↵ect [42].
Consequently, we use only the more widely adopted missing transverse energy throughout this study.
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Figure 8. The limit on ⇤aBB, ALP coupling to hypercharge field, from future Z-factory. The limits from LEP I [119] �� search,
LEP II (OPAL) 2� and 3� searches [120], , LEP (L3) 3� searche at Z pole [67], ATLAS 3� and Z ! 3� [121, 122] search are
translated to limits on ⇤aBB following [123]. There are three type of signals Z ! 2�, 3� and /E�, depending on ma. In /E�

final state where a decay outside the detector, we have set the detector length to be 6 meter and LEP limits on this final state
from L3 collaboration [64] has been plotted.

The current constraints for this operator are given by LEP and LHC photon searches. In fig. 8, the LEP I [119]
uses inclusive di-photon search e+e� ! 2� +X covering the small mass region. In the higher mass region, the boost
of the axion decreases and 3� channel is considered. The LEP II (OPAL) have 2� and 3� data [120], which are
employed to put the bounds on the process, e+e� ! �/Z?

! a� ! 2� + �. The L3 collaboration has searched the
process Z ! a� ! (��)� at Z pole, with limit on BR of order 10�5 [67]. ATLAS 3� and Z ! 3� [121, 122] search
can be translated to the ALP bound as derived in [123].

For /E + � search, the strongest bound from LEP comes from L3 collaboration with 137 pb�1 data at the Z pole
[64] as discussed in section III.3. It can limit the BR of exotic decay Z ! � /E down to 1.1⇥ 10�6 if photon energy is
greater than ⇠ 30 GeV. It directly excludes ⇤aBB < 4.3 ⇥ 104 for Z ! /E + � decay, and we label it as “L3 (/E�)” in
fig. 8.

In the Z-decay search, the ALP will give topologies Z ! /E + � and Z ! 3�, 2�, depending on the life-time and
boost of the ALP. Z-factory limits on the ALP are given in fig. 8, which is about two order of magnitude better than
the current constraints from LEP and LHC.

IV. SEARCHING FOR EXOTIC Z DECAYS AT FUTURE Z-FACTORIES

In this section, we make projections for the sensitivity of exotic Z decay searches at future Z-factories. Motived
by the previous discussed dark sector models, we classify decay channels by final states, the number of intermediate
resonances, and di↵erent topologies. In most of the cases, we clarify the connections between the potential models
and each topology. As Z is neutral, the final states of its decay can be described as

Z ! /E + n�� + n`+`�`
+`� + nq̄q q̄q . (39)
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III.4. Axion-like particle

Axion-like particle (ALP) is a light pseudo-scalar which couples to gauge fields via anomalous terms and interacts
with fermions with derivatives, @µa ̄�µ . Its presence is quite generic in UV theories, such as string theory [30, 32, 34],
and Supersymmetry [26–28]. It can be a portal connecting dark matter with the standard model sector [31], and
ultralight ALP is dark matter candidate by coherent oscillating in the universe [115–117]. Recently the dynamics of
ALP in the universe has also been proposed to solve the Higgs hierarchy problem [118]. For our Z-factory study, we
are focusing on the mass range of ALP from 0.1 GeV to Z boson mass. Although we focus on the case of ALP, our
analysis and results in this section can be applied to scalar easily.

e�

e+

Z
a

�

�

�

Figure 7. The Feynman diagram for the exotic Z decay Z ! a� ! (��)�. The final state is 3� and in case ma is too small to
separate the two photons, the final state is 2�.

ALPs can have interactions with standard model particles fermions, gauge fields, Higgs obeying the (discrete-)shift
symmetry. Here, we focus on the ALP coupling to the U(1)Y gauge field Bµ

4,

LALP =
1

4⇤aBB

aBµ⌫B̃
µ⌫ , (36)

This interaction gives the decay rate of the ALP as

�(a ! ��) =
1

64⇡

1

⇤2
aBB

cos ✓4
w
m3

a
, (37)

and the rate of the Z decay,

�(Z ! �a) =
1

96⇡

1

⇤2
aBB

cos ✓2
w
sin ✓2

w
m3

Z

✓
1 �

m2
a

m2
Z

◆3

. (38)

Depending on the a ! �� decay length, the analyses are performed in the two separate regimes: one is ALP
decaying inside the detector, and the other is decaying outside the detector. For decay inside the detector, we focus
on the prompt search, and leave the interesting case of displaced vertex to future work. For decay outside the detector,
the signal is mono-photon +/E. The transverse radius of the detector radius is taken to be 6 meters. The decay length
of the ALP is computed according to the boost �a of the ALP, D ⌘ �ac⌧a, where the �a = Ea/ma is the boost and
⌧a = 1/�a is the lifetime of a. Since the initial state is Z boson at rest and the final state is a�, the energy Ea is fixed
by ma. D = 6 m is plotted in fig. 8 as a dotted black line. Below it, the ALP has a decay length D smaller than 6 m.
However, it can still decay outside the detector with a probability of 1 � e�D/(6 m). We account for this probability
to rescale the signal events in the detector, which leads to sensitivity below the line. In the prompt decay region, for
the high mass axion, the boost of axion is small, the dominant channel to search for ALPs is 3�. When the mass of
the ALP is below O(1) GeV, the boost of axion makes the two photons from axion decay close to enough, and cannot
be resolved. The 2� search channel is more relevant.

4
The coupling to fermions are neglected here for simplicity. The ALP coupling to fermion is cfmf/⇤ where cf coe�cient is model

dependent. a ! �� is the dominant decay channel for very light ALP, and the decays to fermions are suppressed by m2
f/m

2
a when ALP

is significantly heavier than fermion. If the fermion coupling comes through the gauge field loops, this will get further suppression via

the loop e↵ects.
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exotic decays topologies nres models

Z ! /E + �

Z ! �1�2,�2 ! �1� 0 1A: 1
⇤1A

�̄2�µ⌫�1Bµ⌫ (MIDM)

Z ! ��̄� 0 1B: 1
⇤3

1B
�̄�Bµ⌫Bµ⌫ (RayDM)

Z ! a� ! (/E)� 1 1C: 1
4⇤1C

aBµ⌫B̃µ⌫ (long-lived ALP)

Z ! A0� ! (�̄�)� 1 1D: ✏µ⌫⇢�A0
µB⌫@⇢B� (WZ terms)

Z ! /E + ��

Z ! �dA0 ,�d ! (��), A0
! (�̄�) 2 2A: Vector portal

Z ! �H�A, �H ! (��), �A ! (�̄�) 2 2B: 2HDM extension

Z ! �2�1, �2 ! �1�, � ! (��) 1 2C: Inelastic DM

Z ! �2�2, �2 ! ��1 0 2D: MIDM

Z ! /E + `+`�

Z ! �dA0, A0
! (`+`�), �d ! (�̄�) 2 3A: Vector portal

Z ! A0SS ! (``)SS 1 3B: Vector portal

Z ! �(Z⇤/�⇤) ! �`+`� 1 3C: Long-lived ALP, Higgs portal

Z ! �2�1 ! �1A0�1 ! (`+`�)/E 1 3D: Vector portal and Inelastic DM

Z ! �2�1, �2 ! �1`+`� 0 3E: MIDM, SUSY

Z ! �̄�`+`� 0 3F: RayDM, slepton, heavy lepton mixing

Z ! /E + JJ

Z ! �dA0
! (�̄�)(jj) 2 4A: Vector portal

Z ! �dA0
! (bb)(�̄�) 2 4B: Vector portal + Higgs portal

Z ! �2�1 ! bb�1 + �1 ! bb /E 0 4C: MIDM

Z ! (JJ)(JJ)

Z ! �dA0,�d ! jj, A0
! jj 2 5A: Vector portal + Higgs portal

Z ! �dA0,�d ! bb̄, A0
! jj 2 5B: vector portal + Higgs portal

Z ! �dA0,�d ! bb̄, A0
! bb̄ 2 5C: vector portal + Higgs portal

Z ! ��� Z ! �� ! (��)� 1 6A: ALP, Higgs portal

Table I. Classification of exotic Z decay channels by particles in final states and number of resonances (nres). The � and �1

are fermionic DM, �2 is an excited state of DM, and S denotes scalar DM. The final state J represents either light flavor jet j
or heavy flavor jet b. A0 is the dark photon, and the � is intermediate scalars. The parentheses () indicates a resonance in the
final states. The details of these models are discussed in the text.

Since lepton and quark are charged, they will show up in pairs. The n is referred to as the number of particle or pair
of particles. In our analysis, we choose to consider the number of final state particles to be less than 5. The /E can be
considered as two particles, since normally it is constituted of two DM particles. It also can be a neutral particle which
does not interact with detector and decays outside of it. The final states can be further grouped according to whether
they are the decay products of some intermediate resonance. This resonance can be the mother particles for (��),
`+`�, (q̄q) and /E. The kinematic information of the resonance decay can help us improve the search strategies. The
details of classification are given in table I. The first set of channels has the missing energy in the final states. Since
electron collider has full kinematic information of initial states, the missing 4-momentum can be fully reconstructed.
This is the major advantage of electron collider compared with hadron collider in searching for exotic Z decay with
missing energy. The second set of channels does not include missing energy. They are pure jet final states (jj)(jj),
(jj)(bb), (bb)(bb) and three photon final state ���. They can come from dark sector particles decays, which do not
involve dark matter. Due to the cleaner environment of electron collider, it is better than hadron colliders to measure
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CEPC$may$have$advantage$probing$dark$photon$
at$10$to$a$few$10s$(<<mZ)$GeV$mass$range.$

!
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Iten et$al,$arXiv:1603.0892

CEPC,$FCCFee

Barbara Mele

Looking for Dark Photons in ee ➜	γA’

!18CERN,  17 January 2018

Naïve$expectation

10X.He, M.He, Huang
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what if Dark-Photon 
mass vanishes  ?

massive DP massless DP
direct coupling to SM no direct coupling to SM

g0qf  ̄i�
µ fA

0
µ

only  
higher dimensional  

operators

g

⇤
 ̄ �µ⌫ F̄µ⌫

✏

2
Fµ⌫F 0

µ⌫

massless DP’s interact with the SM sector only through  
higher-dimensional  (➜ suppressed by 1/MD-4) interactions  
via messenger (if any) exchange !

potentially large DP couplings      in 
the Hidden Sector (HS)  allowed !

↵̄̄↵

evading most of present exp bounds on massive DP’s !

!19

on-shell massless DP’s  
can be fully decoupled from  
SM sector at tree level !

B. Holdom, Phys. Lett. 166B (1986) 196
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massless-Dark-Photon signatures :

➜ stable + noninteracting 
➜ neutrino-like signature

!20

Flavor models predicting both 
flavour hierarchy and DM 

include massless dark-photons

when produced in collisions :

!20

Gabrielli, Raidal, arXiv:1310.1090 (PRD)
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Explaining Yukawa hierarchy via HS and extra U(1)F

 Hidden Sectors (HS) possibly explaining  
Flavor hierarchy + Dark Matter   
 Yukawa’s are not fundamental constants  
 but  effective  low-energy  couplings  
   (➜ scalar messengers transfer radiatively Flavor and 
Chiral Symm. Breaking from HS fermions to SM fermions  
  giving Yukawa couplings at one-loop ) 
  introducing extra unbroken U(1)F  ➜  massless DP’s 

 for integer-q(dark fermions)  sequence : 
➜ exponential hierarchy in M(Dark fermions)  

➜ exponential hierarchy in radiative Y(SM fermions) !! 
 Dark fermions as dark-matter candidates

Gabrielli, Raidal, arXiv:1310.1090

DP coupling

MDf ⇠ exp(� 

q2Df
↵̄
)MDf ⇠ exp(� 

q2Df
↵̄
)

!21!21
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via Higgs bosons            
       both in production and decay... 

via FCNC mediated by Dark Photon’s 
            new class of FCNC signatures from   
  top, b, c, s, tau, mu decays   
  (very distinctive ➜ bounds expected  
  to be just limited by statistics in e+e- ! )  

via Z bosons  (evading Landau-Yang theorem) 

...

massless-Dark-Photon production mechanisms 

Gabrielli,Heikinheimo, BM, Raidal,  
arXiv:1405.5196 (PRD)

Dobrescu, hep-ph/0411004 (PRL)

Biswas, Gabrielli, Heikinheimo, BM,  
arXiv:1603.01377 (PRD)

FCNC decays of SM fermions into a dark photon

Emidio Gabriellia,b, Barbara Melec, Martti Raidalb,d, Elena Venturinie,

(a) Dipart. di Fisica Teorica, Università di Trieste, Strada Costiera 11, I-34151 Trieste, Italy
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(c) INFN, Sezione di Roma, c/o Dipart. di Fisica, Università di Roma “La Sapienza”,
Piazzale Aldo Moro 2, I-00185 Rome, Italy

(d) Institute of Physics, University of Tartu, Estonia

(e) SISSA/ISAS and INFN, I-34136 Trieste, Italy

ABSTRACT

We analyze a new class of FCNC processes, the f ! f
0
�̄ decays of a fermion f into a

lighter (same-charge) fermion f
0 plus a new massless neutral vector boson, a dark photon �̄.

A massless dark photon does not interact at tree level with observable fields, and the f!f
0
�̄

decay presents a peculiar signature where the final fermion f
0 is balanced by a massless invisible

system. Models recently proposed to explain the exponential spread in the standard-model
Yukawa couplings indeed foresee an extra unbroken dark U(1) gauge group, and the possibility
to couple on-shell dark photons to standard-model fermions via one-loop magnetic-dipole kind
of FCNC interactions. The latter are suppressed by the characteristic scale related to the mass
of heavy messenger fields, connecting the standard-model particles to the dark-sector. We
compute the corresponding decay rates for the top-quark and bottom-quark decays, t ! c�̄ and
b ! s�̄, and for the charged-lepton decays, ⌧ ! µ�̄ and µ ! e�̄. We find that large branching
ratios for both hadronic and leptonic decays are allowed in case the messenger masses are in the
discovery range of the LHC. Implications of present and future collider experiments for these
new decay channels are discussed.
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Figure 2: Feynman diagrams (a)-(d) contributing to the FCNC decay q
i
! q

j
�̄ with q = U,D

and i > j, where q
i,j
L,R are the initial (i), final (j) quarks, with L/R indicating the left/right

chirality projections, Qqi and S
qi
n the corresponding dark fermions and messenger fields respec-

tively, with the latter in the basis of mass eigenstates (n = 1, 2), while �̄ stands for the dark
photon line.

to SM fermions at tree level. The messengers running in the loop are much heavier than the
external fermion states (also in the case of top quark decay), and we can safely neglect terms of
order O(m2

qi/m̄
2), where mqi are the external-quark masses. However, we will retain the leading

contributions induced by the initial SM fermion mass, or, equivalently, by its associated Yukawa
coupling, and neglect the contributions of the final quark mass.

The total amplitude in momentum space receives two independent gauge-invariant contri-
butions

M(qi ! q
j
�̄) = M(qiL ! q

j
R �̄) + M(qiR ! q

j
L �̄) , (27)

where q
i,j
L/R are chirality eigenstates in the q = U,D sectors. The two contributions can be

parametrized as follows

M(qiL ! q
j
R �̄) =

1

(⇤q
L)ij

[ū
qj
R�↵µu

qi
L ]k

µ
✏̄
↵
,

M(qiR ! q
j
L �̄) =

1

(⇤q
R)ij

[ū
qj
L �↵µu

qi
R ]k

µ
✏̄
↵
, (28)

with �µ⌫ ⌘
1
2 [�µ, �⌫ ] ([a, b] standing for the a and b matrix commutator), uL/R ⌘

1
2(1 ⌥ �5)u,

and u
qi and u

qj correspond respectively to the qi and q
j on-shell bi-spinors in momentum space,

✏̄
↵ being the dark-photon polarization vector. Gauge invariance requires kµ✏̄µ = 0 for on-shell
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Dobrescu, hep-ph/0411004 (PRL)

Q̂ = (s̄�µ⌫ d) F̄µ⌫

FCNC decays of SM fermions into a dark photon
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ABSTRACT

We analyze a new class of FCNC processes, the f ! f
0
�̄ decays of a fermion f into a

lighter (same-charge) fermion f
0 plus a new massless neutral vector boson, a dark photon �̄.

A massless dark photon does not interact at tree level with observable fields, and the f!f
0
�̄

decay presents a peculiar signature where the final fermion f
0 is balanced by a massless invisible

system. Models recently proposed to explain the exponential spread in the standard-model
Yukawa couplings indeed foresee an extra unbroken dark U(1) gauge group, and the possibility
to couple on-shell dark photons to standard-model fermions via one-loop magnetic-dipole kind
of FCNC interactions. The latter are suppressed by the characteristic scale related to the mass
of heavy messenger fields, connecting the standard-model particles to the dark-sector. We
compute the corresponding decay rates for the top-quark and bottom-quark decays, t ! c�̄ and
b ! s�̄, and for the charged-lepton decays, ⌧ ! µ�̄ and µ ! e�̄. We find that large branching
ratios for both hadronic and leptonic decays are allowed in case the messenger masses are in the
discovery range of the LHC. Implications of present and future collider experiments for these
new decay channels are discussed.

Fabbrichesi, Gabrielli, BM,  
arXiv: 1705.03470 (PRL)

Fabbrichesi, Gabrielli, BM,  
arXiv: 1712.05412 (PRL)

Z bosons decaying into light and darkness

M. Fabbrichesi†, E. Gabrielli‡†, and B. Mele⇤
†INFN, Sezione di Trieste, Via Valerio 2, 34127 Trieste, Italy

‡Physics Department, University of Trieste and NICPB, Rävala 10, Tallinn 10143, Estonia and
⇤INFN, Sezione di Roma, P.le Aldo Moro 2, 00185 Roma, Italy

(Dated: December 22, 2017)

We estimate the decay rate Z ! ��̄ in which the Z boson decays into a regular photon � and
a massless dark photon �̄. This decay channel does not vanish (as dictated by the Landau-Yang
theorem) because the dark photon has a di↵erent interaction and can be distinguished from the
regular one. It manifests itself by the striking signature of a resonant monochromatic single photon
together with missing energy in the Z boson center of mass. We find a branching rate that could
be as large as 10�9 thus implying about 10 events at the LHC for a luminosity of 300 fb�1 and 100
at the HL-LHC. The ideal machine to look for this interesting decay would be the FCC-ee with its
projected production of 1013 Z bosons.

Consider the decay of a massive spin one particle into
two massless, spin one particles. At first glance, this
channel vanishes—as it does in the case of two final pho-
tons as dictated by the Landau-Yang theorem [1]. Yet
the theorem need not apply1 if the two final states can
be distinguished. This is the case when the final state is
made of a regular photon � and a dark photon �̄.

The possibility of extra U(1) gauge groups—with dark
photons mediating interactions among the dark sector
particles, which are uncharged under the standard model
(SM) gauge groups— is the subject of many theoretical
speculations and experimental searches (see [3] for recent
reviews, mostly for the massive case).

The case of massless dark photons is perhaps the most
interesting because the dark sector can be completely
decoupled from the photons [4] and interactions between
SM fermions and dark photons take place only by means
of higher order operators [5] which are therefore automat-
ically suppressed. Possible experimental tests of this sce-
nario have been investigated in Higgs physics [6], flavor
changing neutral currents [7] and Kaon physics [8]. Its
relevance for dark matter dynamics has been discussed
in [9].

The decay of a Z boson into two photons—one regular
and one dark—is a most striking signature for the exis-
tence of dark photons and the embodiment of the non
applicability of the Landau-Yang theorem. The process
proceeds through a loop of fermions between the Z bo-
son and the photons. To bypass the theorem, the dark
photon must couple with a di↵erent interaction to the
fermions in the loop so as to be distinguishable. This oc-
curs automatically for massless dark photons since they
do not have a Dirac (a single � matrix) interaction but
only a Pauli (two � matrices) dipole interaction.

For massive dark photons, the leading interaction is,
apart for the value of the charge, the same Dirac interac-

1 As it does not apply in the non-Abelian case, see [2]

tion of photons and therefore this channel vanishes; only
the higher order Pauli dipole interaction contributes—as
it does in the case of the massless dark photons—but it
is not related to the mixing parameter which is central in
the massive dark photon approach. For this reason, we
concentrate on the case of a massless dark photon.

The experimental signature for Z ! ��̄ is simple. In
the center-of-mass (CM) frame of the decaying Z boson,
the photon is mono-chromatic with an energy of about
45 GeV. The dark photon appears as missing transverse
energy and one measure Z ! � + X where X is miss-
ing energy. Such a process has been partially explored
at LEP (in the assumption of X = ⌫⌫̄ or a hypothetical
axion, if su�ciently light) to find the limit of 10�6 [10]
in the corresponding branching rate (BR). The LHC is
expected to be able to do much better with its larger
cross section for Z boson production. A 100 TeV pro-
ton collider or a high luminosity electron collider like the
FCC-ee would do even better.

E↵ective dipole moments in a simplified model of the
dark sector.—We use a simplified model to compute the
dipole operators we are interested in while making as
few assumptions as possible on the structure of the dark
sector.

The minimal choice in terms of fields consists of a SM
extension where there is a new (heavy) dark fermion Q—
singlet under the SM gauge interactions, but charged un-
der an unbroken UD(1) gauge group associated to the
massless dark photon. SM fermions couple to the dark
fermion by means of a Yukawa-like interaction given by

L � g
f
L(Q̄Lq

f
R)SR + g

f
R(Q̄Rq

f
L)SL +H.c. , (1)

where new (heavy) messenger scalar particles, SL and
SR, enter as well. In Eq. (1), the qfL and q

f
R fields are the

SM fermions of flavor f—that is, SU(3) triplets and, re-
spectively, SU(2) doublets and singlets. The left-handed
messenger field SL is a SU(2) doublet, the right-handed
messenger field SR is a SU(2) singlet, and both are SU(3)
color triplets. These messenger fields are charged under
UD(1), carrying the same charge of the dark fermion.

    ➜  plenty of new signatures !

!22
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Higgs as a “source” of Dark Photons 

H ! ��̄

�̄

�

heavy scalar messengers  
(squark/slepton-like) 
connecting SM to HS

massless (invisible)  
Dark Photon 

�(H ! ��̄) ⇠ 1

M
2
Heavy

! 1

v2

SL,R

�(H ! ��̄) ⇠ 1

M
2
Heavy

! 1

v2

mono-photon  
resonant signature

Gabrielli,Heikinheimo, BM, Raidal,  
arXiv:1405.5196 (PRD)

Dobrescu, hep-ph/0411004 (PRL)

!23

Biswas, Gabrielli, Heikinheimo, BM,  
arXiv:1603.01377 (PRD)

Higgs non-decoupling effects 
can enhance BR up to a few % !

Figure 3: Branching ratio for H ! ��̄ in percent as a function of the e↵ective coupling C��̄ ,
for all other e↵ective couplings at their SM values. The C��̄ range in the plot has been choosen
such as to cover typical BR ranges predicted by the GRFM (cf. Figure 1 in [23]).

parametrization in Eq.(3), one has [23],

�(H ! ��̄) =
m

3
H

↵
2
|C��̄|

2

8⇡3v2
. (4)

Analogous results can be obtained for the H ! �̄�̄ and H ! Z�̄ widths by replacing |C��̄|
2

by 2|C�̄�̄|
2, and |CZ�̄|

2, respectively.
In Figure 3 we show the branching ratio for H ! ��̄ in percent as a function of the

corresponding C��̄ coe�cient (when all other e↵ective couplings vanish). The C��̄ range shown
in the plot covers values naturally foreseen in the GRFM model. One can then get for the Higgs
decays into a dark photon an enhancement factor O(10) with respect to the SM Higgs decays
where the dark photon is replaced by a photon. This makes the corresponding phenomenology
quite relevant for both LHC and future-collider studies.

Neglecting the CZ�̄ contribution, a convenient model-independent BR(H ! ��̄, �̄�̄, ��)
parametrisation can be provided, involving the relative exotic contributions rik to the H ! i k

decay widths, with i, k = �, �̄, where the rik ratios are defined as

rik ⌘
�NP
ik

�SM
��

, (5)

and �NP
ik

stands for the pure NP contribution to the H ! i k decay width1. Then, the following
model-independent parametrisation of the quantities BR��̄, �̄�̄, �� ⌘BR(H ! ��̄, �̄�̄, ��) as

1Note that in case of �NP
�� , this quantity is connected to a physical decay width only up to possible interference

terms between the SM and the NP H ! �� amplitudes.

7

contributing to ΓHinv

!23
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V V ! H ! �̄�

model-independent bounds @ LHC 14 TeV 

gg ! H ! �̄�gg ! H ! �̄�gg ! H ! �̄� vs

gg fusion sensitive down to BRDP ~ 10−4-10−3 
(VBF ~10 times worse …) Biswas, Gabrielli, Heikinheimo, BM,  

arXiv:1603.01377 (PRD)

7

Cuts Signal �+jets � + Z+jets multijet L=300 fb�1

y
⇤
< 1.0 2.67 84.2 1.84 758 1.6�

��(ji, /ET ) >1.5 1.82 6.9 2.16 37 4.6�

both cuts 1.21 1.2 0.67 19 4.5�

TABLE III: Cross sections times acceptance � ⇥ A (in fb)
for the VBF signal and backgrounds at 14 TeV, assuming
BR��̄=1%. The first and second row corresponds to the sep-
arate e↵ect of the y

⇤ and ��(ji, /ET ) cuts, respectively, after
applying all the cut sequence in Table II. The last row repre-
sents the combined e↵ects of the two cuts. The last column
shows the signal significance for an integrated luminosity of
L=300 fb�1.

BR��̄ (%) L=100 fb�1 L=300 fb�1 L=3 ab�1

Significance 2� 5� 2� 5� 2� 5�

BR��̄(VBF) 0.76 1.9 0.43 1.1 0.14 0.34

BR��̄ (ggF ) 0.064 0.16 0.037 0.092 0.012 0.029

TABLE IV: Reach in BR��̄ (in percentage) for a 2� exclusion
or a 5� discovery at the 14 TeV LHC, in the VBF and gluon-
fusion channels, for di↵erent integrated luminosities L.

production.
A summary of our findings is presented in Table IV,

where we show the predicted reach in detectable BR��̄

for both exclusion (at a 2� level) and discovery (at a
5� level), assuming 100, 300 and 3000 fb�1 of data at
14 TeV. The gluon-fusion potential turns out to be def-
initely higher, extending the BR��̄ reach with respect
to the VBF channel by more than one order of magni-
tude. In particular, according to the present analysis,
the full LHC program will allow to discover (exclude) a
BR��̄ value down to less than 1⇥ 10�3 (6⇥ 10�4), while
the HL-LHC phase will be sensitive to BR��̄ as small as
3 ⇥ 10�4 (2 ⇥ 10�4). We recall that BR��̄ values up to
5% are allowed in realistic BSM frameworks [15].

In light of the projected discovery reach and of the
theoretical interest in dark-photon models, we urge the
ATLAS and CMS experiments to perform a dedicated
analysis of the H ! � + /ET signature in two-body fi-
nal states. The event selection criteria used in the CMS
analysis [16], by imposing an upper limit of 60 GeV on
p
�

T
, considerably restrict the signal phase space for the

two-body decay mode. Nevertheless, the methods used
by CMS for the suppression of the SM hadronic back-

BR��̄ (%) L= 100 fb�1 L=300 fb�1 L=3 ab�1

Significance 2� 5� 2� 5� 2� 5�

BR��̄(VBF ) 0.76 1.9 0.43 1.1 0.14 0.34

BR��̄ (ggF ) 0.064 0.16 0.037 0.092 0.012 0.029

TABLE V: Reach in BR��̄ (in percentage) for a 2� exclusion
or a 5� discovery at the 14 TeV LHC, in the VBF and gluon-
fusion channels, for di↵erent integrated luminosities L.

grounds to the /ET signature can be very e↵ective even
for relatively low transverse-momentum final states, pos-
sibly resulting in experimental sensitivities for branching
ratios well below the permil level. Similar methods could
actually be applied (once the corresponding experimental
analyzes will be available) for suppressing the SM multi-
jet background to the VBF channel, possibly increasing
the relative weight of the VBF analysis in the search for a
H ! ��̄ signature, hence expanding the LHC potential.

After the recent observation at the LHC of an excess
in the di-photon spectrum around an invariant mass of
about 750 GeV [26, 27], it would be also advisable to ex-
tend the search for �+ /ET final states to higher invariant
masses of the ��̄ pair. Indeed, the observed features of
the would-be 750-GeV �� resonance might require new
degrees of freedom in a hidden sector in order to give rise
to e↵ective couplings to photons (and gluons) (see,e.g.,
[28]). The latter degrees of freedom could well be portals
to a massless dark photon, in case they are also charged
under an extra unbroken U(1)F . Since a large U(1)F cou-
pling might be naturally allowed [19], the corresponding
rate for a ��̄ resonance at 750 GeV could already be siz-
able with the present data set. This possibility has also
been envisaged in [29–31].

In case the di-photon signature will be confirmed at
the LHC, the search for new structures in the � + /ET

transverse-mass distributions at 750 GeV would provide
extra invaluable insight about the nature of the NP be-
hind it.

Acknowledgments. We thank Daniel Fournier,
Jean-Baptiste de Vivie de Régie, and Rachid Mazini for
useful discussions. E.G. would like to thank the TH divi-
sion of CERN for its kind hospitality during the prepara-
tion of this work. The work of M.H. has been supported
by the Academy of Finland project number 267842.

[1] P. Ade et al. [Planck Coll.], arXiv:1303.5076.
[2] For a review and references see, R. Essig et al.,

arXiv:1311.0029 [hep-ph].
[3] B. Holdom, Phys. Lett. B 166, 196 (1986).
[4] S. Chatrchyan et al. [CMS Coll.], Phys. Rev. Lett. 108,

261803 (2012); G. Aad et al. [ATLAS Coll.], Phys. Rev.
Lett. 110 (2013) 011802.

[5] G. Aad et al. [ATLAS Coll.], Phys. Rev. D 87, no. 11,

112003 (2013); S. Chatrchyan et al. [CMS Coll.], JHEP
1310, 164 (2013) [arXiv:1309.1117 [hep-ex]].

[6] D. Curtin et al., arXiv:1312.4992 [hep-ph]. J. F. Ka-
menik and C. Smith, Phys. Rev. D 85, 093017 (2012)
[arXiv:1201.4814 [hep-ph]]. H. Davoudiasl, H. -S. Lee,
I. Lewis and W. J. Marciano, Phys. Rev. D 88, no.
1, 015022 (2013) [arXiv:1304.4935 [hep-ph]]. Y. Sun
and D. -N. Gao, Phys. Rev. D 89, 017301 (2014)

7

Cuts Signal �+jets � + Z+jets multijet L=300 fb�1

y
⇤
< 1.0 2.67 84.2 1.84 758 1.6�

��(ji, /ET ) >1.5 1.82 6.9 2.16 37 4.6�

both cuts 1.21 1.2 0.67 19 4.5�

TABLE III: Cross sections times acceptance � ⇥ A (in fb)
for the VBF signal and backgrounds at 14 TeV, assuming
BR��̄=1%. The first and second row corresponds to the sep-
arate e↵ect of the y

⇤ and ��(ji, /ET ) cuts, respectively, after
applying all the cut sequence in Table II. The last row repre-
sents the combined e↵ects of the two cuts. The last column
shows the signal significance for an integrated luminosity of
L=300 fb�1.

BR��̄ (%) L=100 fb�1 L=300 fb�1 L=3 ab�1

Significance 2� 5� 2� 5� 2� 5�

BR��̄(VBF) 0.76 1.9 0.43 1.1 0.14 0.34

BR��̄ (ggF ) 0.064 0.16 0.037 0.092 0.012 0.029

TABLE IV: Reach in BR��̄ (in percentage) for a 2� exclusion
or a 5� discovery at the 14 TeV LHC, in the VBF and gluon-
fusion channels, for di↵erent integrated luminosities L.

production.
A summary of our findings is presented in Table IV,

where we show the predicted reach in detectable BR��̄

for both exclusion (at a 2� level) and discovery (at a
5� level), assuming 100, 300 and 3000 fb�1 of data at
14 TeV. The gluon-fusion potential turns out to be def-
initely higher, extending the BR��̄ reach with respect
to the VBF channel by more than one order of magni-
tude. In particular, according to the present analysis,
the full LHC program will allow to discover (exclude) a
BR��̄ value down to less than 1⇥ 10�3 (6⇥ 10�4), while
the HL-LHC phase will be sensitive to BR��̄ as small as
3 ⇥ 10�4 (2 ⇥ 10�4). We recall that BR��̄ values up to
5% are allowed in realistic BSM frameworks [15].

In light of the projected discovery reach and of the
theoretical interest in dark-photon models, we urge the
ATLAS and CMS experiments to perform a dedicated
analysis of the H ! � + /ET signature in two-body fi-
nal states. The event selection criteria used in the CMS
analysis [16], by imposing an upper limit of 60 GeV on
p
�

T
, considerably restrict the signal phase space for the

two-body decay mode. Nevertheless, the methods used
by CMS for the suppression of the SM hadronic back-
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Significance 2� 5� 2� 5� 2� 5�

BR��̄(VBF ) 0.76 1.9 0.43 1.1 0.14 0.34

BR��̄ (ggF ) 0.064 0.16 0.037 0.092 0.012 0.029

TABLE V: Reach in BR��̄ (in percentage) for a 2� exclusion
or a 5� discovery at the 14 TeV LHC, in the VBF and gluon-
fusion channels, for di↵erent integrated luminosities L.

grounds to the /ET signature can be very e↵ective even
for relatively low transverse-momentum final states, pos-
sibly resulting in experimental sensitivities for branching
ratios well below the permil level. Similar methods could
actually be applied (once the corresponding experimental
analyzes will be available) for suppressing the SM multi-
jet background to the VBF channel, possibly increasing
the relative weight of the VBF analysis in the search for a
H ! ��̄ signature, hence expanding the LHC potential.

After the recent observation at the LHC of an excess
in the di-photon spectrum around an invariant mass of
about 750 GeV [26, 27], it would be also advisable to ex-
tend the search for �+ /ET final states to higher invariant
masses of the ��̄ pair. Indeed, the observed features of
the would-be 750-GeV �� resonance might require new
degrees of freedom in a hidden sector in order to give rise
to e↵ective couplings to photons (and gluons) (see,e.g.,
[28]). The latter degrees of freedom could well be portals
to a massless dark photon, in case they are also charged
under an extra unbroken U(1)F . Since a large U(1)F cou-
pling might be naturally allowed [19], the corresponding
rate for a ��̄ resonance at 750 GeV could already be siz-
able with the present data set. This possibility has also
been envisaged in [29–31].

In case the di-photon signature will be confirmed at
the LHC, the search for new structures in the � + /ET

transverse-mass distributions at 750 GeV would provide
extra invaluable insight about the nature of the NP be-
hind it.
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(photon + Emiss) resonant signature
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Figure 1: Feynman diagrams for the main production mechanisms for: (top left) ZH signal pro-

duction; (top right) Z⌫⌫̄ production; and (bottom) ZZ and WW production.

derived on the DM-nucleon scattering cross section in Higgs portal models. Assuming the total
H width to agree with the SM prediction, a more stringent bound on �inv can be put from a
global analysis of the H couplings to visible SM particles [12].

This paper is organized as follows: Section 2 describes the relevant physics process and
the procedure to generate the corresponding Monte Carlo (MC) samples; Section 3 discusses
the approximations used to incorporate in the analysis the resolution and efficiency effects of
a realistic detector simulation. The events selection and the analysis strategy and results are
described in Section 4 and Section 5, respectively.
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S vs B at √S = 240 GeV & ∫L ~ 10 ab-1

signature ➜ two b jets + (massless) missing E/p 

    MadGraph5_aMC@NLO (Eff.Lag. in FeynRules)  
  + PYTHIA for showering and hadronization ;  
    b-jets via jet-cone (Rj=1.5); Ej smearing ➜ 
    b-tag. eff.~80% ; light-jet rejection ~ 100 

  main backgrounds : 
 
 
 

  two particularly efficient observables for separating S from B

BR’s as functions of rij [14]

BR��̄ = BR
SM

��

r��̄

1 + r�̄�̄BRSM
��

,

BR�̄�̄ = BR
SM

��

r�̄�̄

1 + r�̄�̄BRSM
��

,

BR�� = BR
SM

��

�
1 + �

p
r��

�2

1 + r�̄�̄BRSM
��

, (8)

where � = ±1 parametrizes the relative sign of the SM and exotic amplitudes, and BRij stands
for BR(H ! i j).

Analogously, the relative deviation for the H ! gg decay width will be defined as

rgg ⌘
�m

gg

�SM
gg

. (9)

3 Sensitivity study for e
+
e
�
! H �̄

We focus now on the �̄ production in association with a Higgs boson in e
+
e
� collisions. The

e
+
e
�
! H �̄ total cross section versus

p
s is shown in figure 5 for three di↵erent coupling

assumptions: C��̄ = 1, CZ�̄ = 0 (blue line); C��̄ = 0, CZ�̄ = 1 (green line); C��̄ = 1, CZ�̄ =
0.79 C��̄ (red line). The coupling ratio CZ�̄/C��̄ ' 0.79 is typical for scenarios where the H �̄Z

vertex is induced by scalar messenger fields in the SU(2)L⇥SU(3)c fundamental representation
(see Section 4). The corresponding cross sections at

p
s ' 1 TeV (relevant for linear colliders

at larger collision energy) are 43 ab, 15 ab, 55 ab, respectively. Cross sections can be easily
extrapolated to coupling set-up obtained just by globally rescaling these set of couplings.

The e
+
e
�
! H �̄ cross sections grow with c.m. energy thanks to the nature of the dimension-

five operators in the e↵ective Lagrangian in Eq. (4). Hence, at constant integrated luminosity,
higher-energy colliders will have a higher potential, since the dominant background is expected
to scale down with energy as 1/s. On the other hand, lower

p
s may allow larger integrated

luminosity, as is the case of the e
+
e
� Future Circular Collider (FCC-ee) (also called TLEP) [17],

where an integrated luminosity of 10 ab�1 is expected at
p

s = 240 GeV. At linear colliders,
either ILC [15] or CLIC [16], one typically foresees integrated luminosities of a few hundreds
fb�1 in the initial energy of

p
s ⇠ 250 GeV or 350 GeV, and a few ab�1 at the larger�

p
s

stages [21]. Here, we assume the minimal energy setup of
p

s = 240 GeV that is relevant for
Higgs-boson studies, and study the sensitivity to e

+
e
�

! H �̄ production versus integrated
luminosities foreseen at di↵erent machines.

Using the e↵ective Lagrangian Eq. (4) implemented by FeynRules [22], we have gener-
ated e

+
e
�
! H �̄ ! bb̄�̄ events with MadGraph5 aMC@NLO [23], and passed these events to

PYTHIA to account for parton showering, and hadronization. We checked that the inclusion
of e↵ects from initial state radiation, that tends to degrade the c.m. energy in a circular
e
+
e
� colliders, would moderately a↵ect the results of the present analysis. We neither include

beamstrahlung e↵ects that can be of some relevance at linear colliders. We account for finite
detector resolution by applying the jet-energy smearing �(E)/E = 30%/

p
E, which is typical

for ILC-kind of detectors [24] .
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Cg g = 1, CZ g = 0.79

Cg g = 1, CZ g = 0

Cg g = 0, CZ g = 1

150 200 250 300 350 400 450 500
0.00

0.01

0.02

0.03

0.04

0.05

S @GeVD

s
@fb
D

Figure 5: Total e+e
�
! H �̄ cross section as a function of the c.m. collision energy, for di↵erent

sets of e↵ective couplings.

The dark photon escapes the experimental apparatus undetected, and the final signal con-
sists of two b quarks and large missing energy /E and momentum /p. In our simulation we
reconstruct the missing momentum from the vector sum of all visible final-state particle mo-
menta, after applying PYTHIA. In a lepton collider a H ! b b̄ final state is not swamped by
large QCD backgrounds, as occurs in hadronic collisions. Therefore, b b̄ final states are the
best channel to search for H �̄ production, thanks to the H ! b b̄ large rate. After showering
and hadronization, we reconstruct jets (and b-jets) according to the basic PYTHIA jet-cone
algorithm, assuming a quite large cone aperture Rj = 1.5, which optimizes mass reconstruction
[25]. The basic event selection is given by

p
b

T
> 20 GeV , |⌘b| < 2.5 , �R(bb) > 0.4 , /E > 40 GeV, (10)

where �R(bb) =
p
�⌘2 +��2 is the angular distance between two b-tagged jets. We assume a

b-tagging e�ciency of 80%, and a corresponding fake b-jet rejection factor of 100 for light jets.
The main SM background for the b b̄ + /E final state is given by the ⌫⌫̄bb̄ production. This

includes the on-shell processes ZZ ! ⌫⌫̄bb̄, ZH ! ⌫⌫̄bb̄, which give an almost monochromatic
bb̄-pair system (similarly to the signal), and the vector boson fusion channel H⌫⌫̄. A subdom-
inant contribution comes from ⌫⌫̄qq̄ (mostly from on-shell Z pairs), where both light jets are
mis-tagged as b jets.

There are two kinematical variables that turn out to be particularly e�cient in separating
the signal from the background. First, we introduce the variable Mjj as the invariant mass of
the two jets with largest pT . This is directly connected to the b-pair invariant mass, and can
be used to pinpoint events with b-quarks coming from Higgs decays, out of the smaller-Mjj

events arising from Z ! bb̄. There is anyway part of the ⌫⌫̄bb̄ background that goes through
the ZH production resonating at Mjj ⇠ mH , just as in the signal case. This is well illustrated
by Figure 6, where the normalized invariant-mass distributions of the bb̄ system are compared
for signal and backgrounds. Second, we introduce the missing-mass variable Mmiss, defined as
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where � = ±1 parametrizes the relative sign of the SM and exotic amplitudes, and BRij stands
for BR(H ! i j).

Analogously, the relative deviation for the H ! gg decay width will be defined as
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� collisions. The
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at larger collision energy) are 43 ab, 15 ab, 55 ab, respectively. Cross sections can be easily
extrapolated to coupling set-up obtained just by globally rescaling these set of couplings.

The e
+
e
�
! H �̄ cross sections grow with c.m. energy thanks to the nature of the dimension-

five operators in the e↵ective Lagrangian in Eq. (4). Hence, at constant integrated luminosity,
higher-energy colliders will have a higher potential, since the dominant background is expected
to scale down with energy as 1/s. On the other hand, lower

p
s may allow larger integrated

luminosity, as is the case of the e
+
e
� Future Circular Collider (FCC-ee) (also called TLEP) [17],

where an integrated luminosity of 10 ab�1 is expected at
p

s = 240 GeV. At linear colliders,
either ILC [15] or CLIC [16], one typically foresees integrated luminosities of a few hundreds
fb�1 in the initial energy of

p
s ⇠ 250 GeV or 350 GeV, and a few ab�1 at the larger�

p
s

stages [21]. Here, we assume the minimal energy setup of
p

s = 240 GeV that is relevant for
Higgs-boson studies, and study the sensitivity to e

+
e
�

! H �̄ production versus integrated
luminosities foreseen at di↵erent machines.

Using the e↵ective Lagrangian Eq. (4) implemented by FeynRules [22], we have gener-
ated e

+
e
�
! H �̄ ! bb̄�̄ events with MadGraph5 aMC@NLO [23], and passed these events to

PYTHIA to account for parton showering, and hadronization. We checked that the inclusion
of e↵ects from initial state radiation, that tends to degrade the c.m. energy in a circular
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beamstrahlung e↵ects that can be of some relevance at linear colliders. We account for finite
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Figure 6: Invariant-mass Mjj distributions for the two jets with largest pT for the the sig-
nal (solid line) and the two backgrounds ⌫⌫̄bb̄ (dashed line) and ⌫⌫̄qq̄ (dot-dashed line) after
PYTHIA showering, hadronization, and jet-energy resolution e↵ect. All distributions are nor-
malized to 1.

Mmiss =
q

/E
2

� /p
2
, (11)

where /E =
p

s �
P

Evisible and /p = �
P

pvisible are the final-state missing energy and missing
three-momentum vector, respectively (the sum over visible objects here includes both jets
and lower-energy particles escaping jet reconstruction). The Mmiss variable is expected to
approximately vanish in the partonic description of e

+
e
�
! H �̄, corresponding to the massless

invisible dark photon. A cut on Mmiss then proves to be remarkably e�cient in further separating
the signal from the main background, where Mmiss mostly matches an invisible Z-boson decaying
into neutrinos.

The Mmiss spectrum of the signal and background processes are compared in Figure 7,
after applying PYTHIA showering, jet reconstruction and jet-energy resolution e↵ects on top
of parton-level simulation (right panel). The parton-level spectrum, shown in the left panel
of the same figure, shows a distinct peak at Mmiss ' 0 for the signal, and at Mmiss ⇠ MZ for
the background processes. No energy-resolution e↵ect has been applied in the latter case, and
the smearing of the peaks is just due to the presence of neutrinos from b decays, and to the
possible o↵-shellness of the ⌫⌫̄ system in the background. Applying the parton showering, jet
reconstruction and energy-resolution e↵ects (as in the right panel of the figure) degrades the
Mmiss spectrum of the signal quite a lot, shifting the peak away from zero and smearing it.
Hence, an optimal detector resolution would be particularly crucial in this analysis.

On the basis of the Mjj and Mmiss distributions in Figures 6 and 7, we set a suitable event
selection. We require the invariant mass Mjj to be within 10% of the Mjj peak value of the
simulated signal events, and then impose the missing mass to be below 40 GeV. The latter
cuts make the ⌫⌫̄qq̄ background negligible. The ⌫⌫̄bb̄ background can still be slightly reduced
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Figure 2: Diagrams for e
+
e
�
! H �̄.

although kinematically similar to the SM one-loop channel e
+
e
�

! H� [18], gives rise to a
completely new signature, since the final massless �̄ goes undetected.

We will focus on the b b̄ �̄ final state corresponding to the main Higgs decay channel H ! bb̄,
although even more rare Higgs decays will be of relevance in the clean e

+
e
� environment [19, 20].

The e
+
e
�
! H �̄ final state will then be characterized by an unbalanced b b̄ system resonating

at the Higgs mass mH , the dark photon �̄ giving rise to “monochromatic” missing energy /E

and momentum /p (for fixed initial c.m. collision energy
p

s). Contrary to what occurs in
the main irreducible SM bb̄⌫⌫̄ background, at parton level the invariant mass of the invisible
system Mmiss = ( /E

2

�/p
2)1/2 vanishes. This feature will provide a crucial handle for background

suppression.
Since the messenger fields are expected to be quite heavy with respect to the characteristic

energy of the e
+
e
�
! H �̄ process, the H��̄ and HZ�̄ vertices can be considered as e↵ective

interactions, and described by a model-independent parametrization [14]. The ratio of the H �̄Z

and H �̄� couplings will in general depend on the spin and the SM gauge-group representation
of the new particles running in the loop. For simplicity, we will focus here on scenarios where
the H �̄Z vertex is induced by scalar messenger fields in the SU(2)L ⇥ SU(3)c fundamental
representation [8], which gives a definite prediction for the H �̄Z and H �̄� coupling ratio.

The paper is organized as follows. In Section 2, we provide a model-independent parametriza-
tion of the e↵ective couplings controlling the Higgs exotic decays H ! ��̄, Z�̄, �̄�̄, and the
SM-like decays H ! ��, Z�, and express the relevant Higgs BR’s in terms of the model-
independent coe�cients. In Section 3, we study the sensitivity of future e

+
e
� colliders to the

e
+
e
�
! H �̄ associated production by analyzing the signal and corresponding backgrounds. In

Section 4, we discuss the NP model in [8] that aims to solve the Flavor hierarchy problem. We
also present the corresponding predictions for the Higgs-dark-photon e↵ective couplings, and
for the Higgs branching ratios (BR’s) relative to the decays H ! ��̄, and H ! Z�̄. Finally,
our conclusions are discussed in Section 5. In the Appendix, we describe some U(1)F coupling
properties of the model in [8], that are needed to discuss its phenomenological consequences.

2 E↵ective dark-photon couplings to the Higgs boson

We now introduce the dark-photon e↵ective couplings to the Higgs boson that enter the e
+
e
�
!

H �̄ cross section. In general, Higgs-dark-photon e↵ective couplings can arise at one loop due
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Figure 6: Invariant-mass Mjj distributions for the two jets with largest pT for the the sig-
nal (solid line) and the two backgrounds ⌫⌫̄bb̄ (dashed line) and ⌫⌫̄qq̄ (dot-dashed line) after
PYTHIA showering, hadronization, and jet-energy resolution e↵ect. All distributions are nor-
malized to 1.

Mmiss =
q

/E
2

� /p
2
, (11)

where /E =
p

s �
P

Evisible and /p = �
P

pvisible are the final-state missing energy and missing
three-momentum vector, respectively (the sum over visible objects here includes both jets
and lower-energy particles escaping jet reconstruction). The Mmiss variable is expected to
approximately vanish in the partonic description of e

+
e
�
! H �̄, corresponding to the massless

invisible dark photon. A cut on Mmiss then proves to be remarkably e�cient in further separating
the signal from the main background, where Mmiss mostly matches an invisible Z-boson decaying
into neutrinos.

The Mmiss spectrum of the signal and background processes are compared in Figure 7,
after applying PYTHIA showering, jet reconstruction and jet-energy resolution e↵ects on top
of parton-level simulation (right panel). The parton-level spectrum, shown in the left panel
of the same figure, shows a distinct peak at Mmiss ' 0 for the signal, and at Mmiss ⇠ MZ for
the background processes. No energy-resolution e↵ect has been applied in the latter case, and
the smearing of the peaks is just due to the presence of neutrinos from b decays, and to the
possible o↵-shellness of the ⌫⌫̄ system in the background. Applying the parton showering, jet
reconstruction and energy-resolution e↵ects (as in the right panel of the figure) degrades the
Mmiss spectrum of the signal quite a lot, shifting the peak away from zero and smearing it.
Hence, an optimal detector resolution would be particularly crucial in this analysis.

On the basis of the Mjj and Mmiss distributions in Figures 6 and 7, we set a suitable event
selection. We require the invariant mass Mjj to be within 10% of the Mjj peak value of the
simulated signal events, and then impose the missing mass to be below 40 GeV. The latter
cuts make the ⌫⌫̄qq̄ background negligible. The ⌫⌫̄bb̄ background can still be slightly reduced
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Figure 7: Mmiss distributions for the the signal (solid line) and the backgrounds ⌫⌫̄bb̄ (dashed
line) and ⌫⌫̄qq̄ (dot-dashed line) after parton level simulation (left) and after PYTHIA show-
ering, hadronization and jet energy resolution e↵ect (right). All distributions are normalized
to 1.

Process Cross section (fb) Acceptance after cuts (%)
H �̄ (CZ�̄ = 0) 10.1⇥ 10�3

C
2

��̄
17.3

H �̄ (C��̄ = 0) 4.8⇥ 10�3
C

2

Z�̄
17.3

H �̄ (CZ�̄ = 0.79 C��̄) 13.8⇥ 10�3
C

2

��̄
17.3

SM ⌫⌫̄bb̄ 115. 0.08

Table 1: Cross sections (in fb) and corresponding acceptances after kinematical cuts on
signal and SM background at

p
s =240 GeV. Applied cuts include the initial event selection in

Eq. (10), Mjj to be within 10% of the Mjj peak value of signal events, Mmiss < 40 GeV, and
/E < 100 GeV. Cross sections include BR(H ! bb̄) ' 0.58.

after these cuts by making a further cut on the missing energy /E. The /E spectrum is shown in
Figure 8 for the signal and background events satisfying the previous Mjj and Mmiss cuts. Both
the signal and background distributions peak at around the same value, with the background
moderately shifted to larger /E values. Thus we require the missing energy to be below 100
GeV. Including the initial event selection criteria, we altogether impose that the missing energy
satisfies the condition 40 GeV < /E < 100 GeV.

Table 1 shows the cross sections and the acceptances for the signal and the ⌫⌫̄bb̄ background
after applying the cut-flow just described, for

p
s =240 GeV. The signal acceptance is practi-

cally insensitive to to a change in the relative contribution of the C��̄ and CZ�̄ couplings. The
corresponding acceptance for the ⌫⌫̄qq̄ background is negligible.

On the basis of the Table 1 acceptances, we can work out the expected sensitivity to the
signal for given values of the C��̄ , CZ�̄ couplings. As usual, we define the signal significance as
S/

p
S + B, being S and B the event numbers for signal and background, respectively. Figure 9

shows the integrated luminosity needed to make a 5� observation of the H �̄ production in
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Figure 7: Mmiss distributions for the the signal (solid line) and the backgrounds ⌫⌫̄bb̄ (dashed
line) and ⌫⌫̄qq̄ (dot-dashed line) after parton level simulation (left) and after PYTHIA show-
ering, hadronization and jet energy resolution e↵ect (right). All distributions are normalized
to 1.
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Table 1: Cross sections (in fb) and corresponding acceptances after kinematical cuts on
signal and SM background at

p
s =240 GeV. Applied cuts include the initial event selection in

Eq. (10), Mjj to be within 10% of the Mjj peak value of signal events, Mmiss < 40 GeV, and
/E < 100 GeV. Cross sections include BR(H ! bb̄) ' 0.58.

after these cuts by making a further cut on the missing energy /E. The /E spectrum is shown in
Figure 8 for the signal and background events satisfying the previous Mjj and Mmiss cuts. Both
the signal and background distributions peak at around the same value, with the background
moderately shifted to larger /E values. Thus we require the missing energy to be below 100
GeV. Including the initial event selection criteria, we altogether impose that the missing energy
satisfies the condition 40 GeV < /E < 100 GeV.

Table 1 shows the cross sections and the acceptances for the signal and the ⌫⌫̄bb̄ background
after applying the cut-flow just described, for

p
s =240 GeV. The signal acceptance is practi-

cally insensitive to to a change in the relative contribution of the C��̄ and CZ�̄ couplings. The
corresponding acceptance for the ⌫⌫̄qq̄ background is negligible.

On the basis of the Table 1 acceptances, we can work out the expected sensitivity to the
signal for given values of the C��̄ , CZ�̄ couplings. As usual, we define the signal significance as
S/

p
S + B, being S and B the event numbers for signal and background, respectively. Figure 9

shows the integrated luminosity needed to make a 5� observation of the H �̄ production in
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Figure 6: Invariant-mass Mjj distributions for the two jets with largest pT for the the sig-
nal (solid line) and the two backgrounds ⌫⌫̄bb̄ (dashed line) and ⌫⌫̄qq̄ (dot-dashed line) after
PYTHIA showering, hadronization, and jet-energy resolution e↵ect. All distributions are nor-
malized to 1.

Mmiss =
q

/E
2

� /p
2
, (11)

where /E =
p

s �
P

Evisible and /p = �
P

pvisible are the final-state missing energy and missing
three-momentum vector, respectively (the sum over visible objects here includes both jets
and lower-energy particles escaping jet reconstruction). The Mmiss variable is expected to
approximately vanish in the partonic description of e

+
e
�
! H �̄, corresponding to the massless

invisible dark photon. A cut on Mmiss then proves to be remarkably e�cient in further separating
the signal from the main background, where Mmiss mostly matches an invisible Z-boson decaying
into neutrinos.

The Mmiss spectrum of the signal and background processes are compared in Figure 7,
after applying PYTHIA showering, jet reconstruction and jet-energy resolution e↵ects on top
of parton-level simulation (right panel). The parton-level spectrum, shown in the left panel
of the same figure, shows a distinct peak at Mmiss ' 0 for the signal, and at Mmiss ⇠ MZ for
the background processes. No energy-resolution e↵ect has been applied in the latter case, and
the smearing of the peaks is just due to the presence of neutrinos from b decays, and to the
possible o↵-shellness of the ⌫⌫̄ system in the background. Applying the parton showering, jet
reconstruction and energy-resolution e↵ects (as in the right panel of the figure) degrades the
Mmiss spectrum of the signal quite a lot, shifting the peak away from zero and smearing it.
Hence, an optimal detector resolution would be particularly crucial in this analysis.

On the basis of the Mjj and Mmiss distributions in Figures 6 and 7, we set a suitable event
selection. We require the invariant mass Mjj to be within 10% of the Mjj peak value of the
simulated signal events, and then impose the missing mass to be below 40 GeV. The latter
cuts make the ⌫⌫̄qq̄ background negligible. The ⌫⌫̄bb̄ background can still be slightly reduced

9

⌫⌫̄qq̄

⌫⌫̄bb̄

H �̄

�(E)

E =
30%p

E

Rj = 1.5

Mjj (GeV)

E
ve

nt
s/

5
G

eV

200150100500

0.4

0.3

0.2

0.1

0

Figure 6: Invariant-mass Mjj distributions for the two jets with largest pT for the the sig-
nal (solid line) and the two backgrounds ⌫⌫̄bb̄ (dashed line) and ⌫⌫̄qq̄ (dot-dashed line) after
PYTHIA showering, hadronization, and jet-energy resolution e↵ect. All distributions are nor-
malized to 1.
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/E
2
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, (11)

where /E =
p

s �
P

Evisible and /p = �
P

pvisible are the final-state missing energy and missing
three-momentum vector, respectively (the sum over visible objects here includes both jets
and lower-energy particles escaping jet reconstruction). The Mmiss variable is expected to
approximately vanish in the partonic description of e

+
e
�
! H �̄, corresponding to the massless

invisible dark photon. A cut on Mmiss then proves to be remarkably e�cient in further separating
the signal from the main background, where Mmiss mostly matches an invisible Z-boson decaying
into neutrinos.

The Mmiss spectrum of the signal and background processes are compared in Figure 7,
after applying PYTHIA showering, jet reconstruction and jet-energy resolution e↵ects on top
of parton-level simulation (right panel). The parton-level spectrum, shown in the left panel
of the same figure, shows a distinct peak at Mmiss ' 0 for the signal, and at Mmiss ⇠ MZ for
the background processes. No energy-resolution e↵ect has been applied in the latter case, and
the smearing of the peaks is just due to the presence of neutrinos from b decays, and to the
possible o↵-shellness of the ⌫⌫̄ system in the background. Applying the parton showering, jet
reconstruction and energy-resolution e↵ects (as in the right panel of the figure) degrades the
Mmiss spectrum of the signal quite a lot, shifting the peak away from zero and smearing it.
Hence, an optimal detector resolution would be particularly crucial in this analysis.

On the basis of the Mjj and Mmiss distributions in Figures 6 and 7, we set a suitable event
selection. We require the invariant mass Mjj to be within 10% of the Mjj peak value of the
simulated signal events, and then impose the missing mass to be below 40 GeV. The latter
cuts make the ⌫⌫̄qq̄ background negligible. The ⌫⌫̄bb̄ background can still be slightly reduced

9

includes lower-E particles 
escaping jet reconstruct.

due to finite acceptance

CV �̄

e
+

e
�

�/ Z

�̄

H

Figure 2: Diagrams for e
+
e
�
! H �̄.

although kinematically similar to the SM one-loop channel e
+
e
�

! H� [18], gives rise to a
completely new signature, since the final massless �̄ goes undetected.

We will focus on the b b̄ �̄ final state corresponding to the main Higgs decay channel H ! bb̄,
although even more rare Higgs decays will be of relevance in the clean e

+
e
� environment [19, 20].

The e
+
e
�
! H �̄ final state will then be characterized by an unbalanced b b̄ system resonating

at the Higgs mass mH , the dark photon �̄ giving rise to “monochromatic” missing energy /E

and momentum /p (for fixed initial c.m. collision energy
p

s). Contrary to what occurs in
the main irreducible SM bb̄⌫⌫̄ background, at parton level the invariant mass of the invisible
system Mmiss = ( /E

2

�/p
2)1/2 vanishes. This feature will provide a crucial handle for background

suppression.
Since the messenger fields are expected to be quite heavy with respect to the characteristic

energy of the e
+
e
�
! H �̄ process, the H��̄ and HZ�̄ vertices can be considered as e↵ective

interactions, and described by a model-independent parametrization [14]. The ratio of the H �̄Z

and H �̄� couplings will in general depend on the spin and the SM gauge-group representation
of the new particles running in the loop. For simplicity, we will focus here on scenarios where
the H �̄Z vertex is induced by scalar messenger fields in the SU(2)L ⇥ SU(3)c fundamental
representation [8], which gives a definite prediction for the H �̄Z and H �̄� coupling ratio.

The paper is organized as follows. In Section 2, we provide a model-independent parametriza-
tion of the e↵ective couplings controlling the Higgs exotic decays H ! ��̄, Z�̄, �̄�̄, and the
SM-like decays H ! ��, Z�, and express the relevant Higgs BR’s in terms of the model-
independent coe�cients. In Section 3, we study the sensitivity of future e

+
e
� colliders to the

e
+
e
�
! H �̄ associated production by analyzing the signal and corresponding backgrounds. In

Section 4, we discuss the NP model in [8] that aims to solve the Flavor hierarchy problem. We
also present the corresponding predictions for the Higgs-dark-photon e↵ective couplings, and
for the Higgs branching ratios (BR’s) relative to the decays H ! ��̄, and H ! Z�̄. Finally,
our conclusions are discussed in Section 5. In the Appendix, we describe some U(1)F coupling
properties of the model in [8], that are needed to discuss its phenomenological consequences.

2 E↵ective dark-photon couplings to the Higgs boson

We now introduce the dark-photon e↵ective couplings to the Higgs boson that enter the e
+
e
�
!

H �̄ cross section. In general, Higgs-dark-photon e↵ective couplings can arise at one loop due
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Figure 10: Signal significance S/
p

S + B for e
+
e
�

! H �̄ as a function of the couplings
C��̄ , CZ�̄ , for C��̄ = 0 (green), CZ�̄ = 0 (blue), and CZ�̄ = 0.79 C��̄ [with C��̄ shown on the
horizontal axis] (red), for an integrated luminosity of 10 ab�1, at

p
s =240 GeV. The horizontal

gray lines show the 5 �-discovery bound, and the 2� (' 95% C.L. exclusion) level.

e
+
e
� collisions at

p
s =240 GeV, for any given value of the C��̄ , CZ�̄ couplings (shown on the

y-axis) when C��̄ = 0 (green line), CZ�̄ = 0 (blue line) and CZ�̄ = 0.79C��̄ (red line).
For an integrated luminosity of 10 ab�1 at

p
s = 240 GeV (a typical value for FCC-ee),

Figure 10 shows the signal significance as a function of the couplings, with the same color
convention as in Figure 9. The horizontal gray lines show the 5 �-discovery bound on couplings,
and the 2 � level approximating the 95% confidence-level exclusion.

Then, at 95% C.L., one can exclude the ranges C��̄ > 1.9 (for CZ�̄ = 0), CZ�̄ > 2.7 (for
C��̄ = 0), and C��̄ > 1.6 (for CZ�̄ = 0.79 C��̄). The interval C��̄ > 1.9 corresponds to a Higgs
BR into ��̄ that is more than 3 times the SM BR(H ! ��), while CZ�̄ > 2.7 corresponds to a
Higgs BR into Z�̄ that is more than 9 times the SM BR(H ! Z�).

The corresponding sensitivities on the C��̄ and CZ�̄ couplings at the ILC (foreseeing an initial
p

s =250 GeV phase, with a typical integrated luminosity of 250 fb�1) can be estimated from
Figure 9, and are about a factor 3 lower than the FCC-ee ones. The latter match sensitivities
on the corresponding BR(H ! ��̄) and BR(H ! Z�̄) that are smaller than the FCC-ee ones
by an order of magnitude.

4 A model of Flavor with Dark Photons

In this section, we review the main aspects of the model proposed in [8], that provides a theoreti-
cal framework for the e↵ective description given by the Lagrangian in Eq. (3). Correspondingly,
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y-axis) when C��̄ = 0 (green line), CZ�̄ = 0 (blue line) and CZ�̄ = 0.79C��̄ (red line).
For an integrated luminosity of 10 ab�1 at

p
s = 240 GeV (a typical value for FCC-ee),

Figure 10 shows the signal significance as a function of the couplings, with the same color
convention as in Figure 9. The horizontal gray lines show the 5 �-discovery bound on couplings,
and the 2 � level approximating the 95% confidence-level exclusion.

Then, at 95% C.L., one can exclude the ranges C��̄ > 1.9 (for CZ�̄ = 0), CZ�̄ > 2.7 (for
C��̄ = 0), and C��̄ > 1.6 (for CZ�̄ = 0.79 C��̄). The interval C��̄ > 1.9 corresponds to a Higgs
BR into ��̄ that is more than 3 times the SM BR(H ! ��), while CZ�̄ > 2.7 corresponds to a
Higgs BR into Z�̄ that is more than 9 times the SM BR(H ! Z�).

The corresponding sensitivities on the C��̄ and CZ�̄ couplings at the ILC (foreseeing an initial
p

s =250 GeV phase, with a typical integrated luminosity of 250 fb�1) can be estimated from
Figure 9, and are about a factor 3 lower than the FCC-ee ones. The latter match sensitivities
on the corresponding BR(H ! ��̄) and BR(H ! Z�̄) that are smaller than the FCC-ee ones
by an order of magnitude.
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Before proceeding, we connect the basic Ci j coe�cients in Eq.(4) to the corresponding
H ! i j decay widths. The H ! ��̄ width has been computed in [14], and, taking into account
the parametrization in Eq.(4), one has
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, (6)

where Nc = 3 and �(H ! gg) is understood to be inclusive in gluons final states. Analogous
results can be obtained for the H ! �̄�̄, H ! Z�̄, H ! �� widths replacing |C��̄|

2 by 2|C�̄�̄|
2,

|CZ�̄|
2, 2|C��|

2 respectively.
Figure 4 shows the branching ratios for H ! ��̄ and H ! Z�̄, normalized to the SM

BR(H ! ��) and BR(H ! Z�), respectively, versus the corresponding Ci j coe�cients. The
Ci j ranges shown in the plot include values well allowed by the model described in Section 4.
One can then get for the Higgs decays into a dark photon an enhancement factor O(10) with
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the corresponding phenomenology quite relevant for both LHC and future-collider studies.
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contribution ri j to the H ! i j decay width, as the ratio

rij ⌘
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i j
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, (7)

with �m

i j
generically indicating the pure messenger contribution to H ! i j, with i, j = �, �̄.

Then, one obtain the following model-independent parametrization of the H ! ��̄, �̄�̄, ��
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and the 2 � level approximating the 95% confidence-level exclusion.

Then, at 95% C.L., one can exclude the ranges C��̄ > 1.9 (for CZ�̄ = 0), CZ�̄ > 2.7 (for
C��̄ = 0), and C��̄ > 1.6 (for CZ�̄ = 0.79 C��̄). The interval C��̄ > 1.9 corresponds to a Higgs
BR into ��̄ that is more than 3 times the SM BR(H ! ��), while CZ�̄ > 2.7 corresponds to a
Higgs BR into Z�̄ that is more than 9 times the SM BR(H ! Z�).

The corresponding sensitivities on the C��̄ and CZ�̄ couplings at the ILC (foreseeing an initial
p

s =250 GeV phase, with a typical integrated luminosity of 250 fb�1) can be estimated from
Figure 9, and are about a factor 3 lower than the FCC-ee ones. The latter match sensitivities
on the corresponding BR(H ! ��̄) and BR(H ! Z�̄) that are smaller than the FCC-ee ones
by an order of magnitude.
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In this section, we review the main aspects of the model proposed in [8], that provides a theoreti-
cal framework for the e↵ective description given by the Lagrangian in Eq. (3). Correspondingly,
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to the exchange of messenger fields that are charged under both the SM and the U(1)F gauge
groups (Figure 3). In case the messenger masses are much larger than both mH and

p
s, one

can use the e↵ective theory approximation. The corresponding e↵ective Lagrangian L
Higgs

e↵
can

be split as

L
Higgs

e↵
= LDPH

+ LSMH
, (3)

where LDPH
contains the dark-photon e↵ective interactions with the Higgs boson, while LSMH

presents the extra (that is messenger-induced) contributions to the SM Higgs e↵ective interac-
tions with two photons, one photon and a Z, and two gluons.

By retaining only the relevant low-energy operators, LDPH
can be expressed in terms of

dimensionless (real) coe�cients Ci j (with i, j = �̄, �, Z, g) as

LDPH
=

↵

⇡

⇣
C��̄

v
�
µ⌫

�̄µ⌫H +
CZ�̄

v
Z

µ⌫
�̄µ⌫H +

C�̄�̄

v
�̄
µ⌫

�̄µ⌫H

⌘
, (4)

where ↵ is the SM fine structure constant, and �µ⌫ , Zµ⌫ , �̄µ⌫ are the field strentghs of photon,
Z boson, and dark photon, respectively (�µ⌫ ⌘ @µA⌫ � @⌫Aµ for the photon field Aµ). Then,
LSMH

can be written as

LSMH
=

↵

⇡

⇣
C��

v
�
µ⌫

�µ⌫H +
CZ�

v
Z

µ⌫
�µ⌫H

⌘
+

↵S
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Cgg

v
G

aµ⌫
G

a

µ⌫
H, (5)

where ↵S is the SM strong coupling constant, G
aµ⌫ stands for the gluon field strength, and a

sum over the color index a is understood.
As usual, the Ci j coe�cients in Eqs.(4)-(5) can be computed in the complete theory by

evaluating one-loop amplitudes for relevant physical processes, and by matching them with the
corresponding results obtained at tree level via the e↵ective Lagrangian in Eq.(3). In partic-
ular, in order to express the coe�cients C��̄ , CZ�̄ , C�̄�̄ in Eq.(4) in terms of the fundamental
parameters of the model, one can match the tree-level widths, based on the parametrization in
Eq.(4), for the Higgs decays H ! ��̄, H ! Z�̄, H ! �̄�̄, respectively, with the corresponding
one-loop results computed in the full model (as sketched in Figure 3). This will be discussed
in Section 4, after introducing a particular NP framework.

On the other hand, one can perform a phenomenological study of the e
+
e
�
! H �̄ process

just on the basis of the model-independent parametrization in Eq.(4), which we will do in the
next Section.
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BR’s as functions of rij [14]

BR��̄ = BR
SM

��

r��̄

1 + r�̄�̄BRSM
��

,

BR�̄�̄ = BR
SM

��

r�̄�̄

1 + r�̄�̄BRSM
��

,

BR�� = BR
SM

��

�
1 + �

p
r��

�2

1 + r�̄�̄BRSM
��

, (8)

where � = ±1 parametrizes the relative sign of the SM and exotic amplitudes, and BRij stands
for BR(H ! i j).

Analogously, the relative deviation for the H ! gg decay width will be defined as

rgg ⌘
�m

gg

�SM
gg

. (9)

3 Sensitivity study for e
+
e
�
! H �̄

We focus now on the �̄ production in association with a Higgs boson in e
+
e
� collisions. The

e
+
e
�
! H �̄ total cross section versus

p
s is shown in figure 5 for three di↵erent coupling

assumptions: C��̄ = 1, CZ�̄ = 0 (blue line); C��̄ = 0, CZ�̄ = 1 (green line); C��̄ = 1, CZ�̄ =
0.79 C��̄ (red line). The coupling ratio CZ�̄/C��̄ ' 0.79 is typical for scenarios where the H �̄Z

vertex is induced by scalar messenger fields in the SU(2)L⇥SU(3)c fundamental representation
(see Section 4). The corresponding cross sections at

p
s ' 1 TeV (relevant for linear colliders

at larger collision energy) are 43 ab, 15 ab, 55 ab, respectively. Cross sections can be easily
extrapolated to coupling set-up obtained just by globally rescaling these set of couplings.

The e
+
e
�
! H �̄ cross sections grow with c.m. energy thanks to the nature of the dimension-

five operators in the e↵ective Lagrangian in Eq. (4). Hence, at constant integrated luminosity,
higher-energy colliders will have a higher potential, since the dominant background is expected
to scale down with energy as 1/s. On the other hand, lower

p
s may allow larger integrated

luminosity, as is the case of the e
+
e
� Future Circular Collider (FCC-ee) (also called TLEP) [17],

where an integrated luminosity of 10 ab�1 is expected at
p

s = 240 GeV. At linear colliders,
either ILC [15] or CLIC [16], one typically foresees integrated luminosities of a few hundreds
fb�1 in the initial energy of

p
s ⇠ 250 GeV or 350 GeV, and a few ab�1 at the larger�

p
s

stages [21]. Here, we assume the minimal energy setup of
p

s = 240 GeV that is relevant for
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horizontal axis] (red), for an integrated luminosity of 10 ab�1, at
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gray lines show the 5 �-discovery bound, and the 2� (' 95% C.L. exclusion) level.
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+
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� collisions at
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s =240 GeV, for any given value of the C��̄ , CZ�̄ couplings (shown on the

y-axis) when C��̄ = 0 (green line), CZ�̄ = 0 (blue line) and CZ�̄ = 0.79C��̄ (red line).
For an integrated luminosity of 10 ab�1 at

p
s = 240 GeV (a typical value for FCC-ee),

Figure 10 shows the signal significance as a function of the couplings, with the same color
convention as in Figure 9. The horizontal gray lines show the 5 �-discovery bound on couplings,
and the 2 � level approximating the 95% confidence-level exclusion.

Then, at 95% C.L., one can exclude the ranges C��̄ > 1.9 (for CZ�̄ = 0), CZ�̄ > 2.7 (for
C��̄ = 0), and C��̄ > 1.6 (for CZ�̄ = 0.79 C��̄). The interval C��̄ > 1.9 corresponds to a Higgs
BR into ��̄ that is more than 3 times the SM BR(H ! ��), while CZ�̄ > 2.7 corresponds to a
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The corresponding sensitivities on the C��̄ and CZ�̄ couplings at the ILC (foreseeing an initial
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Figure 9, and are about a factor 3 lower than the FCC-ee ones. The latter match sensitivities
on the corresponding BR(H ! ��̄) and BR(H ! Z�̄) that are smaller than the FCC-ee ones
by an order of magnitude.

4 A model of Flavor with Dark Photons

In this section, we review the main aspects of the model proposed in [8], that provides a theoreti-
cal framework for the e↵ective description given by the Lagrangian in Eq. (3). Correspondingly,
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signature: 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Figure 3: Branching ratio for H ! ��̄ in percent as a function of the e↵ective coupling C��̄ ,
for all other e↵ective couplings at their SM values. The C��̄ range in the plot has been choosen
such as to cover typical BR ranges predicted by the GRFM (cf. Figure 1 in [23]).

parametrization in Eq.(3), one has [23],

�(H ! ��̄) =
m

3
H

↵
2
|C��̄|

2

8⇡3v2
. (4)

Analogous results can be obtained for the H ! �̄�̄ and H ! Z�̄ widths by replacing |C��̄|
2

by 2|C�̄�̄|
2, and |CZ�̄|

2, respectively.
In Figure 3 we show the branching ratio for H ! ��̄ in percent as a function of the

corresponding C��̄ coe�cient (when all other e↵ective couplings vanish). The C��̄ range shown
in the plot covers values naturally foreseen in the GRFM model. One can then get for the Higgs
decays into a dark photon an enhancement factor O(10) with respect to the SM Higgs decays
where the dark photon is replaced by a photon. This makes the corresponding phenomenology
quite relevant for both LHC and future-collider studies.

Neglecting the CZ�̄ contribution, a convenient model-independent BR(H ! ��̄, �̄�̄, ��)
parametrisation can be provided, involving the relative exotic contributions rik to the H ! i k

decay widths, with i, k = �, �̄, where the rik ratios are defined as

rik ⌘
�NP
ik

�SM
��

, (5)

and �NP
ik

stands for the pure NP contribution to the H ! i k decay width1. Then, the following
model-independent parametrisation of the quantities BR��̄, �̄�̄, �� ⌘BR(H ! ��̄, �̄�̄, ��) as

1Note that in case of �NP
�� , this quantity is connected to a physical decay width only up to possible interference

terms between the SM and the NP H ! �� amplitudes.
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Figure 1: Feynman diagrams for e
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e

�
! ZH ! (µ+

µ
�
, qq̄)(��̄).

Z ! µ
+
µ

�, and the hadronic Z ! qq̄ decay for the Z-boson, giving rise, respectively, to the
processes

e
+
e

�
! ZH ! µ

+
µ

�
��̄,

and
e
+
e

�
! ZH ! qq̄ ��̄,

(depicted in Figure 1), where, as anticipated, �̄ is a massless and invisible particle.
The �̄ production mediated by a Higgs boson in e

+
e

� collisions can provide complementary
information to the e

+
e

�
! H �̄ channel. Just as occurs in the optimisation of e

+
e

�
! H �̄

channel, requiring an invisible system with vanishing missing mass in the final state will help
a lot in discriminating the e

+
e

�
! ZH ! Z��̄ signal from its backgrounds. Comparison with

the corresponding BR(H ! ��̄) experimental sensitivities from the study of the e
+
e

�
! H �̄

channel, and from Higgs production at the LHC will be provided, too.
In the following we will start by describing a few features of a particular theoretical frame-

work that can indeed foresee the new decay channel H ! ��̄. On the other hand, we stress that
the results of the present study will be actually model independent. Indeed, the phenomeno-
logical analysis that will be described will depend by just one new beyond-the-standard-model
(BSM) parameter, that is BR(H ! ��̄) (assuming that possible BSM deviations of other SM
couplings entering the amplitude e

+
e

�
! ZH are subdominant).

The paper is organised as follows. In Section 2 we introduce the e↵ective dark-photon
couplings to the Higgs boson, and show some relevant model-independent parametrisation of
the Higgs decay BR’s that are a↵ected by the e↵ective couplings. In Section 3 we present the
phenomenological analysis of the process e

+
e

�
! ZH ! Z��̄, we study how to discriminate

the signal and di↵erent backgrounds for the two final states corresponding to Z ! µ
+
µ

�

and Z ! qq̄, and present the corresponding sensitivities in the BR(H ! ��̄) measurement.
Concluding remarks are given in Section 4.
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main backgrounds
leptonic channel :    resonant plus t-channel 
 
 
 

hadronic channel :

• Jet energy resolution: �E/E = 30%/

p
E/ GeV

• Particle identification e�ciency for muons and photons: 99% for pT > 10 GeV.

3.1 Leptonic channel: e
+
e
�
! ZH ! µ

+
µ
�
��̄

Thanks to the superior momentum resolution, the leptonic channel is the cleanest of the final
states, as the leptonic Z can be reconstructed very e�ciently. Since the muon momentum
resolution is better than the one for electrons, we outline here the search for the Z ! µ

+
µ

�

channel. The electron channel will contribute less to the total e
+
e

�
! ZH sensitivity not only

for the poorer electron momentum resolution, but also for the additional SM neutral-current
t-channel e

+
e

�
! e

+
e

�
⌫̄⌫� component in the background, which has no equivalent for the

muonic final state. Initially, we select the events containing two opposite-sign muons and a
single photon with the following basic cuts:

• muon and photon transverse momentum with p
µ

T
, p

�

T
> 10 GeV,

• muon and photon pseudorapidity in the range |⌘
µ
|, |⌘

�
| < 2.5,

• missing energy with /E > 10 GeV.

• angular separation between any two objects with �R > 0.2,

• jet veto for p
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the small probability of missing one of the photons while the other goes inside the central barrel
and passes the event selection. Further details will follow on the (in general negligible) H ! ��
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Process Basic cuts M`` cut M��̄ cut Mmiss cut
µ
+
µ

�
��̄ (BR��̄ = 0.1%) 65.3 54.9 49.7 47.3

µ
+
µ

�
⌫⌫̄� 5.00⇥ 104 5.73⇥ 103 1.09⇥ 103 15

Table 1: Event yields after sequential cuts for e
+
e

�
! ZH ! µ

+
µ

�
��̄ and corresponding

background, for an integrated luminosity of 10 ab�1, and c.m. energy
p

s = 240 GeV. The
signal yield has been normalised assuming BR��̄ = 0.1%.

• Missing mass cut: Mmiss < 20 GeV.

Cutting away large Mmiss values proves indeed very e↵ective for background suppression,
since most of the background sub-processes contain massive invisible systems which are not
likely to have low Mmiss.

We then stop our cut flow, since, after applying the Mmiss optimisation on distributions in
Figures 6, the /E distribution (that is largely correlated to the Mmiss distribution) does not o↵er
extra handle for further optimization.

We now comment on the reducible SM contribution to the background coming from e
+
e

�
!

ZH ! µ
+
µ
�
��, where one of the photons in the H ! �� decay is not identified. Indeed, some

/E can come from either energy mismeasurement or the unlikely situation where just one of
the photons lies in the forward region (|⌘| > 5) and is not detected, or a combination of both.
For BR��̄ = 1%, we checked that the ZH ! Z�� background is suppressed by two order of
magnitudes with respect to the signal (by imposing the cut flow in table 1). For BR��̄ ' BR��,
the number of signal events is still about 30 times the number of this background events.

The e↵ect of these cuts on the signal and inclusive background event yields is presented in
table 1. The resulting significance S/

p
S + B (where S is the number of signal events and B

the number of background events) is shown as a function of BR��̄ in Figure 7, assuming an
integrated luminosity of 10 ab�1 at

p
s = 240 GeV. We find that in the leptonic channel one

can exclude values down to BR��̄ = 2 ⇥ 10�4 at 95% C.L., while the 5� discovery reach is
BR��̄ = 7.5⇥ 10�4.

3.2 Hadronic channel: e
+
e
�
! ZH ! qq̄��̄

The worse energy resolution for jets with respect to muons, resulting in a less clean reconstruc-
tion of the hadronic Z-boson decay, can be compensated by the larger Z branching ratio into
jets, and the increased phase-space acceptance for jets. It is then important to include the Z

hadronic decay mode in the present analysis.
The e

+
e

�
! ZH ! qq̄��̄ signal consists of two jets, a single photon, and missing energy.

The main irreducible SM background comes from the process e
+
e

�
! qq̄⌫⌫̄�, which, as we

will show in the following, can be e↵ectively suppresed by imposing an upper missing-mass
cut. The main reducible and dominant background arises instead from the jet-pair production
accompanied by a hard photon, e

+
e

�
! qq̄� ! jj�. Here, some missing energy is generated

either from jet-energy mismeasurement, or, more importantly, by neutrinos generated by heavy-
flavor decays inside the jet showering. The jj� background is then characterised by relatively
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PYTHIA for signal and MadGraph5_aMC@NLO + PYTHIA for bckgrds  
ISR/FSR effects described by PYTHIA  
Finite detector resolutions for    
(as for ILD detector) 

simulation

�, µ, j

functions of rik holds [23]

BR��̄ = BR
SM
��

r��̄

1 + r�̄�̄BRSM
��

,

BR�̄�̄ = BR
SM
��

r�̄�̄

1 + r�̄�̄BRSM
��

,

BR�� = BR
SM
��

�
1 + �

p
r��

�2

1 + r�̄�̄BRSM
��

, (6)

where � = ±1 parametrises the relative sign between the SM and the NP loop amplitudes.
We stress that, in any model where the e↵ective couplings in Eq. (3) are generated radiatively

by charged messenger fields circulating in the loop, the factors rik (where i, k = �, �̄, Z) are not
independent, but are determined by the hypercharge assignment of the mediators, as described
in [21].

A consequence of Eq. (6) is that these scenarios can also be indirectly constrained by a
precision measurement of the Higgs branching ratios for the more-standard decays into two
photons or invisible final states.

3 Collider Analysis

In this section we discuss the experimental strategies relevant to make a measurement of BR��̄ ,
the Higgs decay BR into a photon and an invisible massless dark photon, via the process
e
+
e

�
! ZH followed by H ! ��̄ in an e

+
e

� collider with cm energy of about 240 GeV, which
maximises the Higgs cross section. This setup could be realised at either linear (like ILC) or
circular (like FCC-ee and CEPC) facilities with integrated luminosities up to about 10 ab�1 at
240 GeV, corresponding to the production of up to about 2 million Higgs bosons.

We outline the search strategies for both the leptonic Z ! `
+
`
� and hadronic Z ! qq̄ final

states (cf. Figure 1). Being stable and escaping the detection, a massless dark photon shows up
in normal detectors like a neutrino. Thus the e

+
e

�
! ZH leptonic final state consists of a pair

of opposite-sign same-flavor leptons, a photon, and missing energy/momentum (named /E//p),
whereas the hadronic final state contains two jets, a photon, and missing energy/momentum.

We have simulated the signal and SM backgrounds with MadGraph5 aMC@NLO [31] in-
terfaced with PYTHIA [32] to include the initial and final state radiation and hadronisation
e↵ects2. The jets are clustered using a simple cone algorithm with cone size R = 0.4 and
transverse momentum pT > 20 GeV.

We assume the following specification for the detector performance [33, 34]:

• Muon momentum resolution: �p/p = 0.1% + pT/(105 GeV) for |⌘| < 1, and 10 times
poorer for 1 < |⌘| < 2.5.

• Photon energy resolution: �E/E = 16.6%/

p
E/ GeV + 1.1%.

2Initial state radiation e↵ects considered here will be typical of circular e
+
e
� colliders, as we will disregard

possible beamstrahlung e↵ects.
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• Jet energy resolution: �E/E = 30%/

p
E/ GeV

• Particle identification e�ciency for muons and photons: 99% for pT > 10 GeV.

3.1 Leptonic channel: e
+
e
�
! ZH ! µ

+
µ
�
��̄

Thanks to the superior momentum resolution, the leptonic channel is the cleanest of the final
states, as the leptonic Z can be reconstructed very e�ciently. Since the muon momentum
resolution is better than the one for electrons, we outline here the search for the Z ! µ

+
µ

�

channel. The electron channel will contribute less to the total e
+
e

�
! ZH sensitivity not only

for the poorer electron momentum resolution, but also for the additional SM neutral-current
t-channel e

+
e

�
! e

+
e

�
⌫̄⌫� component in the background, which has no equivalent for the

muonic final state. Initially, we select the events containing two opposite-sign muons and a
single photon with the following basic cuts:

• muon and photon transverse momentum with p
µ

T
, p

�

T
> 10 GeV,

• muon and photon pseudorapidity in the range |⌘
µ
|, |⌘

�
| < 2.5,

• missing energy with /E > 10 GeV.

• angular separation between any two objects with �R > 0.2,

• jet veto for p
j

T
> 20 GeV.

The irreducible SM background for the e
+
e

�
! ZH !µ

+
µ

�
��̄ final state is given by the

process e
+
e

�
!µ

+
µ

�
⌫⌫̄�, which arises from the resonant contribution of the channels e

+
e

�
!

ZZ� and e
+
e

�
! WW�, as well as from di↵erent t-channel processes such as e

+
e

�
! ⌫⌫̄Z�.

In the analysis of the irreducible µ
+
µ

�
⌫⌫̄� background both the individual resonant WW�

and ZZ� components will be analysed in parallel to the inclusive µ
+
µ

�
⌫⌫̄� production. Then,

there are reducible backgrounds from Z� events accompanied by fake missing energy, which can
originate from initial state radiation/beamstrahlung, mismeasurement of the lepton or photon
momenta, or missed final-state objects. The last category contains the e

+
e

�
! ZH ! µ

+
µ

�
��

process when one of the photons escapes detection. The latter events will have the same
kinematic features as the signal, but rates suppressed by both BR(H ! ��) ' 2 ⇥ 10�3 and
the small probability of missing one of the photons while the other goes inside the central barrel
and passes the event selection. Further details will follow on the (in general negligible) H ! ��

contribution to the background3.
The photon energy and transverse momentum normalised distributions are shown in Figure 4

both for signal and main backgrounds, after implementing the above list of basic cuts.
Apart from the latter distributions, signal events can be particularly discriminated by the

use of a few kinematic variables characterising them. Three variables are of special interest:

3We have also scrutinized the nonresonant e
+
e
�

! µ
+
µ

�
�� channel, and found that in general this back-

ground can be controlled by demanding an extra missing transverse-energy lower cut of a few GeV’s over the
final cut flow, without a↵ecting our present analysis.
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Event yield  (after sequential cuts)  

Process Basic cuts M`` cut M��̄ cut Mmiss cut
µ
+
µ

�
��̄ (BR��̄ = 0.1%) 65.3 54.9 49.7 47.3

µ
+
µ

�
⌫⌫̄� 5.00⇥ 104 5.73⇥ 103 1.09⇥ 103 15

Table 1: Event yields after sequential cuts for e
+
e

�
! ZH ! µ

+
µ

�
��̄ and corresponding

background, for an integrated luminosity of 10 ab�1, and c.m. energy
p

s = 240 GeV. The
signal yield has been normalised assuming BR��̄ = 0.1%.

• Missing mass cut: Mmiss < 20 GeV.

Cutting away large Mmiss values proves indeed very e↵ective for background suppression,
since most of the background sub-processes contain massive invisible systems which are not
likely to have low Mmiss.

We then stop our cut flow, since, after applying the Mmiss optimisation on distributions in
Figures 6, the /E distribution (that is largely correlated to the Mmiss distribution) does not o↵er
extra handle for further optimization.

We now comment on the reducible SM contribution to the background coming from e
+
e

�
!

ZH ! µ
+
µ
�
��, where one of the photons in the H ! �� decay is not identified. Indeed, some

/E can come from either energy mismeasurement or the unlikely situation where just one of
the photons lies in the forward region (|⌘| > 5) and is not detected, or a combination of both.
For BR��̄ = 1%, we checked that the ZH ! Z�� background is suppressed by two order of
magnitudes with respect to the signal (by imposing the cut flow in table 1). For BR��̄ ' BR��,
the number of signal events is still about 30 times the number of this background events.

The e↵ect of these cuts on the signal and inclusive background event yields is presented in
table 1. The resulting significance S/

p
S + B (where S is the number of signal events and B

the number of background events) is shown as a function of BR��̄ in Figure 7, assuming an
integrated luminosity of 10 ab�1 at

p
s = 240 GeV. We find that in the leptonic channel one

can exclude values down to BR��̄ = 2 ⇥ 10�4 at 95% C.L., while the 5� discovery reach is
BR��̄ = 7.5⇥ 10�4.

3.2 Hadronic channel: e
+
e
�
! ZH ! qq̄��̄

The worse energy resolution for jets with respect to muons, resulting in a less clean reconstruc-
tion of the hadronic Z-boson decay, can be compensated by the larger Z branching ratio into
jets, and the increased phase-space acceptance for jets. It is then important to include the Z

hadronic decay mode in the present analysis.
The e

+
e

�
! ZH ! qq̄��̄ signal consists of two jets, a single photon, and missing energy.

The main irreducible SM background comes from the process e
+
e

�
! qq̄⌫⌫̄�, which, as we

will show in the following, can be e↵ectively suppresed by imposing an upper missing-mass
cut. The main reducible and dominant background arises instead from the jet-pair production
accompanied by a hard photon, e

+
e

�
! qq̄� ! jj�. Here, some missing energy is generated

either from jet-energy mismeasurement, or, more importantly, by neutrinos generated by heavy-
flavor decays inside the jet showering. The jj� background is then characterised by relatively
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Figure 4: The photon energy and transverse momentum distributions for the e
+
e

�
! µ

+
µ

�
��̄

signal and e
+
e

�
!µ

+
µ

�
⌫⌫̄� background, after applying the set of basic cuts, at

p
s = 240 GeV.

Results for the individual resonant WW� and ZZ� background components are also shown.

the missing mass Mmiss, the invariant mass of the photon-missing-energy system M��̄ , and the
invariant mass of the lepton pair M``. These are defined as

Mmiss =

q
/E
2
� /~p

2
, (7)

M��̄ =
q
2(E�

/E � ~p� · /~p), (8)

M`` =
p
2(E`+E`� � ~p`+ · ~p`�), (9)

where the missing energy /E and momentum /~p are experimentally defined by the equations
/E =

p
s �

P
i
Ei and /~p = �

P
i
~pi (the sum is over all detected final particles). For the signal

events, where the missing energy is carried by the massless dark photon, these variables are
centered at Mmiss = 0, M��̄ = mH and M`` = MZ .

The Mµ+µ� and M��̄ normalised distributions for the signal and SM-background events are
shown in Figure 5. The Mµ+µ� distribution is obtained assuming the basic cuts listed above.
An additional cut 86 GeV < Mµ+µ� < 96 GeV has been applied before plotting the M��̄

distribution.
We therefore suppress the SM background by the following selection criteria imposed on

top of the basic cuts:

• Z mass cut: 86 GeV < Mµ+µ� < 96 GeV,

• Higgs mass cut: 120 GeV < M��̄ < 130 GeV.

After applying the above two cuts, one obtains the Mmiss and /E normalised distributions shown
in Figure 6. Because of the signal low-mass structure in the Mmiss distribution in Figure 6, we
then impose the additional cut
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Process Basic cuts M`` cut M��̄ cut Mmiss cut
µ
+
µ

�
��̄ (BR��̄ = 0.1%) 65.3 54.9 49.7 47.3

µ
+
µ

�
⌫⌫̄� 5.00⇥ 104 5.73⇥ 103 1.09⇥ 103 15

Table 1: Event yields after sequential cuts for e
+
e

�
! ZH ! µ

+
µ

�
��̄ and corresponding

background, for an integrated luminosity of 10 ab�1, and c.m. energy
p

s = 240 GeV. The
signal yield has been normalised assuming BR��̄ = 0.1%.

• Missing mass cut: Mmiss < 20 GeV.

Cutting away large Mmiss values proves indeed very e↵ective for background suppression,
since most of the background sub-processes contain massive invisible systems which are not
likely to have low Mmiss.

We then stop our cut flow, since, after applying the Mmiss optimisation on distributions in
Figures 6, the /E distribution (that is largely correlated to the Mmiss distribution) does not o↵er
extra handle for further optimization.

We now comment on the reducible SM contribution to the background coming from e
+
e

�
!

ZH ! µ
+
µ
�
��, where one of the photons in the H ! �� decay is not identified. Indeed, some

/E can come from either energy mismeasurement or the unlikely situation where just one of
the photons lies in the forward region (|⌘| > 5) and is not detected, or a combination of both.
For BR��̄ = 1%, we checked that the ZH ! Z�� background is suppressed by two order of
magnitudes with respect to the signal (by imposing the cut flow in table 1). For BR��̄ ' BR��,
the number of signal events is still about 30 times the number of this background events.

The e↵ect of these cuts on the signal and inclusive background event yields is presented in
table 1. The resulting significance S/

p
S + B (where S is the number of signal events and B

the number of background events) is shown as a function of BR��̄ in Figure 7, assuming an
integrated luminosity of 10 ab�1 at

p
s = 240 GeV. We find that in the leptonic channel one

can exclude values down to BR��̄ = 2 ⇥ 10�4 at 95% C.L., while the 5� discovery reach is
BR��̄ = 7.5⇥ 10�4.

3.2 Hadronic channel: e
+
e
�
! ZH ! qq̄��̄

The worse energy resolution for jets with respect to muons, resulting in a less clean reconstruc-
tion of the hadronic Z-boson decay, can be compensated by the larger Z branching ratio into
jets, and the increased phase-space acceptance for jets. It is then important to include the Z

hadronic decay mode in the present analysis.
The e

+
e

�
! ZH ! qq̄��̄ signal consists of two jets, a single photon, and missing energy.

The main irreducible SM background comes from the process e
+
e

�
! qq̄⌫⌫̄�, which, as we

will show in the following, can be e↵ectively suppresed by imposing an upper missing-mass
cut. The main reducible and dominant background arises instead from the jet-pair production
accompanied by a hard photon, e

+
e

�
! qq̄� ! jj�. Here, some missing energy is generated

either from jet-energy mismeasurement, or, more importantly, by neutrinos generated by heavy-
flavor decays inside the jet showering. The jj� background is then characterised by relatively
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Figure 5: The µ
+
µ

� and ��̄ invariant-mass distributions for the e
+
e

�
! µ

+
µ

�
��̄ signal and

e
+
e

�
! µ

+
µ

�
⌫⌫̄� background, for

p
s = 240 GeV. The Mµ+µ� distributions is obtained after

imposing just the set of basic cuts described in the text, whereas the M��̄ distribution is a↵ected
by an additional cut 86 GeV < Mµ+µ� < 96 GeV. Results for the individual resonant WW�

and ZZ� background components are also shown.
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Figure 6: The missing-mass and missing-energy distributions for the e
+
e

�
! µ

+
µ

�
��̄ signal

and e
+
e

�
!µ

+
µ

�
⌫⌫̄� background, for

p
s = 240 GeV, after imposing the invariant mass cuts

around the MZ and mH on the µ
+
µ

� and ��̄ systems, respectively.
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Process Basic cuts M`` cut M��̄ cut Mmiss cut
µ
+
µ

�
��̄ (BR��̄ = 0.1%) 65.3 54.9 49.7 47.3

µ
+
µ

�
⌫⌫̄� 5.00⇥ 104 5.73⇥ 103 1.09⇥ 103 15

Table 1: Event yields after sequential cuts for e
+
e

�
! ZH ! µ

+
µ

�
��̄ and corresponding

background, for an integrated luminosity of 10 ab�1, and c.m. energy
p

s = 240 GeV. The
signal yield has been normalised assuming BR��̄ = 0.1%.

• Missing mass cut: Mmiss < 20 GeV.

Cutting away large Mmiss values proves indeed very e↵ective for background suppression,
since most of the background sub-processes contain massive invisible systems which are not
likely to have low Mmiss.

We then stop our cut flow, since, after applying the Mmiss optimisation on distributions in
Figures 6, the /E distribution (that is largely correlated to the Mmiss distribution) does not o↵er
extra handle for further optimization.

We now comment on the reducible SM contribution to the background coming from e
+
e

�
!

ZH ! µ
+
µ
�
��, where one of the photons in the H ! �� decay is not identified. Indeed, some

/E can come from either energy mismeasurement or the unlikely situation where just one of
the photons lies in the forward region (|⌘| > 5) and is not detected, or a combination of both.
For BR��̄ = 1%, we checked that the ZH ! Z�� background is suppressed by two order of
magnitudes with respect to the signal (by imposing the cut flow in table 1). For BR��̄ ' BR��,
the number of signal events is still about 30 times the number of this background events.

The e↵ect of these cuts on the signal and inclusive background event yields is presented in
table 1. The resulting significance S/

p
S + B (where S is the number of signal events and B

the number of background events) is shown as a function of BR��̄ in Figure 7, assuming an
integrated luminosity of 10 ab�1 at

p
s = 240 GeV. We find that in the leptonic channel one

can exclude values down to BR��̄ = 2 ⇥ 10�4 at 95% C.L., while the 5� discovery reach is
BR��̄ = 7.5⇥ 10�4.

3.2 Hadronic channel: e
+
e
�
! ZH ! qq̄��̄

The worse energy resolution for jets with respect to muons, resulting in a less clean reconstruc-
tion of the hadronic Z-boson decay, can be compensated by the larger Z branching ratio into
jets, and the increased phase-space acceptance for jets. It is then important to include the Z

hadronic decay mode in the present analysis.
The e

+
e

�
! ZH ! qq̄��̄ signal consists of two jets, a single photon, and missing energy.

The main irreducible SM background comes from the process e
+
e

�
! qq̄⌫⌫̄�, which, as we

will show in the following, can be e↵ectively suppresed by imposing an upper missing-mass
cut. The main reducible and dominant background arises instead from the jet-pair production
accompanied by a hard photon, e

+
e

�
! qq̄� ! jj�. Here, some missing energy is generated

either from jet-energy mismeasurement, or, more importantly, by neutrinos generated by heavy-
flavor decays inside the jet showering. The jj� background is then characterised by relatively
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for √S = 240 GeV  ∫ L ~ 10 ab-1
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Figure 4: The photon energy and transverse momentum distributions for the e
+
e

�
! µ

+
µ

�
��̄

signal and e
+
e

�
!µ

+
µ

�
⌫⌫̄� background, after applying the set of basic cuts, at

p
s = 240 GeV.

Results for the individual resonant WW� and ZZ� background components are also shown.

the missing mass Mmiss, the invariant mass of the photon-missing-energy system M��̄ , and the
invariant mass of the lepton pair M``. These are defined as

Mmiss =

q
/E
2
� /~p

2
, (7)

M��̄ =
q
2(E�

/E � ~p� · /~p), (8)

M`` =
p
2(E`+E`� � ~p`+ · ~p`�), (9)

where the missing energy /E and momentum /~p are experimentally defined by the equations
/E =

p
s �

P
i
Ei and /~p = �

P
i
~pi (the sum is over all detected final particles). For the signal

events, where the missing energy is carried by the massless dark photon, these variables are
centered at Mmiss = 0, M��̄ = mH and M`` = MZ .

The Mµ+µ� and M��̄ normalised distributions for the signal and SM-background events are
shown in Figure 5. The Mµ+µ� distribution is obtained assuming the basic cuts listed above.
An additional cut 86 GeV < Mµ+µ� < 96 GeV has been applied before plotting the M��̄

distribution.
We therefore suppress the SM background by the following selection criteria imposed on

top of the basic cuts:

• Z mass cut: 86 GeV < Mµ+µ� < 96 GeV,

• Higgs mass cut: 120 GeV < M��̄ < 130 GeV.

After applying the above two cuts, one obtains the Mmiss and /E normalised distributions shown
in Figure 6. Because of the signal low-mass structure in the Mmiss distribution in Figure 6, we
then impose the additional cut
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Process Basic cuts M`` cut M��̄ cut Mmiss cut
µ
+
µ

�
��̄ (BR��̄ = 0.1%) 65.3 54.9 49.7 47.3

µ
+
µ

�
⌫⌫̄� 5.00⇥ 104 5.73⇥ 103 1.09⇥ 103 15

Table 1: Event yields after sequential cuts for e
+
e

�
! ZH ! µ

+
µ

�
��̄ and corresponding

background, for an integrated luminosity of 10 ab�1, and c.m. energy
p

s = 240 GeV. The
signal yield has been normalised assuming BR��̄ = 0.1%.

• Missing mass cut: Mmiss < 20 GeV.

Cutting away large Mmiss values proves indeed very e↵ective for background suppression,
since most of the background sub-processes contain massive invisible systems which are not
likely to have low Mmiss.

We then stop our cut flow, since, after applying the Mmiss optimisation on distributions in
Figures 6, the /E distribution (that is largely correlated to the Mmiss distribution) does not o↵er
extra handle for further optimization.

We now comment on the reducible SM contribution to the background coming from e
+
e

�
!

ZH ! µ
+
µ
�
��, where one of the photons in the H ! �� decay is not identified. Indeed, some

/E can come from either energy mismeasurement or the unlikely situation where just one of
the photons lies in the forward region (|⌘| > 5) and is not detected, or a combination of both.
For BR��̄ = 1%, we checked that the ZH ! Z�� background is suppressed by two order of
magnitudes with respect to the signal (by imposing the cut flow in table 1). For BR��̄ ' BR��,
the number of signal events is still about 30 times the number of this background events.

The e↵ect of these cuts on the signal and inclusive background event yields is presented in
table 1. The resulting significance S/

p
S + B (where S is the number of signal events and B

the number of background events) is shown as a function of BR��̄ in Figure 7, assuming an
integrated luminosity of 10 ab�1 at

p
s = 240 GeV. We find that in the leptonic channel one

can exclude values down to BR��̄ = 2 ⇥ 10�4 at 95% C.L., while the 5� discovery reach is
BR��̄ = 7.5⇥ 10�4.

3.2 Hadronic channel: e
+
e
�
! ZH ! qq̄��̄

The worse energy resolution for jets with respect to muons, resulting in a less clean reconstruc-
tion of the hadronic Z-boson decay, can be compensated by the larger Z branching ratio into
jets, and the increased phase-space acceptance for jets. It is then important to include the Z

hadronic decay mode in the present analysis.
The e

+
e

�
! ZH ! qq̄��̄ signal consists of two jets, a single photon, and missing energy.

The main irreducible SM background comes from the process e
+
e

�
! qq̄⌫⌫̄�, which, as we

will show in the following, can be e↵ectively suppresed by imposing an upper missing-mass
cut. The main reducible and dominant background arises instead from the jet-pair production
accompanied by a hard photon, e

+
e

�
! qq̄� ! jj�. Here, some missing energy is generated

either from jet-energy mismeasurement, or, more importantly, by neutrinos generated by heavy-
flavor decays inside the jet showering. The jj� background is then characterised by relatively
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Process Basic cuts M`` cut M��̄ cut Mmiss cut
µ
+
µ

�
��̄ (BR��̄ = 0.1%) 65.3 54.9 49.7 47.3

µ
+
µ

�
⌫⌫̄� 5.00⇥ 104 5.73⇥ 103 1.09⇥ 103 15

Table 1: Event yields after sequential cuts for e
+
e

�
! ZH ! µ

+
µ

�
��̄ and corresponding

background, for an integrated luminosity of 10 ab�1, and c.m. energy
p

s = 240 GeV. The
signal yield has been normalised assuming BR��̄ = 0.1%.

• Missing mass cut: Mmiss < 20 GeV.

Cutting away large Mmiss values proves indeed very e↵ective for background suppression,
since most of the background sub-processes contain massive invisible systems which are not
likely to have low Mmiss.

We then stop our cut flow, since, after applying the Mmiss optimisation on distributions in
Figures 6, the /E distribution (that is largely correlated to the Mmiss distribution) does not o↵er
extra handle for further optimization.

We now comment on the reducible SM contribution to the background coming from e
+
e

�
!

ZH ! µ
+
µ
�
��, where one of the photons in the H ! �� decay is not identified. Indeed, some

/E can come from either energy mismeasurement or the unlikely situation where just one of
the photons lies in the forward region (|⌘| > 5) and is not detected, or a combination of both.
For BR��̄ = 1%, we checked that the ZH ! Z�� background is suppressed by two order of
magnitudes with respect to the signal (by imposing the cut flow in table 1). For BR��̄ ' BR��,
the number of signal events is still about 30 times the number of this background events.

The e↵ect of these cuts on the signal and inclusive background event yields is presented in
table 1. The resulting significance S/

p
S + B (where S is the number of signal events and B

the number of background events) is shown as a function of BR��̄ in Figure 7, assuming an
integrated luminosity of 10 ab�1 at

p
s = 240 GeV. We find that in the leptonic channel one

can exclude values down to BR��̄ = 2 ⇥ 10�4 at 95% C.L., while the 5� discovery reach is
BR��̄ = 7.5⇥ 10�4.

3.2 Hadronic channel: e
+
e
�
! ZH ! qq̄��̄

The worse energy resolution for jets with respect to muons, resulting in a less clean reconstruc-
tion of the hadronic Z-boson decay, can be compensated by the larger Z branching ratio into
jets, and the increased phase-space acceptance for jets. It is then important to include the Z

hadronic decay mode in the present analysis.
The e

+
e

�
! ZH ! qq̄��̄ signal consists of two jets, a single photon, and missing energy.

The main irreducible SM background comes from the process e
+
e

�
! qq̄⌫⌫̄�, which, as we

will show in the following, can be e↵ectively suppresed by imposing an upper missing-mass
cut. The main reducible and dominant background arises instead from the jet-pair production
accompanied by a hard photon, e

+
e

�
! qq̄� ! jj�. Here, some missing energy is generated

either from jet-energy mismeasurement, or, more importantly, by neutrinos generated by heavy-
flavor decays inside the jet showering. The jj� background is then characterised by relatively
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Figure 9: The missing mass and missing energy distributions for the e
+
e

�
! ZH!qq̄��̄ signal

and corresponding backgrounds, for
p

s = 240 GeV. The Mmiss distribution is obtained after
imposing invariant mass cuts on the jj and ��̄ systems around MZ and mH , respectively, as
described in the text. In the /E distributions, an additional Mmiss < 20 GeV cut is imposed.

Process Basic cuts Mjj cut M��̄ cut Mmiss cut /E cut
jj��̄ (BR��̄ = 0.1%) 804 669 154 110 72
jj� 3.39⇥ 107 2.26⇥ 107 1.47⇥ 105 6.5⇥ 104 –
jj⌫⌫̄� 3.9⇥ 104 3.1⇥ 104 5.9⇥ 103 2.2 –

Table 2: Event yields after sequential cuts described in the text for e
+
e

�
! ZH ! qq̄��̄,

and corresponding backgrounds, for an integrated luminosity of 10 ab�1, and c.m. energy
p

s = 240 GeV. The signal yield has been normalised assuming BR��̄ = 0.1%. Dashes stand
for event yields less than 1.
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Figure 7: Signal significance for the e
+
e

�
! ZH ! µ

+
µ

�
��̄ channel versus BR��̄ for 10 ab�1

at 240 GeV. The left vertical grey line corresponds to a 95% CL exclusion, while the right line
points to the 5� discovery reach.

low values of missing energy and by the approximate alignment of the missing momentum with
one of the jets.

We perform the initial event selection according to the following basic cuts:

• lepton veto for p
`

T
> 10 GeV and |⌘

`
| < 2.5,

• for the photon transverse momentum and pseudorapidity: p
�

T
> 10 GeV, |⌘�

| < 2.5,

• for the jet transverse momentum and pseudorapidity: p
j

T
> 20 GeV, |⌘j

| < 5.0,

• for the missing energy: /E > 10 GeV.

• for the angular separation between any pair of visible objects: �R > 0.4.

We use the same kinematical variables adopted in the lepton-channel analysis, with the
obvious replacement of M`` with the jet-pair invariant mass Mjj.

Then, for the signal events, where the missing energy is carried by the massless dark photon,
the relevant variables are centered at Mmiss = 0, M��̄ = mH , and Mjj = MZ .

The Mjj and M��̄ normalised distributions for the signal and SM-background events are
shown in Figure 8. The Mjj distribution is obtained assuming the basic cuts listed above. An
additional cut 50 GeV < Mjj < 90 GeV has been applied before plotting the M��̄ distribution
(due to the relatively poor jet-energy resolution, the Mjj cut around the Z-boson mass is looser
than the Mµ+µ� cut for the leptonic channel).
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Figure 8: The jj and ��̄ invariant mass distributions for the e
+
e

�
! ZH ! qq̄��̄ signal and

backgrounds, for
p

s = 240 GeV. The Mjj distribution is obtained after imposing the set of
basic cuts described in the text, whereas the M��̄ distribution is obtained with an additional
50 GeV < Mjj < 90 GeV cut.

In Figure 8, one can see how the extra missing-momentum system arising from the Z ! q̄q

showering widens up the signal M��̄ peak structure around mH with respect to the leptonic-
channel M��̄ distribution in Figure 5. Nevertheless, we found that loosening the 120 GeV <

M��̄ < 130 GeV cut (applied in the leptonic channel) in order to increase the signal statistics
induces a milder kinematical characterisation of the signal events, contaminating them with
extra missing energy not originating from the dark photon. This in turn would make further
cuts on the Mmiss less e↵ective for separating the signal from the qq̄� background.

As a consequence, we stick to the narrow 120 GeV < M��̄ < 130 GeV cut, hence selecting
signal events where the missing momentum is mostly associated to the dark photon. This is
anyhow very e↵ective in reducing the qq̄� background (cf. Figure 8). After that, one obtains the
Mmiss normalised distribution shown in Figure 9 (left plot). Hence, requiring Mmiss < 20 GeV
e↵ectively kills the irreducible qq̄⌫⌫̄� background, with a more moderate e↵ect on the qq̄�

reducible component.
In Figure 9 (right plot), we have imposed an additional Mmiss < 20 GeV cut on the nor-

malised /E distribution. In order to further mitigate the remaining qq̄� background, one can cut
away the region /E <

⇠
50 GeV. We then add a further optimised missing-energy cut /E > 59 GeV

to the cut flow. After that also the qq̄� background is reduced to a negligible level, and the
search, assuming a reference decay rate BR��̄ = 0.1%, becomes essentially a counting experi-
ment for the signal events.

The e↵ect of the cut flow on the event yields for the signal (for BR��̄ = 0.1%), and back-
grounds is shown in table 2, assuming an integrated luminosity of 10 ab�1. In Figure 10,
the resulting significance is shown as a function of BR��̄ . We find a considerably better
sensitivity compared to the muon channel, with the 5� discovery reach extending down to
BR��̄ ' 3.5⇥ 10�4 (i.e., roughly a factor 2 better than in the leptonic channel), and exclusion
at 95% CL for BR��̄ ' 0.5⇥ 10�4 (i.e., about a factor 4 better than in the leptonic channel).
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Process Basic cuts M`` cut M��̄ cut Mmiss cut
µ
+
µ

�
��̄ (BR��̄ = 0.1%) 65.3 54.9 49.7 47.3

µ
+
µ

�
⌫⌫̄� 5.00⇥ 104 5.73⇥ 103 1.09⇥ 103 15

Table 1: Event yields after sequential cuts for e
+
e

�
! ZH ! µ

+
µ

�
��̄ and corresponding

background, for an integrated luminosity of 10 ab�1, and c.m. energy
p

s = 240 GeV. The
signal yield has been normalised assuming BR��̄ = 0.1%.

• Missing mass cut: Mmiss < 20 GeV.

Cutting away large Mmiss values proves indeed very e↵ective for background suppression,
since most of the background sub-processes contain massive invisible systems which are not
likely to have low Mmiss.

We then stop our cut flow, since, after applying the Mmiss optimisation on distributions in
Figures 6, the /E distribution (that is largely correlated to the Mmiss distribution) does not o↵er
extra handle for further optimization.

We now comment on the reducible SM contribution to the background coming from e
+
e

�
!

ZH ! µ
+
µ
�
��, where one of the photons in the H ! �� decay is not identified. Indeed, some

/E can come from either energy mismeasurement or the unlikely situation where just one of
the photons lies in the forward region (|⌘| > 5) and is not detected, or a combination of both.
For BR��̄ = 1%, we checked that the ZH ! Z�� background is suppressed by two order of
magnitudes with respect to the signal (by imposing the cut flow in table 1). For BR��̄ ' BR��,
the number of signal events is still about 30 times the number of this background events.

The e↵ect of these cuts on the signal and inclusive background event yields is presented in
table 1. The resulting significance S/

p
S + B (where S is the number of signal events and B

the number of background events) is shown as a function of BR��̄ in Figure 7, assuming an
integrated luminosity of 10 ab�1 at

p
s = 240 GeV. We find that in the leptonic channel one

can exclude values down to BR��̄ = 2 ⇥ 10�4 at 95% C.L., while the 5� discovery reach is
BR��̄ = 7.5⇥ 10�4.

3.2 Hadronic channel: e
+
e
�
! ZH ! qq̄��̄

The worse energy resolution for jets with respect to muons, resulting in a less clean reconstruc-
tion of the hadronic Z-boson decay, can be compensated by the larger Z branching ratio into
jets, and the increased phase-space acceptance for jets. It is then important to include the Z

hadronic decay mode in the present analysis.
The e

+
e

�
! ZH ! qq̄��̄ signal consists of two jets, a single photon, and missing energy.

The main irreducible SM background comes from the process e
+
e

�
! qq̄⌫⌫̄�, which, as we

will show in the following, can be e↵ectively suppresed by imposing an upper missing-mass
cut. The main reducible and dominant background arises instead from the jet-pair production
accompanied by a hard photon, e

+
e

�
! qq̄� ! jj�. Here, some missing energy is generated

either from jet-energy mismeasurement, or, more importantly, by neutrinos generated by heavy-
flavor decays inside the jet showering. The jj� background is then characterised by relatively
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Figure 11: Signal significance in the e
+
e

�
! ZH ! qq̄��̄ channel (green dotted line), e

+
e

�
!

ZH !µ
+
µ

�
��̄ channel (blue dashed line) and in the combined search (black solid line) versus

BR��̄ for 10 ab�1 at
p

s = 240 GeV. The lower and upper horizontal lines pinpoint, respectively,
the 95% CL exclusion bound, and the 5�-significance discovery reach.

Discovery of the H ! ��̄ decay with a 5� sensitivity is reached in e
+
e

�
! ZH for a

branching ratio BR��̄ ⇡ 2.7⇥ 10�4 by combining both muon and hadronic channels, while the
corresponding 95% CL exclusion reach is at BR��̄ ' 0.5⇥ 10�4.

Note that this exclusion reach is more than two orders of magnitude better than the corre-
sponding reach of the process e

+
e

�
! H �̄ analyzed in [21]. On the other hand, the e

+
e

�
! ZH

5� discovery reach is more than three times better than the LHC reach with 300 fb�1, and com-
parable to the HL-LHC expected sensitivity, according to the preliminary analysis in [24].
Hence, the e

+
e

�
! ZH channel at FCC-ee/CEPC provides a particularly sensitive probe to

the Higgs branching ratio into a photon plus dark photon.
We stress that this analysis is model independent, and its results can be universally applied

to the search of any Higgs two-body decay into a photon plus an undetected light particle,
under the assumption of a SM e

+
e

�
! ZH cross section. A modified Higgs production cross

section can anyway be independently rescaled from our results.
Before concluding we note that the present analysis does not include machine induced back-

grounds. In particular, beamstrahlung can considerably a↵ect the impact of selection cuts in
our signal-over-background optimisation strategy, by broadening the collision c.m. energy dis-
tribution. On the other hand, beamstrahlung is very much dependent on the actual accelerator
technology, and circular machines are much less a↵ected by beamstrahlung with respect to
linear colliders. In fact, this potentially relevant e↵ect can be accurately described only after
the basic machine parameters (and a particular scheme for beam bunches) will be set up (see
for instance [35]). We anyhow think that the inclusion of such machine induced backgrounds
is beyond the scope of the present study.
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We discuss a simple yet nontrivial example of how the Landau-Yang theorem can be bypassed. The
theorem, ruling out the decay of a massive spin-1 particle into two photons, can be evaded if the
latter can be distinguished. We study the one-loop Z-boson decay Z ! ��̄ into a photon and an
(invisible) massless dark photon, when the dark photon couples to standard-model fermions via
dipole moments. LEP experimental bounds allow a branching ratio up to about 10�6 for such a
decay. In a simplified model of the dark sector, the dark-photon dipole moments can arise from
one-loop exchange of heavy dark fermions and scalar messengers. We make the corresponding
prediction for the rare Z ! ��̄ decay width, which can be directly explorable with the large samples
of Z bosons foreseen at future colliders.

Consider the decay of a massive spin-one particle into
two massless spin-one particles. At first glance, this chan-
nel should vanish — as it does in the case of two final
photons — as dictated by the Landau-Yang theorem [1].
Yet the theorem need not apply if the two final states can
be distinguished. This is the case when the final state is
made of a photon � and a dark photon �̄.

The possibility of extra U(1) gauge groups—with dark
photons mediating interactions among the dark-sector
particles, which are uncharged under the standard-model
(SM) gauge groups— is the subject of many theoretical
speculations and experimental searches (see [2] for recent
reviews, mostly for the massive case).

The case of massless dark photons is perhaps the most
interesting because the dark sector can be completely
decoupled from the photons [3], and interactions be-
tween SM fermions and dark photons take place only by
means of higher-order operators [4], which are automati-
cally suppressed. Possible experimental tests of this sce-
nario have been investigated in Higgs physics [5], flavor-
changing neutral currents [6], and Kaon physics [7]. Its
relevance for dark-matter dynamics has been discussed
in [8].

The decay of a Z boson into one SM and one dark
photon would be a most striking signature for both the
existence of dark photons, and the embodiment of the
non applicability of the Landau-Yang theorem. The pro-
cess can proceed at one loop via SM-fermion exchange.
To bypass the theorem, the photon and dark photon must
couple di↵erently to the fermions in the loop so as to be
distinguishable. This naturally occurs for massless dark
photons since they do not have a Dirac (i.e. mediated
by a single � matrix) interaction but only a Pauli (i.e.
mediated by two � matrices) dipole interaction:

L ⇠  ̄ �µ⌫ (dM + i�5 dE) B
µ⌫

, (1)

(for notation, see below). For massive dark photons z
0,

the leading interaction would be of the same SM-photon
Dirac type, ✏ e  ̄ �µ Bµ, tamed by the usual mixing pa-

rameter ✏. The Z ! � z
0 channel would then be dou-

bly suppressed by an ✏2 factor and an extra O(m2
z0/M

2
Z)

which recovers the Landau-Yang case for mz0 ! 0. In
that case too then, the higher-order Pauli dipole inter-
action might be the most relevant, as it is in the case
of a massless dark photon. The following analysis can
then be extended in a straightforward way to the mas-
sive dark-photon case.

The experimental signature for Z ! ��̄ is quite pe-
culiar and simple. In the Z-boson center-of-mass frame,
the photon is mono-chromatic with an energy of about 45
GeV. A massless dark photon has a neutrino-like signa-
ture in a typical experiment [5], and appears as missing
momentum in the Z ! � + X final state. Such a pro-
cess has been explored at LEP (in the assumption of X
being either a ⌫⌫̄ pair or a hypothetical axion, if su�-
ciently light) to find the limit of 10�6 for the correspond-
ing branching ratio (BR) [9].

E↵ective dipole moments in a simplified model of the
dark sector.— We now compute the dipole operators we
are interested in by using a simplified-model framework
where we make as few assumptions as possible on the
structure of the dark sector.

We extend the SM field content by a new (heavy) dark
fermion Q, which is a singlet under the SM gauge inter-
actions, but is charged under the unbroken UD(1) gauge
group associated to the massless dark photon. The dark
fermion couples to SM fermions by means of a Yukawa-
like interaction given by

L � g
f
L(Q̄Lq

f
R)SR + g

f
R(Q̄Rq

f
L)SL +H.c. , (2)

where SL and SR are new (heavy) messenger scalar par-
ticles. In Eq. (2), qfL and q

f
R stand for SM fermions of

flavor f—that is, SU(3) triplets and, respectively, SU(2)
doublets and singlets. The SL messenger field is a SU(2)
doublet, SR is a SU(2) singlet, and both are SU(3) color
triplets; both fields are also charged under UD(1), carry-
ing the same dark-fermion charge.

In order to generate chirality-changing processes, the

3
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Z, qµ
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FIG. 2: Feynman diagrams for the decay Z(q) ! �(k1)�̄(k2).
The blob represents the insertion of the dipole operator in
Eq. (4). The case of two photons with same interaction (no
blobs) would lead to a cancellation as dictated by the Landau-
Yang theorem.

are gauge invariant operators. The coe�cients Ci are
given by

C1 =
X

f

rfmfd
f
M

⇤

⇣
2 +Bf + 2CfM

2
Z

⌘

C2 =
X

f

rfmfd
f
M

⇤

⇣
3 + 2Bf � 2Cfm

2
f

⌘
(12)

C3 =
X

f

rfmfd
f
M

⇤

⇣
11 + 5Bf + 2Cf (m

2
f +M

2
Z)

⌘
.

where rf = N
f
c g

f
AQf . The sum runs over all charged

SM fermions f , with mf the SM fermion masses. Fur-

thermore, gfA = gT
f
3 /(2 cos ✓W ) is the Z-boson axial cou-

pling to SM fermions, with g the weak coupling, ✓W the
Weinberg angle, and T

3
f (= ±1/2) the eigenvalue of the

third component of weak isospin, Nf
c = 3 (1) for quarks

(leptons), and Qf is the electric charge in units of the
elementary charge e. The Bf and Cf terms are defined
as

Bf ⌘ Disc[B0(M
2
Z ,mf ,mf )],

Cf ⌘ C0(0, 0,M
2
Z ,mf ,mf ,mf ) , (13)

with B0 and C0 the scalar two- and three-point
Passarino-Veltman functions, respectively (see [13] for
their explicit expressions), and Disc[B0] the disconti-
nuity of the function. They are both finite functions
which can be evaluated numerically, for example, by
Package X [14].

Then one has

1

3

X

pol

MMM
†
M =

2

3

↵D↵

⇡
M

2
Z |CM |

2
, (14)

where ↵D = e
2
D/4⇡ and ↵ = e

2
/4⇡ are the fine structure

constants, and CM =
P

f d
f
M ⇠

f (mf ), where

⇠
f (mf ) ⌘

rfmf

⇤

⇣
3 +Bf + 2m2

fCf

⌘
. (15)

The CP -violating contribution to the on-shell ampli-
tude induced by the electric-dipole moment in Eq. (4) is

given by

ME = i
eDe

4⇡2
CE (kµ1 � k

µ
2 )g

↵�
✏
Z
µ(q)✏↵(k1)✏̄�(k2) . (16)

Accordingly we find that

1

3

X

pol

MEM
†
E =

2

3

↵D↵

⇡
M

2
Z |CE |

2
, (17)

where CE =
P

f d
f
E ⇠

f (mf ).
The amplitudes in Eq. (8) and Eq. (16) are both pro-

portional to the Z-boson axial coupling gA.
We stress that, in the on-shell amplitude, all polariza-

tion vectors satisfy the transversality condition, namely
✏µ(k)kµ = 0, with ✏µ a generic polarization vector. One
can verify that the amplitudes in Eq. (8) and Eq. (16)
satisfy the Ward identities by substituting the polariza-
tions ✏↵(k1) and ✏�(k2) with the corresponding momenta.
For the CP conserving part, the Ward identity for the Z
boson—obtained by substituting ✏

Z
µ(q) with qµ—requires

a [SU(2) invariant] counterterm HH
†
Fµ⌫ F̄

µ⌫ in the ef-
fective theory because of the divergence generated by the
insertion of the dipole operator in the diagram where the
Z Goldstone boson decays. This term does not a↵ect our
computation.

Lagrangians.— It is useful to see how the above ampli-
tudes can be derived by a Lagrangian in the configuration
space which is manifestly gauge invariant. In particular,
for the Lagrangian induced by the magnetic-dipole mo-
ment, we have

L
(m)
eff =

eDe

4⇡2M2
Z

3X

i=1

C̄iOi(x) , (18)

where the dimension-six operators Oi are given by

O1(x) = Zµ⌫B̃
µ↵

A
⌫
↵ , (19)

O2(x) = Zµ⌫B
µ↵

Ã
⌫
↵ , (20)

O3(x) = Z̃µ⌫B
µ↵

A
⌫
↵ . (21)

The field strengths Fµ⌫ ⌘ @µF⌫ � @⌫Fµ, for Fµ⌫ =
(Z,B,A)µ⌫ , correspond to the Z-boson (Zµ), dark-
photon (Bµ) and photon (Aµ) fields, respectively, and
F̃

µ⌫
⌘ "

µ⌫↵�
F↵� is the dual field strength. Matching the

on-shell amplitude for the Z ! ��̄ process—as obtained
by using the e↵ective Lagrangian in Eq. (18)—with the
corresponding one in Eq. (8), yields

C̄1 = �

X

f

rfmfd
f
M

⇤

⇣
5 + 2Bf + 2Cf

�
m

2
f +M

2
Z

� ⌘
,

C̄2 = �3
X

f

rfmfd
f
M

⇤

⇣
2 +Bf

⌘
,

C̄3 = 2
X

f

rfmfd
f
M

⇤

⇣
4 + 2Bf + CfM

2
Z

⌘
. (22)

Z-boson decay into light and darkness

M. Fabbrichesi†, E. Gabrielli‡†, and B. Mele⇤
†INFN, Sezione di Trieste, Via Valerio 2, 34127 Trieste, Italy

‡Physics Department, University of Trieste and NICPB, Rävala 10, Tallinn 10143, Estonia and
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We discuss a simple yet nontrivial example of how the Landau-Yang theorem can be bypassed. The
theorem, ruling out the decay of a massive spin-1 particle into two photons, can be evaded if the
latter can be distinguished. We study the one-loop Z-boson decay Z ! ��̄ into a photon and an
(invisible) massless dark photon, when the dark photon couples to standard-model fermions via
dipole moments. LEP experimental bounds allow a branching ratio up to about 10�6 for such a
decay. In a simplified model of the dark sector, the dark-photon dipole moments can arise from
one-loop exchange of heavy dark fermions and scalar messengers. We make the corresponding
prediction for the rare Z ! ��̄ decay width, which can be directly explorable with the large samples
of Z bosons foreseen at future colliders.

Consider the decay of a massive spin-one particle into
two massless spin-one particles. At first glance, this chan-
nel should vanish — as it does in the case of two final
photons — as dictated by the Landau-Yang theorem [1].
Yet the theorem need not apply if the two final states can
be distinguished. This is the case when the final state is
made of a photon � and a dark photon �̄.

The possibility of extra U(1) gauge groups—with dark
photons mediating interactions among the dark-sector
particles, which are uncharged under the standard-model
(SM) gauge groups— is the subject of many theoretical
speculations and experimental searches (see [2] for recent
reviews, mostly for the massive case).
The case of massless dark photons is perhaps the most

interesting because the dark sector can be completely
decoupled from the photons [3], and interactions be-
tween SM fermions and dark photons take place only by
means of higher-order operators [4], which are automati-
cally suppressed. Possible experimental tests of this sce-
nario have been investigated in Higgs physics [5], flavor-
changing neutral currents [6], and Kaon physics [7]. Its
relevance for dark-matter dynamics has been discussed
in [8].
The decay of a Z boson into one SM and one dark

photon would be a most striking signature for both the
existence of dark photons, and the embodiment of the
non applicability of the Landau-Yang theorem. The pro-
cess can proceed at one loop via SM-fermion exchange.
To bypass the theorem, the photon and dark photon must
couple di↵erently to the fermions in the loop so as to be
distinguishable. This naturally occurs for massless dark
photons since they do not have a Dirac (i.e. mediated
by a single � matrix) interaction but only a Pauli (i.e.
mediated by two � matrices) dipole interaction:

L ⇠  ̄ �µ⌫ (dM + i�5 dE) B
µ⌫

, (1)

(for notation, see below). For massive dark photons z
0,

the leading interaction would be of the same SM-photon
Dirac type, ✏ e  ̄ �µ Bµ, tamed by the usual mixing pa-

rameter ✏. The Z ! � z
0 channel would then be dou-

bly suppressed by an ✏2 factor and an extra O(m2
z0/M

2
Z)

which recovers the Landau-Yang case for mz0 ! 0. In
that case too then, the higher-order Pauli dipole inter-
action might be the most relevant, as it is in the case
of a massless dark photon. The following analysis can
then be extended in a straightforward way to the mas-
sive dark-photon case.

The experimental signature for Z ! ��̄ is quite pe-
culiar and simple. In the Z-boson center-of-mass frame,
the photon is mono-chromatic with an energy of about 45
GeV. A massless dark photon has a neutrino-like signa-
ture in a typical experiment [5], and appears as missing
momentum in the Z ! � + X final state. Such a pro-
cess has been explored at LEP (in the assumption of X
being either a ⌫⌫̄ pair or a hypothetical axion, if su�-
ciently light) to find the limit of 10�6 for the correspond-
ing branching ratio (BR) [9].

E↵ective dipole moments in a simplified model of the
dark sector.— We now compute the dipole operators we
are interested in by using a simplified-model framework
where we make as few assumptions as possible on the
structure of the dark sector.

We extend the SM field content by a new (heavy) dark
fermion Q, which is a singlet under the SM gauge inter-
actions, but is charged under the unbroken UD(1) gauge
group associated to the massless dark photon. The dark
fermion couples to SM fermions by means of a Yukawa-
like interaction given by

L � g
f
L(Q̄Lq

f
R)SR + g

f
R(Q̄Rq

f
L)SL +H.c. , (2)

where SL and SR are new (heavy) messenger scalar par-
ticles. In Eq. (2), qfL and q

f
R stand for SM fermions of

flavor f—that is, SU(3) triplets and, respectively, SU(2)
doublets and singlets. The SL messenger field is a SU(2)
doublet, SR is a SU(2) singlet, and both are SU(3) color
triplets; both fields are also charged under UD(1), carry-
ing the same dark-fermion charge.

In order to generate chirality-changing processes, the

BR < 10-6 from  LEP

2

 R  LQ

S±

�̄

 R  L

Q

�̄

S±

FIG. 1: One-loop vertex diagrams giving rise to the e↵ective
dipole operators between SM fermions and the dark photon
�̄ in Eq. (4). Dark-sector fermions (Q) and scalars (S±) run
inside the loop.  L and  R are SM chiral fermions of arbitrary
flavor.

mixing terms

L � �SS0

⇣
SLS

†
RH̃

† + S
†
LSRH

⌘
, (3)

are required, where H is the SM Higgs boson, H̃ =
i�2H

?, and S0 a scalar singlet. After both S0 and H take
a vacuum expectation value (VEV) (µS and v—the elec-
troweak VEV—respectively), the Lagrangian in Eq. (3)
gives rise to the mixing.

Then, each of the messenger fields S± (obtained from
SL,R by diagonalization) couples to both left- and right-

handed SM fermions of flavor f with strength g
f
L/

p
2 and

g
f
R/

p
2, respectively. We can assume that the size of the

mixing [proportional to the product of the VEVs (µsv)]
is large and of the same order of the heavy-fermion and
heavy-scalar masses.

The resulting model can be considered as a template
for quite a few models of the dark sector, and is a sim-
plified version of the model in [10], which might provide
a natural solution to the SM flavor-hierarchy problem.

The SM Lagrangian plus the terms in Eqs. (2)–(3)
and the corresponding kinetic terms provides a simplified
model for the dark sector and the e↵ective interaction of
a massless dark photon �̄ with the SM fields. Then, SM
fermions couple to �̄ only via non-renormalizable inter-
actions [4] induced by loops of dark-sector particles. The
corresponding e↵ective Lagrangian is equal to

L =
X

f

eD

2⇤
 ̄f�µ⌫

⇣
d
f
M + i�5d

f
E

⌘
 fB

µ⌫
, (4)

where the sum runs over all the SM fields, eD is the UD(1)
dark elementary charge (we assume universal couplings),
⇤ the e↵ective scale of the dark sector,  f a generic SM
fermion field, with Bµ⌫ the field strength associated to
the dark photon field Bµ, and �µ⌫ = 1/2[�µ, �⌫ ]. The
magnetic- and electric-dipole are given by

d
f
M =

1

2
Re

g
f
Lg

f⇤
R

(4⇡)2
and d

f
E =

1

2
Im

g
f
Lg

f⇤
R

(4⇡)2
, (5)

respectively.
The operators in Eq. (4) arise via one-loop diagrams

after integrating out the heavy dark-sector states (see

FIG. 1). Two mass parameters are relevant in the in-
tegration: the dark-fermion mass MQ, parametrizing
chiral-symmetry breaking in the dark sector, and the
mass of the lightest-messenger mS . As far as the con-
tribution to the magnetic-dipole operator (with vanish-
ing quark masses) is concerned, for mS � MQ one has
a chiral suppression, with a MQ/m

2
S scaling, while for

mS ⌧ MQ one has a 1/MQ behavior, due to the decou-
pling built in the theory. In order to reduce the num-
ber of dimensionful parameters, we have introduced in
Eq. (4) a dark-sector e↵ective scale ⇤, defined as the
common mass of the dark fermion and the lightest mes-
senger scalar. This choice corresponds to the maximal
chiral enhancement.
Stringent limits on the scale and couplings of the

dark sector come from flavor physics [6, 7] and astro-
physics [11]. In order to evade them, we restrict ourselves
to flavor diagonal interactions of heavier quarks and lep-
tons for which there are currently no bounds.

Amplitudes.—We are interested in the decay process
of a Z boson into two massless spin-one particles:

Z(q) ! �(k1)�̄(k2) , (6)

where k1 and k2 are the photon and dark-photon 4-
momenta, respectively, and q = k1 + k2 is the Z-boson
4-momentum. The total amplitude M for the decay pro-
cess is obtained by computing the one-loop diagrams rep-
resented in FIG. 2. It is given by

M = MM +ME (7)

where the MM and ME stand for the magnetic- and
electric-dipole moment contributions.
In both amplitudes in Eq. (7) the ultraviolet diver-

gencies cancel out, and the result is finite. Yet some
of the integrals have a logarithmic superficial degree of
divergence that makes the result depend on the ultravio-
let regulator. We use dimensional regularization. The �5
matrix can be treated naively as anti-commuting with all
other � matrices as long as the final expression is fixed
by requiring that the Ward identities are satisfied [12].
All terms are proportional to the fermion masses and no
gauge anomaly is involved.
The CP -conserving part of the amplitude is given by

MM =
eDe

4⇡2

3X

i=1

CiQ
µ↵�
i ✏

Z
µ(q)✏↵(k1)✏̄�(k2) (8)

where e is the electric charge, ✏Zµ (q), ✏↵(k1), ✏�(k2) are
the Z, �, and �̄ polarization vectors, respectively, and

Q
µ↵�
1 = "

↵�µ�
k1� �

2

M
2
Z

"
↵µ�⇢

k
�
1 k1�k2⇢ (9)

Q
µ↵�
2 = "

↵�µ�
k2� �

2

M
2
Z

"
�µ�⇢

k
↵
2 k1�k2⇢ (10)

Q
µ↵�
3 =

1

M
2
Z

(kµ1 � k
µ
2 ) "

↵��⇢
k1�k2⇢ (11)
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Outlook
 an ee circular collider running at ZH,WW, Z 
with L ~ 10(34-36) cm-2s-1  
can go beyond LHC reach in many different BSM sectors 

 it is “not just” a wonderful Higgs precision probe ! 

 EWPT : order of magnitudes improvements wrt LEP 

 ideal setup for discovering (very) new weakly interacting pls  
  (additional light Higgses with reduced coupling not covered here…) 

 Hidden/Dark (SM-uncharged) Sectors can provide new 
signatures to scrutinise 

 many different studies, just mentioned a few…

!36!36


