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Theory vision in HEP today (a)

LHC exps controls SM x-sections at unexpected level ! 

they challenge  
theorists’ capability  
to make precision  
predictions 

notwithstanding  
extremely harsh  
backgrounds !

ABC to decipher bulk of LHC physics  
well known ➜	Standard Model  Lagrangian
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Theory vision in HEP today (b)

two kinds of issues with the SM : 

 existence of “external” phenomena : 
 
 
 

 “internal” poor consistency :

huge (but quite hazy!) expectations  
for new BSM phenomena !

(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

98

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].

101
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four major paths to advance in HEP at colliders:
by exploring the characteristics of the Higgs sector 
and confirming (or 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 theory  
[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 elusive signatures  (e.g. DARK states, 
uncoupled to the SM at tree level) either in production  
or/and heavy-state (t,H…) decays (may be long-lived p.les)

!6!6
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every single method is of fundamental 
importance to make progress !

Higgs
new particles

"Dark signals"

indirect effects

four paths to advance in HEP today (ATLAS/CMS):

!7
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seminar focus 

Higgs
new particles

Dark signals

indirect effects

four paths to advance in HEP today (ATLAS/CMS):

!8

"Dark signals"
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Outline                   ( Dark Photon ➜ DP )

 what’s peculiar to massless DP’s   

 Hidden Sectors with unbroken extra U(1)  

 ➜ ➜ ➜ ➜ massless DP’s  pheno :    

 Higgs decays into massless DP’s   

 new Higgs signatures from DP’s at colliders 

 FCNC mediated by DP’s 

 massless DP’s in kaon decays  and in Z0 decays 

 Outlook
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 Hidden Sectors  can contain light or massless gauge bosons  
 mediating NEW long-range forces  between Dark particles 

 present pheno studies mainly involving “massive” DP’s 
 a massive DP interacts with SM matter via  
“kinetic mixing” with SM hypercharge U(1)Y gauge boson : 
                           
                         

Dark Photons (DP) from extra U(1)’s

4D interaction between field-strengths  
of two different U(1)  allowed ➜ ➜

mixing param.

➜ quite a few exp bounds on that by now !
!10

➜ DP's couple to SM particles like a 
photons but with strength �✏ eQel

Lmix =
✏

2
Fµ⌫F 0

µ⌫

!10
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 in Cosmology  
possible role in galaxy formation and dynamics: 

may solve the small-scale structure formation problems 

can explain the dark discs of galaxies 

 in Astro-particle Physics : 
may induce Sommerfeld enhancement of DM annihilation cross section 

    (from PAMELA-Fermi-AMS2 positron anomaly) N.Arkani-Hamed, D.P. Finkbeiner, T.R. Slatyer, N.Weiner. PRD 79 (2009)  

may assist DM annihilations for the required magnitude 
making asymmetric DM scenarios viable

                                                                                                                                                                    K.M. Zurek, Phys Rept. 537 (2014) 

DP’s may have a relevant role in Cosmology and Astrophysics

J.Fan, A.Katz, L.Randall, M.Reece, PRL 110 (2013)

D.N. Spergel, P.J. Steinhardt, PRL 84 (2000) 
M.Vogelsberger, J.Zavala, A.Loeb, Mon.Not. Roy Astron 423 (2012)  
L.G. Van den Aarssen, T. Bringmann, C. Pfrommer, PRL 109 (2012) 
S. Tulin, H.B. Yu, K.M. Zurek, PRD 87 (2013)

many astrophysical and collider bounds on massive DP (Z’) !

!11!11
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visible massive DP’s  decays

200 400 600 800 1000 1200 1400 1600
10-5

10-4

0.001

0.010

0.100

1

Dark Photon Mass (MeV)

BR

ηℽ
π0ℽ
π+π-π+π-
π+π-π0π0
π+π-π0
ωπ0→2π0+ℽ
K0K0
K+K-
π+π-
μμ
ee

FIG. 1: Visible dark photon decay branching ratios (figure from Ref. [53]).

where J
µ
EM is the usual electromagnetic current, so that the A

0 couplings to SM particles
are proportional to their electric charges. The interaction in (12) is responsible both for the
production of dark photon in SM particle collisions, and also for its decays into SM states.
The simple structure of the interaction leads to a highly predictive theory: for example, the
predicted branching ratios of A0 decays are shown in Fig. 1.

In addition, the dark photon may couple to other non-SM particles in the dark sector: for
example, there may be new matter states charged under U(1)D, which may include particles
that constitute dark matter. If decays of the dark photon to the dark-sector states are kine-
matically forbidden, such couplings are irrelevant to the phenomenology of the experiments
discussed here, and the branching ratios of Fig. 1 hold. This case is referred to as the “visible
dark photon” model, and is the focus of this section of the report. If, on the other hand,
the dark photon can decay into dark-sector states, the branching ratios into the SM would
be (uniformly) reduced. In the simplest case, the dark sector decays of the A

0 would not
be seen by the standard particle detectors, and are referred to as “invisible” (it is possi-
ble that dedicated downstream detectors may be sensitive to long-lived dark sector states
produced in A

0 decays; this will be discussed in the Dark Matter at Accelerators section of
this Report). Such invisible decays can nevertheless be detected by using missing-mass or
missing-momentum techniques, as discussed below, and thus are included in this section.
Depending on the model of the dark sector, A0 decays into mixed final states containing
both SM and dark sector particles are also possible. The large variety of possible final states
puts a premium on search approaches that are insensitive to the specific decay channel, such
as the missing-mass technique.

B. Strategies for Dark Photon Searches

Current and planned dark photon searches can be characterized by their strategies for
production and detection of the dark photon. The main production channels include:

17

arXiv:1412.1485 
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strategies for massive-DP (A’) searches
  Bremsstrahlung: e-Z → e- ZA’,  
      e- incident on a nuclear target (also p Z → p ZA’) 

  Annihilation: e+e− → γA′  

                  (favored for invisible A’ decays) 

  Meson decays: Dalitz decays, π0/η/η′ → γA’, and  

  rare meson decays such as  

                 K → πA’, φ → ηA’, and D∗ → D0A’,  

      (A’ mass reach limited by parent meson mass) 

  Drell-Yan:   q qbar → A′ → l+l−  (or h+h−)

!13
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strategies of massive DP detection
  Bump hunt in visible  

     final-state invariant mass: A’→ l+l− or A’→ h+h−  

 Bump hunt in missing-mass 
  in  e+e- → γA’  or meson decay production channels  

 Vertex detection in A’→ l+l− ;  

A’ decay length scales with 1/(ε2mA′ ),  
→ searches for displaced vertices in visible decay 

modes probe the very low-ε regions of parameter 

space. 

III. VISIBLE DARK PHOTONS

Conveners: Jim Alexander, Maxim Perelstein. Organizer Contact: Tim Nelson

A. Theory Summary

The Standard Model (SM) of particle physics describes strong, weak, and electromagnetic
interactions in terms of a gauge theory based on the SU(3) ⇥ SU(2) ⇥ U(1)Y symmetry
group. While phenomenologically successful, the model does not provide insight into the
origin of this symmetry. It is quite possible that a more complete theory of nature will
include additional gauge interactions. Additional gauge groups appear in many theoretical
extensions of the SM, such as supersymmetric models or string theory. In addition, the
existence of dark matter motivates extending the SM to include a “dark sector”, consisting
of fields with no SM gauge charges. The dark sector may well include additional gauge
symmetries. In fact, as discussed in the Introduction, an Abelian gauge boson of the dark
sector can provide a natural “portal” coupling between the dark sector and the SM. This
motivates experimental searches for non-SM gauge bosons associated with such extended
symmetry structures, and this section will discuss such experimental searches.

Our focus will be on accelerator experiments looking for gauge bosons with masses roughly
between 1 MeV and 10 GeV. The lower bound of this range is defined primarily by the
existing bounds from accelerator experiments, cosmology, and astrophysics. The upper
bound is dictated by the kinematic reach of the high-intensity accelerator facilities considered
here. Of course, these searches are complemented by the experiments at energy-frontier
facilities such as the LHC, which are sensitive to extra gauge bosons with higher masses, up
to a few TeV, albeit with lower sensitivity to the portal couplings.

The production of non-SM gauge bosons in collider experiments relies on the couplings
of the new vector bosons to SM particles, primarily electrons and quarks. In the simplest
scenario, such couplings arise from the “kinetic mixing” interaction, which mixes the gauge
boson of a non-SM “dark” gauge group U(1)D with the SM photon:

Lkin.mix. =
1

2
✏F

µ⌫
F

0
µ⌫ . (11)

Here F and F
0 are field strength tensors of the SM U(1)em and the dark U(1)D, respectively,

and ✏ is a dimensionless parameter [277]. This coupling generically arises in theories that
include new fields charged under both U(1)D and U(1)em. If the kinetic mixing appears at
the one-loop level, ✏ can be estimated to be in the range ⇠ 10�4

� 10�2. In some cases,
the one-loop contribution to the kinetic mixing may vanish; for example, this occurs if the
heavy states that induce it appear in multiplets of an SU(5) or a larger Grand Unified Theory
(GUT) group. In this case, the leading contribution is at two loops, and ✏ ⇠ 10�6

� 10�3,
with values as low as 10�7 possible if both U(1)’s are in unified groups. Notice that since
kinetic mixing is a marinal operator, these estimates are independent of the masses of the
heavy particles that give rise to it.

The physical consequences of the kinetic mixing are best understood in the basis where
the kinetic terms are canonical. In this basis, the theory contains two gauge bosons, the
ordinary photon A and the dark photon A

0. The interactions between the dark photon and
SM particles are described by

Lint = ✏ eA
0
µJ

µ
EM , (12)

16
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A’ search strategies vs (ε2, mA′ )

bump hunt 
(visible/invisible)

displaced vertex  
(short decay length)

displaced vertex  
(long decay length)

!15
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FIG. 2: Cartoon of "2 vs. A0 mass parameter plane. Region A: bump hunts, visible or invisible
modes. Region B: displaced vertex searches, short decay lengths; Region C: displaced vertex
searches, long decay lengths.

C. Brief Summary of Existing Constraints

In the case of the visible dark photon model, the current experimental situation is sum-
marized in Fig. 4. Experiments searching for a bump in `

+
`
� invariant mass distribution

rule out values of ✏ above ⇠ 10�3 in the 10 MeV-10 GeV mass range, with the strongest
bounds coming from NA-48/2 [47], A1 [17] and BaBar [55] experiments. These experiments
employ a variety of dark photon production mechanisms, including meson decays (NA-48/2),
bremsstrahlung (A1), and annihilation (BaBar). They are complemented by beam dump
experiments, such as E141 [56] and E137 [57] at SLAC, E774 [58] at Fermilab, and oth-
ers, which place upper bounds on ✏ as explained above. There is also a constraint from
the measurement of the anomalous magnetic moment of the electron ae [9]. Together, the
existing constraints already rule out the possibility that the visible dark photon model can
explain the observed deviation of the anomalous magnetic moment of the muon from the
SM prediction. Dark photon masses below 10 MeV are also essentially ruled out. However,
large part of the parameter space remain unexplored, including the region suggested by the
“2-loop target” (see Introduction).

The situation is significantly less constrained in the case of dark photons with a significant
decay branching fraction to dark-sector (“invisible”) final states, see Fig. 3. In this case, the
strongest bounds come from the E787 [59] and E949 [60] kaon decay experiments at BNL,
as well as BaBar [61]. The bound from the ae measurement also applies, since it relies on
virtual dark photon contribution and as such is insensitive to the A0 decay mode. Note that
a large part of the parameter space where the dark photon could explain the aµ anomaly is
still allowed in this case.

19
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present constraints (gray dashed area)

• Mu3e (PSI): The experiment searches primarily for the charged lepton number vi-
olating (cLFNV) decay µ

+
! e

+
e
+
e
�. The primary beam is 2.3 mA protons at

590 MeV; particle tracking with silicon will achieve 0.3GeV resolution, and timing
with scintillating fibers will provide 100ps resolution. Experimental sensitivity in
Br(µ ! 3e) is expected to reach 10�15 in 2018, and 10�16 after beam intensity up-
grades in 2020. A bump hunt search will be carried out in the e

+
e
� invariant mass

spectrum, up to the muon rest mass. References: [83, 84].

E. Projections for future experiments

Figures 3 and 4 illustrate the dark-photon parameter plane, "2 versus mA0 , with existing
exclusion zones indicated in gray, and anticipated exclusion reaches of planned experiments
indicated by colored curves. Table III E summarizes actual and/or projected performance
and characteristics of dark photon experiments.

10-3 10-2 0.1 1 10
10-8

10-7

10-6

10-5

10-4

mA' [GeV]

�2

a�, 5�

a�,±2� favored

ae

BaBar
BNL

E787, E949
BNL

CornellThis Proposal

VEPP3
(2σ)

PADME
(90%)

MMAPS
(5σ)

BELLE II
 5ab-1 ,95%

Existing Exclusions

FIG. 3: A0 sensitivity for missing-mass experiments, allowing invisible decay modes. Existing
exclusions, shown in gray, have been smoothed.
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3eVEPP-3

NA48/2

Orsay/E137/CHARM/U70
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FIG. 4: Sensitivity to A0 for exclusive experiments seeking visible decay modes A0
! `+`�. Left:

Experiments capable of delivering results over the next 5 years to 2021. Shaded regions show
existing bounds. Green band shows 2� region in which an A0 can explain the discrepancy between
the calculated and measured value for the muon g � 2. Right: Longer term prospects beyond
2021 for experimental sensitivity. All projections on left plot are repeated in gray here. Note that
LHCb and Belle-II can probe to higher masses than 2 GeV and SHIP can probe to lower values of
✏ than indicated.

F. Summary of ongoing and proposed experiments

The experimental community for dedicated dark sector searches has grown substantially
in the last eight years and as the list above illustrates, the experiments, whether ongoing or
proposed, have expanded to cover a wide range of production modes and detection strate-
gies. Experiments like APEX, A1, HPS, and DarkLight, that take advantage of explicit
final state reconstruction, push deep into the "

2 parameter range, with sensitivity in mA0

up to a few hundred MeV. In the coming years, experiments like VEPP3, PADME, and
MMAPS will address a more limited parameter range, but as missing mass experiments,
eliminating aspects of model dependence by being fully agnostic as to the final state. Col-
lider experiments allow probes to much higher masses than can be reached in fixed-target
experiments. Some, like Belle-II and LHCb, will have trigger schemes specifically optimized
for dark sector searches. Taken together, the set of existing and planned experiments form
a suite of balanced and complementary approaches, well-suited to the search for new phe-
nomena whose physical characteristics and potential manifestations cannot be predicted in
detail ahead of time.
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 visible decays  invisible decays
(significant BR to dark-sector) 

arXiv:1608.08632 

 many ongoing and proposed experiments !
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for unbroken U(1)F  no such constraints !

massless DP

B. Holdom, Phys. Lett. 166B (1986) 196

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

!17
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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 can 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 !

!18
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massless-Dark-Photon signatures :

➜ stable + noninteracting 
➜ neutrino-like signature

!19

a template model for 
massless dark-photons

when produced in collisions :

!19
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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, PRD

DP coupling

MDf ⇠ exp(� 

q2Df
↵̄
)MDf ⇠ exp(� 

q2Df
↵̄
)

!20!20
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heavy scalar-messengers (SL,R) sector

7

Fields Spin SU(2)L U(1)Y SU(3)c U(1)F

Ŝ
Di
L

0 1/2 1/3 3 -qDi

Ŝ
Ui
L

0 1/2 1/3 3 -qUi

S
Di
R

0 0 -2/3 3 -qDi

S
Ui
R

0 0 4/3 3 -qUi

Q
Di 1/2 0 0 0 qDi

Q
Ui 1/2 0 0 0 qUi

S0 0 0 0 0 0

TABLE I: Spin and gauge quantum numbers for the messen-
ger fields. The group U(1)F corresponds to the gauge sym-
metry group of the dark sector.

senger sector with quarks and SM Higgs boson we have

L
I

MS
= gL

0

@
NfX

i=1

⇥
q̄
i

L
Q

Ui
R

⇤
Ŝ

Ui
L

+

NfX

i=1

⇥
q̄
i

L
Q

Di
R

⇤
Ŝ
Di
L

1

A+

+ gR

0

@
NfX

i=1

⇥
Ū
i

R
Q

Ui
L

⇤
S

Ui
R

+

NfX

i=1

⇥
D̄
i

R
Q

Di
L

⇤
S

Di
R

1

A+

+ �SS0

⇣
H̃

†
S

Ui
L
S

Ui
R

+H
†
S

Di
L
S

Di
R

⌘
+ h.c., (20)

where contractions with color indices are understood and
S0 is a real singlet scalar field. Here q

i

L
, and U

i

R
, D

i

R
, in-

dicate the SM fermion fields, and H is the SM Higgs dou-
blet, with H̃ = i�2H

?. We do not report here the sub-
dominant scalar terms needed to avoid the domain wall
problem, see the discussion above. We also do not re-
port the expression for the interaction Lagrangian of the
messenger scalar fields with the SM gauge bosons since
the corresponding Lagrangian follows from the universal
structure of gauge interactions. Furthermore, the mes-
senger fields are also charged under U(1)F and carry the
same U(1)F charges as the correspondent dark fermions.
In principle, there is no reason why the masses of the

up and down-scalar messenger fields should be flavor in-
dependent. However, if one assumes that the only source
of flavor breaking comes from the quantum charge sec-
tor, then imposing the flavor universality for the free La-
grangians in the up- and down- scalar sector separately
turns out to be a minimal and natural choice. Unavoid-
ably, the flavor breaking contained in the gauge sector is
then communicated to the scalar sector at one loop level.
However, since this e↵ect will be suppressed by U(1)F
gauge coupling and loop e↵ects, the flavor dependence
in the messenger mass-sector should be considered as a
small deviation from flavor universality. We will neglect
this small e↵ect in our analysis and assume, as a minimal
choice, four flavor-universal free mass parameters m̃UL ,
m̃UR , m̃DL , and m̃DR , corresponding to the mass terms
of the S

U
L
, SU

R
, SD

L
, and S

D
R

fields, respectively.
As explained before, the following discrete symmetry

H ! �H and S0 ! �S0 must be imposed to the whole
Lagrangian in order to avoid tree level Yukawa couplings.

H0

S
Di

L2
S
Di

R

Q
Di

R Q
Di

L

D
i

L
D

i

R

S
Di

L1
S
Di

R

Q
Di

R Q
Di

L

U
i

L
D

i

R

H
±

+

(a) (b)

(c) (d)

H0

S
Ui

L1 S
Ui

R

Q
Ui

R Q
Ui

L

U
i

L
U

i

R

S
Ui

L2 S
Ui

R

Q
Ui

R Q
Ui

L

D
i

L
U

i

R

H
±

+

FIG. 2: One-loop contributions to the Higgs Yukawa cou-
plings of down-quarks (a),(b) and up-quarks (c), (d). The in-
ternal dashed- and (red) continuous-lines stand for the scalar-
messenger fields and dark-fermion fields respectively, while
the dark (external) continuous lines indicate the quark fields.
Underscore L,R on the external quark fields stand for the cor-
responding chirality projections. The external dashed lines
correspond to the SU(2)L Higgs components H0 and H

±.

However, in order to radiatively generate the SM Yukawa
couplings we have to require that the singlet scalar field
S0 acquires a VEV, namely < S0 >= µ. There is no
problem with the unwanted massless Goldstone boson in
this case, since this is a discrete symmetry.

In Fig. 2 we show the relevant Feynman diagrams
which contribute to the SM Yukawa couplings at one loop
order. These diagrams are finite at one loop order, and
in general at any order in perturbation theory, due to the
structure of the renormalizable interaction in Eq.(20) and
the SSB of the discrete parity symmetry H ! �H and
S0 ! �S0.
By computing the Feynman diagrams in Fig. 2, the

SM Yukawa couplings at zero transferred momenta can
be extracted by using the standard procedure as follows.
We match the results of the Feynman diagrams in Fig. 2,
where the external momenta are set to zero, with the
corresponding e↵ective Yukawa operators evaluated at
q
2 = 0. In the calculation of the one loop diagrams
we assume for simplicity that the masses of the scalar
fields running in the loop are flavor independent and
their masses m̄ are degenerate between the left and right
scalars. Finally, by following the above procedure, we get

Y
Ui =

�S gL gR µMQUi

16⇡2 m̄2
C0(xi) , (21)

and analogously for the Y Di sector, where xi = M
2
QUi

/m̄
2

andMQUi = ⇤ exp

✓
�

2⇡
3↵q2Ui

◆
, where ↵ stands for the fine

structure constant of U(1)F gauge interaction. Here the

Messengers 
(Scalars)

Dark Sector 
(Fermions+ 

singlet Scalar)

{
{

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

HSSL,R

!21!21
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massless-Dark-Photon 
production mechanisms  

at colliders

!22
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via Higgs bosons            
                  see following... 

via FCNC mediated by DP’s 
            new class of FCNC signatures from   
  top, b, c, s, tau, mu decays   
  (very distinctive ➜ exp bounds expected to be just limited   
   by statistics in ee collisions ! )  

via Z bosons  (evading Landau-Yang theorem) 

...

different prod. channels ... 

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
and INFN, Sezione di Trieste, Via Valerio 2, I-34127 Trieste, Italy

(b) NICPB, Ravala 10, Tallinn 10143, Estonia

(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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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.
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Z bosons decaying into light and darkness
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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 !
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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)

!24

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
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resonant mono-photon signature at 8 TeV
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FIG. 1: Predictions for BR(H ! ��̄) as functions of ↵̄ for

di↵erent BRinv and r�� in the minimal model.

amplitudes have the same structure as (5), and we obtain

⇤�� = ⇤��̄

R

R0

r
↵̄

↵
, ⇤�̄�̄ = ⇤��̄

r
↵

↵̄

R

R1
, (9)

where R0 = 3Nc(e2U+e
2
D), and R1 = Nc

P3
i=1

�
q
2
Ui
+ q

2
Di

�
.

A model-independent parametrization for the branch-
ing ratios (BRs) of the decays H ! � �, H ! � �̄, and
H ! �̄ �̄ can be expressed as follows

BR�� = N
�
1±p

r��

�2
, BRAB = NrAB , (10)

where AB ⌘ {��̄, �̄�̄}, N = BRSM
��

/(1 + r�̄�̄BR
SM
��

), and
the ratios rAB are given by

r��̄ = 2 r��
R

2

R
2
0

⇣
↵̄

↵

⌘
, r�̄�̄ = r��

R
2
1

R
2
0

⇣
↵̄

↵

⌘2

, (11)

where r�� ⌘ �NP
��

/�SM
��

. Here �NP
��

and �SM
��

corresponds
to the H ! �� decay widths, mediated by new particles
and SM ones, respectively. The ± signs in Eq.(10) cor-
responds to the constructive or destructive interference
with the SM amplitude. In the scenario [16], the sign in
BR�� is predicted to be positive, while the corresponding
value for r�� is given by
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and FW (x) and Ff (x) can be found in [26]. Once the cor-
responding Higgs BRs are measured, the U(1)F charges
qi can be derived from the Yukawa couplings by Eq. (1).

To quantify predictions of this scenario, in Fig. 1 we
plot BR(H ! ��̄) as a function of ↵̄, assuming that there
is only one messenger contributing, with a charge e = q =
1. The curves are evaluated for r�� = 0.1, 0.2 , 0.5 , 1.
The red dot bullets correspond to di↵erent BR�̄�̄ values
(or Higgs invisible branching ratios BRinv), as shown in
the plot (in the experimentally allowed range [27]). The
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FIG. 2: The � + /ET transverse invariant mass distribution

(in fb/GeV) of the signal (red), and the main backgrounds �j

(grey), �Z (blue), jZ (green), and W (yellow). For illustra-

tion, we show the signal for BR(H ! ��̄) = 5%.

full lines correspond to the interval BRSM
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, where BRSM
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= 2.28 ⇥ 10�3, while the dashed

lines correspond to predictions outside that range. We
find that the signal BR(H ! ��̄) can be as large as 5%
(that is more than one order of magnitude larger than
BRSM

��
), consistently with all model parameters and the

LHC constraints.
We stress that large values of the messenger mixing-

mass parameter ⇠ are natural in the present scenario,
in order to generate a large top-quark Yukawa coupling
radiatively, and all EW precision tests can be satisfied
due to the heavy and flavor universal messenger sector
[16]. In addition, large values of ↵̄ � ↵ are naturally
expected in this scenario from Eq.(1), provided the split-
ting among the qi charges is not too small. Consequently,
the relatively large BR(H ! ��̄) shown in Fig. 1 can be
considered a generic prediction of the present theoretical
framework.1

Model independent analysis of H ! ��̄ at the

LHC. The process pp ! H ! ��̄ gives rise to the signal
� + /ET , where E� = mH/2 in the Higgs rest frame. In
the lab frame, one can define the variable MT , that is the
transverse invariant mass of the � + /ET system, as
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/ET (1� cos��), (13)

where p�
T
is the photon transverse momentum, and �� is

the azimuthal distance between the photon momentum
and the missing transverse momentum /ET .

Like in the W ! e⌫ production, the MT observable
features a narrow peak at the mass of the original massive
particle (that is mH , see Fig. 2). Also the p
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T
distribu-

tion will exhibit a similar structure around mH/2. These
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Large values of the mixing parameter ⇠ can be safely generated

from the purely EW messenger sector, since the latter does not

a↵ect the Higgs production cross section in gluon fusion.
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expected in this scenario from Eq.(1), provided the split-
ting among the qi charges is not too small. Consequently,
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the lab frame, one can define the variable MT , that is the
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particle (that is mH , see Fig. 2). Also the p
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1
Large values of the mixing parameter ⇠ can be safely generated

from the purely EW messenger sector, since the latter does not

a↵ect the Higgs production cross section in gluon fusion.

(parton-level analysis)

W

γZ

jZ

γj
BR�̄�

H
=5%

(8TeV/20fb-1)

σ (fb)

Emiss~ Eγ ~ mH/2

4

features allow for a very e�cient cut-based search strat-
egy, looking for events with a single photon and miss-
ing energy, with no jets or leptons, and cutting around
the expected maximum of the MT and p

�

T
distributions.

These peaks could be relatively easy to pinpoint on top
of the continuous relevant backgrounds, for su�ciently
large H ! ��̄ decay rates. Thus we formulate the crite-
ria for event selection as follows:

• One isolated photon with 50 GeV < p
�

T
< 63 GeV

and |⌘� | < 1.44.

• Missing transverse momentum with /ET > 50 GeV.

• Transverse mass in 100 GeV < MT < 126 GeV.

• No isolated jets or leptons.

The most relevant backgrounds for the above selection
criteria are, in order of importance:

1. pp ! �j, where large apparent /ET is created by
a combination of real /ET from neutrinos in heavy
quark decays and mismeasured jet energy.

2. pp ! �Z ! �⌫⌫̄ (irreducible background);

3. pp ! jZ ! j⌫⌫̄, where the jet is misidentified as a
photon;

4. pp ! W ! e⌫, where the electron (positron) is
misidentified as a photon;

5. pp ! �W ! �`⌫, where the lepton is missed;

6. pp ! ��, where one of the photons is missed.

The pp ! �j background is expected to be dominant
for the /ET range relevant here, and also the most di�cult
to estimate without detailed information about the detec-
tor performance [28]. We have evaluated this background
by simulating events with one photon and one jet, treat-
ing jets with |⌘| > 4.0 as missing energy, following [29] (a
more detailed investigation of the pp ! �j background,
although crucial for assessing the actual experiment po-
tential, is beyond the scope of this work). All the other
backgrounds have also been estimated through a parton-
level simulation, expected to be relatively accurate for
electroweak processes (applying a probability 10�3 and
1/200 to misidentify a jet and an electron, respectively, as
a photon). We will neglect the subdominant backgrounds
from processes 5 and 6 (the H ! �� background is also
negligible). The contribution of relevant backgrounds
passing the cuts is shown in Table I, and the scaling of the
di↵erent components with the transverse mass is shown
in Fig. 2. Although our leading-order parton-level anal-
ysis, after applying a cut on p

�

T
is not much a↵ected by

a further cut on the MT variable, we expect the latter to
be very e↵ective in selecting our structured signal over
the continuous reducible QCD background [28].

� ⇥A1 � ⇥A2

Signal BRH!��̄ = 1% 65 34

�j 715 65

�Z ! �⌫⌫̄ 157 27

jZ ! j⌫⌫̄ 63 11

W ! e⌫ 22 0

Total background 957 103

S/
p
S +B (BRH!��̄ = 1%) 9.1 13.0

S/
p
S +B (BRH!��̄ = 0.5%) 4.6 6.9

TABLE I: The cross section times acceptance (in fb) for the

signal and background processes at 8 TeV for the selections

(A1) 50 GeV < p
�

T
< 63 GeV; (A2) 60 GeV < p

�

T
< 63 GeV.

In all cases |⌘� | < 1.44, and S/
p
S +B is for 20 fb

�1
. The

significance improves with tighter cuts, but this is subject to

experimental resolution and radiative corrections.

With the existing data set of 20 fb�1, for BR(H !
��̄) = 1%, we get a significance S/

p
S +B of 9 stan-

dard deviations (9�), with S(B) the number of sig-
nal (background) events passing the cuts. The sensi-
tivity limit for a 5� discovery is then estimated to be
BR(H ! ��̄) ⇠ 0.5% with the existing dataset.

Conclusions. Motivated by possible cosmological
and particle physics hints for the existence of massless
dark photon �̄, we have performed a model-independent
study of the exotic H ! ��̄ decay. At the LHC this
results in a single photon plus /ET signature, with both
energies peaked at mH/2. At parton level, we estimate
that a 5� discovery can be reached with the existing
8 TeV LHC data sets if BR(H ! ��̄) ⇠ 0.5%. Such
a large branching ratio can be easily obtained in dark
U(1)F models explaining the origin and hierarchy of the
SM Yukawa couplings. The proposed experimental signa-
ture is new, and requires detailed detector-level studies
to draw realistic conclusions on the LHC sensitivity to
dark photons.
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results in a single photon plus /ET signature, with both
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σ (fb)gg ! H ! �̄�gg ! H ! �̄�gg ! H ! �̄�
5

� ⇥A [8 TeV] � ⇥A [14TeV]

H!��̄ (BR��̄ = 1%) 44 101

�j 63 202

jj ! �j 59 432

e ! � 55 93

W (!`⌫)� 58 123

Z(!⌫⌫)� 102 174

total background 337 1024

TABLE I: Cross section times acceptance A (in fb) for the
gluon-fusion signal and backgrounds at 8 and 14 TeV, assum-
ing BR��̄=1%, with the selection p

�

T
> 50 GeV, |⌘� | < 1.44,

/ET > 50 GeV, and 100 GeV < M
T

��̄ < 130 GeV.

W (Z)-pair fusion, results mostly in two forward jets with
opposite rapidity, one photon and missing transverse mo-
mentum.

We started by simulating the signal by PYTHIA, by
including both the Higgs VBF production and its subse-
quent decay into a ��̄ final state. The main SM back-
grounds are given by the production of QCD multi-jets,
�+jets, and � + Z(! ⌫̄⌫)+jets. The �+jets background
has been simulated using ALPGEN. We have generated
�j, �jj, and �jjj samples with p
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FIG. 2: Photon pT (upper plot), and missing transverse-
energy (lower plot) distributions for the signal and SM back-
grounds in the VBF process. The final state in this case is
� + /ET + (�2)jets with no isolated leptons. All distributions
are normalized to unity.

the QCD multijets analysis.
In Figures 2 and 3, we plot a few kinematic distribu-

tions which are useful to separate the signal from the
backgrounds.

On this basis, we propose to select the events according
to the following criteria:

• (basic cuts) one isolated photon with p
�

T
> 30 GeV

and |⌘� | < 2.5, and two or more jets with p
j

T
> 20

GeV and |⌘j | < 5.0, and angular separation �R >

0.4 between all objects;

• (basic cut) missing transverse energy /ET > 30 GeV;

• (basic cut) no isolated leptons;

• (rapidity cuts) rapidities of the two highest pT jets
obey ⌘

j1 ⇥ ⌘
j2 < 0 and |⌘j1 � ⌘

j2 | > 4.0;

• (MT

��̄
cuts) transverse mass of the photon and invis-

ible system satisfying 100 GeV < M
T

��̄
< 130 GeV

(as above, the upper bound has been extended with
respect to mH to take into account the smearing of
the M

T

��̄
distribution, cf. Figure 3).

4

14 TeV. We have then matched our 8-TeV samples to
the event yield corresponding to the ’SUSY benchmark’
event selection criteria reported in the CMS analysis [16].
This matching results in k-factors connecting our simu-
lated samples to experimental data at 8 TeV. We find
k = 0.11 for the � j background, and k = 0.058 for the
j!� background. The order-of-magnitude reduction in
the background estimate reported by CMS as compared
to our simulation is to be understood as a result of CMS
advanced strategies for reducing event yields arising from
mis-measured missing transverse momentum in hadronic
events, as detailed in [16]. It is beyond the scope of this
work to attempt to exactly reproduce the CMS analysis.
Instead, we assume that the CMS optimization strategy
works with comparable e�ciency also in 14-TeV colli-
sions, and that the corresponding reduction of the 14-
TeV hadronic SM backgrounds is reliably captured by
rescaling our simulated samples with the same k factors
obtained from the 8-TeV matching.
We also upgraded the simulation of H ! ��̄ sig-

nal events by including the ISR e↵ects. Accordingly,
we simulated Higgs production in association with ei-
ther one or no jets with ALPGEN (v2.14) [20], inter-
faced with PYTHIA for jet-parton matching, hadroniza-
tion and detector-resolution e↵ects (see Sec. III (B) for
the jet definition and other simulation details).
The corresponding smearing in the p

�

T
and M

T

��̄
spec-

tra for the H ! ��̄ signal is shown in Figure 1. There,
the two categories corresponding to no extra jets and
one extra jet accompanying the Higgs signal are shown
separatly, along with the distributions for the hadronic
backgrounds coming from � j production, and dijet pro-
duction followed by j!� mistagging. The latter distri-
butions are obtained with a nominal cut on the photon
transverse momentum, p�

T
> 10 GeV, and p

j

T
> 10 GeV

on fake jet in the dijet analysis.
Besause of initial-state-radiation and detector-

resolution e↵ects, a better sensitivity for the signal is
obtained by relaxing the maximum value of the photon
transverse-momentum cut, and increasing the transverse
mass window from 100 GeV < M

T

��̄
< 126 GeV to

100 GeV < M
T

��̄
< 130 GeV with respect to [15].

The main electroweak background consists of the chan-
nels pp ! W ! e⌫, where the electron is misidentified as
a photon, pp ! W (! `⌫)�, for ` outside charged-lepton
acceptance, and pp ! Z(! ⌫⌫)�. We have simulated
these processes at parton level according to the analysis
in [15] , using a e!� conversion probability of 0.005 for
the first process.
In Table I, one can find a summary of the cross sections

times acceptance (in fb) for the signal and backgrounds at
8 TeV and 14 TeV for the gluon-fusion process, assuming
BR��̄=1%, and obtained as discussed above.

With the 20 fb�1 data set at 8 TeV, our improved anal-
ysis gives a 5� discovery reach at BR��̄ ' 4.8 ⇥ 10�3,
compatible with our previous estimate [15]. The present
more-realistic event simulation was expected to deterio-
rate the capability of separating signal from background.
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FIG. 1: Photon pT (upper plot) and transverse-mass (lower
plot) distributions for the H!��̄ signal in the gluon-fusion
process, and for SM backgrounds, for inclusive � + /ET final
states with no isolated leptons. The e↵ect of extra radiation
on the signal events is also depicted. All distributions are
normalized to unity.

This e↵ect has been actually mostly compensated by the
advanced optimization experimental strategies recently
applied to the missing transverse-momentum data, on
which we have now modeled our background simulation.
Assuming an integrated luminosity of 100 (300) fb�1

at 14 TeV, and extrapolating the e↵ect of these optimiza-
tion technique to higher energies, we find a 5� discovery
potential for BR��̄ down to 1.6 ⇥ 10�3(9.2 ⇥ 10�4). At
the High-Luminosity LHC (HL-LHC), with an integrated
luminosity of 3 ab�1, the 5� reach is extended down to
2.9⇥ 10�4.

B. VBF channel

We now turn our focus on the Higgs production in
the VBF channel. This presents a lower production rate
with respect to the gluon-fusion channel. On the other
hand, it is in principle more controllable due to its strong
kinematical characterization. In particular, the process
pp ! Hjj ! ��̄jj, where the Higgs boson arises from a
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FIG. 1: Photon pT (upper plot) and transverse-mass (lower
plot) distributions for the H!��̄ signal in the gluon-fusion
process, and for SM backgrounds, for inclusive � + /ET final
states with no isolated leptons. The e↵ect of extra radiation
on the signal events is also depicted. All distributions are
normalized to unity.

This e↵ect has been actually mostly compensated by the
advanced optimization experimental strategies recently
applied to the missing transverse-momentum data, on
which we have now modeled our background simulation.
Assuming an integrated luminosity of 100 (300) fb�1

at 14 TeV, and extrapolating the e↵ect of these optimiza-
tion technique to higher energies, we find a 5� discovery
potential for BR��̄ down to 1.6 ⇥ 10�3(9.2 ⇥ 10�4). At
the High-Luminosity LHC (HL-LHC), with an integrated
luminosity of 3 ab�1, the 5� reach is extended down to
2.9⇥ 10�4.

B. VBF channel

We now turn our focus on the Higgs production in
the VBF channel. This presents a lower production rate
with respect to the gluon-fusion channel. On the other
hand, it is in principle more controllable due to its strong
kinematical characterization. In particular, the process
pp ! Hjj ! ��̄jj, where the Higgs boson arises from a
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FIG. 3: Rapidity gap between the two forward jets (upper
plot), and transverse-mass (lower plot) distributions for the
signal and SM backgrounds in the �+ /ET+(� 2)jets final state
with no isolated leptons. The �⌘ = |⌘j1 � ⌘

j2 | distribution is
obtained with a cut p

�

T
> 30 GeV, for p

j

T
> 30 GeV on the

fake jet in the QCDmultijets analysis, and /ET > 30 GeV. The
transverse mass distribution is obtained with the additional
cuts ⌘j1 ⇥ ⌘

j2 < 0 and |⌘j1 � ⌘
j2 | > 4.0. All distributions are

normalized to unity.

In Table II, we present the cross sections for the signal
and dominant SM backgrounds after the sequential ap-
plication of basic cuts, rapidity cuts on the two forward
jets, and transverse-mass cut on the photon plus missing
transverse-energy system.

In order to better control the missing transverse en-
ergy arising from jet energy mis-measurements, we have
also imposed an azimuthal isolation cut ��(ji, /ET ) > 1.5
(with i = 1, 2) on the angles between the /ET direction
and the transverse momenta of the two highest-pT jets.

Furthermore, we studied the e↵ect of a selection cut
occasionally applied for searches in the VBF channel
(see, e.g., the W ! `⌫ analysis in VBF in [22]). This
is the y

⇤
< 1.0 cut on the Zeppenfeld variable defined

as y
⇤ = |yH � 1

2 (⌘
j1 � ⌘

j2)|, where the Higgs rapidity
y
H is reconstructed from the photon momentum and the

missing transverse energy as described in [23]. X sys-
tems produced via VBF are in fact characterized by a
smaller y

⇤ value, with respect to other X+2-jet back-

Cuts Signal �+jets � + Z+jets QCD multiijet

Basic cuts 17.7 266636 1211 72219

Rapidity cuts 8.8 8130 38.1 33022

M
T
��̄ cuts 5.0 574 6.5 3236

TABLE II: Cross sections times acceptance � ⇥ A (in fb) for
the VBF signal and backgrounds at 14 TeV, after sequential
application of cuts defined in the text, assuming BR��̄=1%.

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.

grounds. The values of the ��(ji, /ET ) and y
⇤ cuts have

been separately optimized in order to increase the signal
significance.

Table III presents the independent e↵ect of the y⇤ and
��(ji, /ET ) cuts, applied after the set of cuts listed in
Table II. The combined e↵ect of these two cuts is also
shown in the last row of Table III. The ��(ji, /ET ) cut
turns out to be much more e↵ective in separating the
signal from background. We then dropped the y

⇤ cut in
our final selection.

Since the ��(ji, /ET ) distribution is asymmetric in the
exchange of the first and second highest-pT jets, we have
also tried to optimize the signal significance by assuming
an asymmetric cut on ��(ji, /ET ), that is by applying
di↵erent cuts on the first and second highest-pT jets. We
anyway found that the best signal to background ratio
is obtained with the symmetric cut ��(ji, /ET ) > 1.5 on
both jets.

Finally, assuming an integrated luminosity of 300 fb�1,
in the last column of Table III we present the estimated
VBF signal significances for BR��̄=1%. For this setup,
the signal significance S/

p
S +B approaches the 5� level.

For 100 fb�1, the 5� reach in branching ratio is about
BR��̄' 2%. With the HL-LHC integrated luminosity of
3 ab�1, the 5� reach can be extended down to BR��̄ =
3.4⇥ 10�3.

IV. SUMMARY AND CONCLUSIONS

We have studied the prospects for discovering an ex-
otic Higgs-boson decay into a SM photon and a new neu-
tral massless vector boson, a dark photon, at the LHC
with

p
S = 14 TeV. We have updated our previous anal-
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FIG. 3: Rapidity gap between the two forward jets (upper
plot), and transverse-mass (lower plot) distributions for the
signal and SM backgrounds in the �+ /ET+(� 2)jets final state
with no isolated leptons. The �⌘ = |⌘j1 � ⌘

j2 | distribution is
obtained with a cut p

�

T
> 30 GeV, for p

j

T
> 30 GeV on the

fake jet in the QCDmultijets analysis, and /ET > 30 GeV. The
transverse mass distribution is obtained with the additional
cuts ⌘j1 ⇥ ⌘

j2 < 0 and |⌘j1 � ⌘
j2 | > 4.0. All distributions are

normalized to unity.

In Table II, we present the cross sections for the signal
and dominant SM backgrounds after the sequential ap-
plication of basic cuts, rapidity cuts on the two forward
jets, and transverse-mass cut on the photon plus missing
transverse-energy system.

In order to better control the missing transverse en-
ergy arising from jet energy mis-measurements, we have
also imposed an azimuthal isolation cut ��(ji, /ET ) > 1.5
(with i = 1, 2) on the angles between the /ET direction
and the transverse momenta of the two highest-pT jets.

Furthermore, we studied the e↵ect of a selection cut
occasionally applied for searches in the VBF channel
(see, e.g., the W ! `⌫ analysis in VBF in [22]). This
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FIG. 3: Rapidity gap between the two forward jets (upper
plot), and transverse-mass (lower plot) distributions for the
signal and SM backgrounds in the �+ /ET+(� 2)jets final state
with no isolated leptons. The �⌘ = |⌘j1 � ⌘

j2 | distribution is
obtained with a cut p
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> 30 GeV on the

fake jet in the QCDmultijets analysis, and /ET > 30 GeV. The
transverse mass distribution is obtained with the additional
cuts ⌘j1 ⇥ ⌘

j2 < 0 and |⌘j1 � ⌘
j2 | > 4.0. All distributions are

normalized to unity.

In Table II, we present the cross sections for the signal
and dominant SM backgrounds after the sequential ap-
plication of basic cuts, rapidity cuts on the two forward
jets, and transverse-mass cut on the photon plus missing
transverse-energy system.
In order to better control the missing transverse en-

ergy arising from jet energy mis-measurements, we have
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(with i = 1, 2) on the angles between the /ET direction
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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.

grounds. The values of the ��(ji, /ET ) and y
⇤ cuts have

been separately optimized in order to increase the signal
significance.
Table III presents the independent e↵ect of the y⇤ and

��(ji, /ET ) cuts, applied after the set of cuts listed in
Table II. The combined e↵ect of these two cuts is also
shown in the last row of Table III. The ��(ji, /ET ) cut
turns out to be much more e↵ective in separating the
signal from background. We then dropped the y

⇤ cut in
our final selection.
Since the ��(ji, /ET ) distribution is asymmetric in the

exchange of the first and second highest-pT jets, we have
also tried to optimize the signal significance by assuming
an asymmetric cut on ��(ji, /ET ), that is by applying
di↵erent cuts on the first and second highest-pT jets. We
anyway found that the best signal to background ratio
is obtained with the symmetric cut ��(ji, /ET ) > 1.5 on
both jets.
Finally, assuming an integrated luminosity of 300 fb�1,

in the last column of Table III we present the estimated
VBF signal significances for BR��̄=1%. For this setup,
the signal significance S/

p
S +B approaches the 5� level.

For 100 fb�1, the 5� reach in branching ratio is about
BR��̄' 2%. With the HL-LHC integrated luminosity of
3 ab�1, the 5� reach can be extended down to BR��̄ =
3.4⇥ 10�3.

IV. SUMMARY AND CONCLUSIONS

We have studied the prospects for discovering an ex-
otic Higgs-boson decay into a SM photon and a new neu-
tral massless vector boson, a dark photon, at the LHC
with

p
S = 14 TeV. We have updated our previous anal-
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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.
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� ⇥A [14TeV] � ⇥A [27TeV]

H!��̄ (BR��̄ = 1%) 101 236

�j 202 –

jj ! �j 432 4738

e ! � 93 169

W (!`⌫)� 123 239

Z(!⌫⌫)� 283 509

total background 1133 5655

TABLE I: Event yields in femtobarn for signal and backgrounds after the cuts p
�
T > 50 GeV, /ET > 50 GeV,

100 GeV < M
��̄
T < 130 GeV.

� ⇥A [14TeV] � ⇥A [27TeV]

H!��̄ (BR��̄ = 1%) 66.6 139.1

�j – –

jj ! �j 886 31235

e ! � 93 169

W (!`⌫)� 123 239

Z(!⌫⌫)� 283 509

total background 1385 32153

TABLE II: Event yields in femtobarn for signal and backgrounds after the cuts p
�
T > 50 GeV, /ET > 50 GeV,

100 GeV < M
��̄
T < 130 GeV and jet veton within |⌘j | < 4.5.

[3] V. Khachatryan et al. [CMS Collaboration], Phys. Lett. B 753 (2016) 363 doi:10.1016/j.physletb.2015.12.017

[arXiv:1507.00359 [hep-ex]].

int. luminosity 3 ab
�1

@14 TeV 15 ab
�1

@27 TeV

significance 2� 5� 2� 5�

CMS inspired 0.012 0.030 0.0052 0.013

jet veto in |⌘j | < 4.5 0.020 0.051 0.021 0.053

TABLE III: Estimated discovery reach for the H ! ��̄ branching ratio (in %) in the HL-LHC and HE-LHC.

alternative strategy to suppress the QCD background, 
which grows rapidly with the collision energy  
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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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Higgs + DP associate production

new signature in e+e- collisions  
➜ Higgs recoiling from a  
massless invisible system
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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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accelerator constraints [13] apply to massive dark-photon couplings, and can be evaded in a
massless dark-photon scenario. This allows for potentially large dark-photon couplings to the
dark sector, that might also lead to observable new signatures at colliders [8].

The Higgs boson can interact with dark photons radiatively. In the framework proposed in
[8], this occurs at one loop by the exchange of scalar messenger fields (Figure 1).

As a consequence, the Higgs boson can act as a portal toward the dark sector, giving rise
to new Higgs-boson decays such as [14]

H ! � �̄ , Z �̄ , �̄ �̄ , (1)

where the symbols � and �̄ stand for the usual QED photon and dark photon, respectively, and
Z is the neutral vector boson. The corresponding decay rates can in principle be large, even for
very heavy messenger fields. As in the H ! � �, Z�, gg decays in the SM, the non-decoupling
Higgs properties guarantee non-vanishing decay widths even in the large-mass limit for particles
exchanged in the loop, provided the virtual (messenger) fields carry the same SU(2)L quantum
numbers of quarks and leptons.

Being fully decoupled at tree level from the SM sector, a single massless dark photon will give
rise in the Higgs final state to same amount of missing energy and missing momentum, while
the two dark-photon channel will contribute to the invisible Higgs rate. Extra contributions to
the widths of the SM channels H ! � �, Z�, gg are also expected in general.

The H ! � �̄ decay gives rise to a new spectacular signature at the LHC in � + /ET final
states, with a photon plus missing transverse energy /ET resonating at the Higgs mass. In [14],
a parton-level study shows that the LHC Run-1 data set could be sensitive to BR(H ! ��̄)
values as low as 0.5%, while a minimal-model prediction for BR(H ! ��̄) can be as large
as 5%.

The aim of the present study is to analyze the phenomenological implications of the Higgs
e↵ective couplings to dark photons at future e

+
e
� colliders [15, 16, 17]. Apart from the new

signatures corresponding to the Higgs-boson exotic decays in Eq. (1) (that we do not address
here), e↵ective H �̄� and H �̄Z interactions involving dark photons will give rise to final states
with a Higgs boson and a dark photon,

e
+
e
�
! H �̄ , (2)

via s-channel exchange of either a photon or a Z vector boson (Figure 2). This channel,
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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

⇡

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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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

�(H ! ��̄) =
m

3

H
↵
2
|C��̄|

2

8⇡3v2
, �(H ! gg) =

m
3

H
↵
2

S
|Cgg|

2(N2

c
� 1)

4⇡3v2
, (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
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.

It is also useful to express the BR’s for H ! ��̄, �̄�̄, �� as a function of the relative exotic
contribution ri j to the H ! i j decay width, as the ratio

rij ⌘
�m

i j

�SM
��

, (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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accelerator constraints [13] apply to massive dark-photon couplings, and can be evaded in a
massless dark-photon scenario. This allows for potentially large dark-photon couplings to the
dark sector, that might also lead to observable new signatures at colliders [8].

The Higgs boson can interact with dark photons radiatively. In the framework proposed in
[8], this occurs at one loop by the exchange of scalar messenger fields (Figure 1).

As a consequence, the Higgs boson can act as a portal toward the dark sector, giving rise
to new Higgs-boson decays such as [14]

H ! � �̄ , Z �̄ , �̄ �̄ , (1)

where the symbols � and �̄ stand for the usual QED photon and dark photon, respectively, and
Z is the neutral vector boson. The corresponding decay rates can in principle be large, even for
very heavy messenger fields. As in the H ! � �, Z�, gg decays in the SM, the non-decoupling
Higgs properties guarantee non-vanishing decay widths even in the large-mass limit for particles
exchanged in the loop, provided the virtual (messenger) fields carry the same SU(2)L quantum
numbers of quarks and leptons.

Being fully decoupled at tree level from the SM sector, a single massless dark photon will give
rise in the Higgs final state to same amount of missing energy and missing momentum, while
the two dark-photon channel will contribute to the invisible Higgs rate. Extra contributions to
the widths of the SM channels H ! � �, Z�, gg are also expected in general.

The H ! � �̄ decay gives rise to a new spectacular signature at the LHC in � + /ET final
states, with a photon plus missing transverse energy /ET resonating at the Higgs mass. In [14],
a parton-level study shows that the LHC Run-1 data set could be sensitive to BR(H ! ��̄)
values as low as 0.5%, while a minimal-model prediction for BR(H ! ��̄) can be as large
as 5%.

The aim of the present study is to analyze the phenomenological implications of the Higgs
e↵ective couplings to dark photons at future e

+
e
� colliders [15, 16, 17]. Apart from the new

signatures corresponding to the Higgs-boson exotic decays in Eq. (1) (that we do not address
here), e↵ective H �̄� and H �̄Z interactions involving dark photons will give rise to final states
with a Higgs boson and a dark photon,

e
+
e
�
! H �̄ , (2)

via s-channel exchange of either a photon or a Z vector boson (Figure 2). This channel,
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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

⇡

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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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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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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[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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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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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

4
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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

10

⌫⌫̄qq̄

⌫⌫̄bb̄

H �̄

particle level

Mmiss (GeV)

E
ve

nt
s/

5
G

eV

160140120100806040200

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0

⌫⌫̄qq̄

⌫⌫̄bb̄

H �̄

�(E)

E =
30%p

E

Rj = 1.5

Mmiss (GeV)

E
ve

nt
s/

5
G

eV

160140120100806040200

0.4

0.3

0.2

0.1

0

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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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
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! 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.
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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 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
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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
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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 8: /E distributions for the the signal (solid line) and the background ⌫⌫̄bb̄ (dashed line)
after PYTHIA showering, hadronization and jet-energy resolution e↵ect, and after applying the
Mjj and Mmiss cuts described in the text. All distributions are normalized to 1.
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Figure 5: Total e+e
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! 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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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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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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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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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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the parametrization in Eq.(4), one has

�(H ! ��̄) =
m

3

H
↵
2
|C��̄|

2

8⇡3v2
, �(H ! gg) =

m
3

H
↵
2

S
|Cgg|

2(N2

c
� 1)

4⇡3v2
, (6)

where Nc = 3 and �(H ! gg) is understood to be inclusive in gluons final states. Analogous
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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
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i j
generically indicating the pure messenger contribution to H ! i j, with i, j = �, �̄.
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The corresponding sensitivities on the C��̄ and CZ�̄ couplings at the ILC (foreseeing an initial
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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,

12

CZ g = 0.79Cg g
CZ g = 0

Cg g = 0

5s

2s

0 1 2 3 4 5
0

2

4

6

8

10

Cg g, CZ g

Si
gn
ifi
ca
nc
e
@s
D

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,

12

≳ 3 

CZ g = 0.79Cg g
CZ g = 0

Cg g = 0

5s

2s

0 1 2 3 4 5
0

2

4

6

8

10

Cg g, CZ g

Si
gn
ifi
ca
nc
e
@s
D

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,

12

CZ g = 0.79Cg g
CZ g = 0

Cg g = 0

5s

2s

0 1 2 3 4 5
0

2

4

6

8

10

Cg g, CZ g

Si
gn
ifi
ca
nc
e
@s
D

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,

12

CZ g = 0.79Cg g
CZ g = 0

Cg g = 0

5s

2s

0 1 2 3 4 5
0

2

4

6

8

10

Cg g, CZ g

Si
gn
ifi
ca
nc
e
@s
D

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,

12

�/Z
Si

Si

Si

�̄

H

...

CV �̄

�/Z

�̄

H

Figure 3: E↵ective coupling approximation for the vertices H� �̄ , HZ �̄.

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
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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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-
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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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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
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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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
+
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+
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�� 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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plus  fake missing energy

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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basic cuts 
 
 
 
jet veto on :

leptonic 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
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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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.
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3We have also scrutinized the nonresonant e
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ground can be controlled by demanding an extra missing transverse-energy lower cut of a few GeV’s over the
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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

+
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channel. The electron channel will contribute less to the total e
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! ZH sensitivity not only

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

+
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+
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⌫̄⌫� component in the background, which has no equivalent for the
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! WW�, as well as from di↵erent t-channel processes such as e
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In the analysis of the irreducible µ
+
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⌫⌫̄� 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
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! ZH ! µ

+
µ
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��

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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resolution is better than the one for electrons, we outline here the search for the Z ! µ
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for the poorer electron momentum resolution, but also for the additional SM neutral-current
t-channel e
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⌫̄⌫� 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
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T
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• muon and photon pseudorapidity in the range |⌘
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| < 2.5,
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• angular separation between any two objects with �R > 0.2,
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⌫⌫̄�, which arises from the resonant contribution of the channels e
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ZZ� and e
+
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! WW�, as well as from di↵erent t-channel processes such as e
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In the analysis of the irreducible µ
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⌫⌫̄� background both the individual resonant WW�

and ZZ� components will be analysed in parallel to the inclusive µ
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⌫⌫̄� 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
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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
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�� 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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Figure 4: The photon energy and transverse momentum distributions for the e
+
e

�
! µ

+
µ

�
��̄

signal and e
+
e

�
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+
µ
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⌫⌫̄� 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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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.
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distribution.
We therefore suppress the SM background by the following selection criteria imposed on

top of the basic cuts:
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where the missing energy /E and momentum /~p are experimentally defined by the equations
/E =
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i
Ei and /~p = �

P
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~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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Figure 5: The µ
+
µ

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

+
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��̄ signal and

e
+
e
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! 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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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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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��̄
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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,
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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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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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distribution.
We therefore suppress the SM background by the following selection criteria imposed on
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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
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extra handle for further optimization.
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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.
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basic cuts 
 
 
 
lepton veto on:

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
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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e
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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).

14

qq̄��̄�
qq̄�

ZH(��̄)

.

N
or

m
al

iz
ed

ev
en

t
#

Mjj (GeV)

2001751501251007550250

0.6

0.5

0.4

0.3

0.2

0.1

0

qq̄��̄�
qq̄�

ZH(��̄)

.

N
or

m
al

iz
ed

ev
en

t
#

M��̄ (GeV)

2001751501251007550250

0.16

0.14

0.12

0.1

0.08

0.06

0.04

0.02

0

Figure 8: The jj and ��̄ invariant mass distributions for the e
+
e

�
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basic cuts described in the text, whereas the M��̄ distribution is obtained with an additional
50 GeV < Mjj < 90 GeV cut.
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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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Figure 5: The µ
+
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� and ��̄ invariant-mass distributions for the e
+
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! µ

+
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��̄ signal and

e
+
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+
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⌫⌫̄� 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 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 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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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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��̄ 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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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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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
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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
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For BR��̄ = 1%, we checked that the ZH ! Z�� background is suppressed by two order of
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the number of signal events is still about 30 times the number of this background events.
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can exclude values down to BR��̄ = 2 ⇥ 10�4 at 95% C.L., while the 5� discovery reach is
BR��̄ = 7.5⇥ 10�4.
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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

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

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

15

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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5σ sensitivity for  
BRDP ~ 3x10-4 !!!

√S = 240 GeV,  ∫ L ~ 10 ab-1

!46

Biswas, Gabrielli, Heikinheimo,  
BM, arXiv:1703.00402 (PRD)

e
+
e
� ! ZH ! µ

+
µ
�
��̄

Z ! µ+µ�
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95% CL exclusion
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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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testing BSM via FCNC top interactions

LHC more and more 
a top factory ➜ 
great opportunity ! 
order of magnitude  
improvement at  
HL-LHC 
huge gain at   
future colliders !

!47
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  top FCNC’s mediated by massless Dark Photons

t ! q � b ! s �
b ! s �̄

�̄

Gabrielli, BM, Raidal, Venturini, 
arXiv:1607.05928 (PRD) 

new heavy states in loops contribute 
with same flavor matrix (but different U(1) charges)  

to FCNC decays into photon and dark photon 

�̄, �
LHC (present bounds):

versus

t ! q �̄
but imposing vacuum-stability and dark-matter bounds  

gives  BR(           ) < 10-4

t ! q �̄

also : 
vs
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 further upper bounds from            
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Figure 3: Excluded regions (colored areas) by b ! s� constraints at 95% C.L., for the e↵ective
messenger mass scale MD defined in Eq.(69) in unity of TeV, as a function of xD

3 and for several
values of the mixing ⇠D parameter. Regions xD

3 > 1� ⇠D are excluded by DM constraints.

• small mixing regime, for ⇠D = 0.1 and x
U
3 = 0.8

BR(b!s�)(b ! s �̄) < 5.8⇥ 10�3
⇣

↵̄

0.1

⌘
, (71)

• large mixing regime, for ⇠D = 0.8 and x
U
3 = 0.1

BR(b!s�)(b ! s �̄) < 8.5⇥ 10�3
⇣

↵̄

0.1

⌘
, (72)

where we have set qD
3 = 1 and used the approximated relation for xD

3 in Eq.(60), which is valid
in the UFT scenario. Typical values of ↵̄ ' 0.1 are naturally predicted in this scenario [11]. In
the case of NUF scenario, where the x

D
3 is an independent variable with respect to x

U
3 , we get

• small mixing regime, for ⇠D = 0.1 and x
D
3 = 0.8

BR(b!s�)(b ! s �̄) < 2.1⇥ 10�4
⇣

↵̄

0.1

⌘
, (73)

• large mixing regime, for ⇠D = 0.8 and x
D
3 = 0.1

BR(b!s�)(b ! s �̄) < 4.0⇥ 10�4
⇣

↵̄

0.1

⌘
. (74)

Notice that these upper bounds are independent by the e↵ective messenger scale MD, since the
latter has been choosen to saturate the upper bound on R7 from b ! s� constraints.
==============================================
phenomenological discussion of the signature: written by Barbara
==============================================

24

-dipole operators respectively defined as

Q7 =
e

16⇡2
mb(s̄L�

µ⌫
bR)Fµ⌫

Q8 =
gS

16⇡2
mb(s̄L�

µ⌫
T

a
bR)G

a
µ⌫ , (63)

where �
µ⌫ = 1/2[�µ

, �
⌫ ], and Fµ⌫ , Ga

µ⌫ are the EM and QCD field strengths, with a = 1, 8
running on the adjoint representation of the QCD SU(3)c group.

The present scenario will give a contribution at 1-loop to the Wilson coe�cients at the
mW scale, C7(MW ) and C8(MW ), corresponding results, in terms of amplitude, can be found
in the Appendix for the contribution to the magnetic-dipole operator. However, this model
induces also contribution to two new local operators Q̃7 and Q̃8, which are as the ones defined
in Eq.(63), but with opposite chirality [26]. We will refer to C̃7(MW ) and C̃8(MW ) as the
corresponding Wilson coe�cients of Q̃7 and Q̃8 at the MW scale.

NP e↵ects in b ! s� can be parametrized in a model independent way introducing the so
called R7,8 and ˜7, 8 parameters defined at the EW scale as

R7,8 ⌘
C

NP
7,8 (MW )

C
SM
7,8 (MW )

, R̃7,8 ⌘
C̃

NP
7,8 (MW )

C
SM
7,8 (MW )

(64)

where C
NP
7,8 includes the pure NP contribution. The Wilson coe�cients above are meant to

be evaluated at the LO order. We are now considering their e↵ect in the BR(B ! Xs�)
evaluated at the NLO [22], where non-perturbative 1/mb [24] and 1/mc [23] corrections have
been included. Although, the b ! s� is now known at th NNLO order [20], the NLO accuracy
to parametrize the new phyiscs e↵ects is more than enough for the purpose of the present paper.

By inserting the definition of R7,8 and R̃7,8 in the final expression for the BR(B ! Xs�), as
it can be found in [22], one obtains [26]

BR(B ! XS�) = (3.36± 0.26)⇥ 10�4
⇣
1 + 0.622R7 + 0.090(R2

7 + R̃
2
7)

+ 0.066R8 + 0.019(R7R8 + R̃7R̃8) + 0.002(R2
8 + R̃

2
8)
⌘
, (65)

where with respect to [26], we rescaled the SM central value with the most updated one at the
NNLO accuracy [20].

The experimental measurements of the CP- and isospin-averaged BR(B̄ ! Xs�) by CLEO
[27], Belle [28], and BABAR [29] lead to the combined value [30]

BRexp(B̄ ! XS�) = (3.43± 0.21± 0.07) ⇥ 10�4 (66)

In order to constrain the NP contributions induced by this scenario, we will make some sim-
plified assumptions. As it can be seen from the coe�cients multiplying the Ri and RiRj

combinations in the right hand side of Eq.(65), the dominant contribution is due to the linear
term in R7. Therefore, in order to simplify the analysis we neglect all the contributions in Ri

in the r.h.s of Eq.(65), except for the linear term in R7. This is a good approximation for the
purposes of the present analysis, since in this scenario we expect the R7,8 and R̃7,8 contributions

22

Gabrielli, BM, Raidal, Venturini, PRD 94 (2016) 115013 

f ! f 0 �f ! f 0 �f ! f 0 �
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➜  new class of (very distinctive) FCNC signatures at ee colliders   
   

  for light fermions,   Emiss ~ Ef’ ~ Ef/2     

Sensitivity is likely just statistics limited ! 
( 106 top pairs ➜ BRtop ~ 10-5 )  
( 1011 b pairs ➜ BRb ~ 10-10 )  

( 1010 tau pairs ➜ BRtau ~ 10-9 ) 

“top” + (mono-j + Emiss)  
        resonant at mtop

 in top decays :

Frank&Simon&(fsimon@mpp.mpg.de)
Top$Mass$at$e+e+$Colliders$
AWLC2014,&Fermilab,&May&2014

Reconstructing Top Quarks at Lepton Colliders

• Driven by production and decay:

• Production in pairs, decay to W and b

3

Event signature entirely 
given by the decay of the W 
bosons:

all hadronic

semi-leptonic

�̄

f ! f 0 �̄f ! f 0 �̄f ! f 0 �̄

At tt threshold : ~ large monochr. Emiss  
Emiss ~ Eq ~ mtop/2 

!50

FCC-ee

!50
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➜  at the LHC  new FCNC signatures  
in BOTH top decay  AND top production  

“top” + (mono-j + ETmiss)  
         resonant at mtop

 in top decay :

 in top production : “top” plus massless 
invisible system 

�̄

cg ! t�̄
�̄

[stop-like, for massless χ0]

!51!51
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K+ ! ⇡+⇡0�̄

K+ ! ⇡+�̄

massless dark photon

forbidden by angular  
momentum conservation

massless invisible system

unbroken U(1) symmetry

signature  in  Kaon  physics

( )

Fabbrichesi, Gabrielli, BM,  Phys. Rev. Lett. 119 (2017) 031801  
[arXiv:1705.03470]

!52

allowed for massive DP
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simplified model of dark sector

sR dLQ

S±

γ̄

sR dL

Q

γ̄

S±

gL(Q̄LqR)SR + gR(Q̄RqL)SL

messenger

SM fermion

dark fermion

messenger field after diagonalization

Q̂ = (s̄�µ⌫ d) F̄µ⌫ dipole operator (FCNC)

L ~
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γ̄(k)

π0(q2)

π+(q1)

K+

Q̂

s

u

d

d

γ̄(k)

π+(q1)

π0(q2)

K+

Q̂

s

u

d

u

chiral quark model

matrix element M̂ ⌘ h�̄ ⇡+⇡0
|H

�S=1
eff |K+

i

H
�S=1
eff =

eD
64⇡2

⇠

⇤
Q̂

⇠ = gLgR/2

↵D = e2D/4⇡
BR(K+ ! ⇡+⇡0�̄) ' 1.31 ↵D ⌘2

⇠2

⇤2

RG

matching scale ➜ mass of lightest-messenger and dark-fermion  
(assumed degenerate)

3

di↵erence �MK of the neutral mass eigenstates KL and
KS , assuming CPT ).
In order to compute the dark-sector e↵ects on �MK ,

we need to evaluate the dark-sector contribution to the
e↵ective Hamiltonian for the �S = 2 transitions, H�S=2

eff

�MK = 2Re [hK0|H�S=2
eff |K̄0i] . (3)

The scalar-fermion interaction in Eq. (1) induces a new
set of operators, which are reported in Table I, then ob-
taining

H�S=2
eff =

5X

i

CiQi +
3X

i=1

C̃iQ̃i . (4)

The Wilson coe�cients at the matching scale are com-
puted by considering the exchange of the lightest mes-
senger state in the loop, which provides a good estimate
of the dominant contribution in the large-mixing limit of
the messenger mass sector.
We compute the corresponding Wilson coe�cients

Ci(µ) at the O(↵s) next-to-leading order, after running
them from the matching scale down to the low energy
scale µ ⇠ 2 GeV, where the corresponding matrix ele-
ments are estimated on the lattice [21]. We assume as
matching scale the characteristic mass ⇤ of the lightest-
messenger and dark-fermion states, assumed to be equal.
Following this procedure, the dark-sector contribution to
�MK (in TeV) is

�MK = 8.47⇥ 10�13 ⇠
2

⇤2
, (5)

where ⇠ = gLgR/2, and ⇤ is in TeV units. We then
assume that the above contribution of the new operators
to Eq. (3) does not exceed 30% of the measured �MK

value [22]. Eq. (5) turns then into an upper bound for
the allowed values for the ⇠2/⇤2 ratio.
While the flavor-changing dipole operator induced in

the simplified model (see Eq. (6) below) per se is only
bounded by kaon physics, if we make the (very conserva-
tive) assumption that the model also gives flavor-diagonal
dipole operators and these are the same size in the quark
and lepton sectors, a bound can be derived from stellar
cooling carried out by the emission of massless dark pho-
tons. Under these assumptions, the limit from K0-K̄0

mixing in Eq. (5) falls between the current astrophysi-
cal bounds [23]—with the most stringent one from white
dwarves being 1 order of magnitude stronger and that
from the Sun 1 order of magnitude weaker.

Amplitude and decay rate.—The K+ ! ⇡+⇡0�̄ decay
originates from the dimension-five magnetic dipole oper-
ator Q̂ = (s̄�µ⌫ d) F̄µ⌫ , where F̄µ⌫ is the �̄ field strength,
�µ⌫ = 1

2 [�µ, �⌫ ], and color and spin contractions are un-

derstood. Q̂ enters the e↵ective Hamiltonian for �S = 1
transitions as

H�S=1
eff =

eD
64⇡2

⇠

⇤
Q̂ , (6)

where ↵D = e2D/(4⇡) is the �̄ coupling strength. The
Wilson coe�cient multiplying the magnetic operator in
Eq. (6) is obtained by integrating the vertex function
in our simplified model (see Fig. 1). We have checked
Eq. (6) by means of Package X [24].

sR dLQ

S±

�̄

sR dL

Q

�̄

S±

FIG. 1: Vertex diagrams for the generation of the dipole op-
erator in the simplified model of the dark sector (same for the
specific model in [10–12]).

The operator in Eq. (6) contributes only to the mag-
netic component of the process

K+(p) ! ⇡+(q1)⇡
0(q2) �̄(k) , (7)

while its contribution to the process K+ !
⇡+�̄ identically vanishes. The amplitude
M̂ ⌘ h�̄ ⇡+⇡0|H�S=1

eff |K+i in the momentum space
can be written as

M̂ =
M(z1, z2)

m3
K

"µ⌫⇢�q
⌫
1 q

⇢
2k

�"µ(k) , (8)

where "µ(k) is the �̄ polarization vector. The correspond-
ing di↵erential decay rate is

d2�

dz1dz2
=

mK

(4⇡)3
|M(z1, z2)|2 {z1z2 [1� 2(z1 + z2)

� r21 � r22
⇤
� r21z

2
2 � r22z

2
1

 
, (9)

where zi = k · qi/m2
K and ri = M⇡i/mK [25].

�̄(k)

⇡0(q2)

⇡+(q1)

K+

Q̂

s

u

d

d

�̄(k)

⇡+(q1)

⇡0(q2)

K+

Q̂

s

u

d

u

FIG. 2: �QM diagrams for the process K
+ ! ⇡

+
⇡
0
�̃. The

crossed circle stands for the insertion of the magnetic dipole
operator Q̂ in Eq. (6).

The matrix element in Eq. (8) can be estimated by
means of the chiral quark model (�QM) [26]. In this
model quarks are coupled to hadrons by an e↵ective in-
teraction so that matrix elements can be evaluated by
loop diagrams (see Fig. 2). In general there are several
free parameters, but in the present case only M , the mass
of the constituent quarks, and f , the pion decay constant,
enter the computation. The model has been applied to
kaon physics in [27], where a fit of the CP preserving(quarks are coupled to hadrons  

by an effective interaction so that  
matrix elements can be evaluated  
by loop diagrams)  
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4

amplitudes of the nonleptonic decay of neutral kaons has
yielded a value M = 200 MeV [28] with an error of less
of 5%.

According to the �QM we obtain that the magnetic
component generated by the dipole operator in Eq. (6)
is given by

M(z1, z2)

m3
K

=
eD

32⇡2

⇠

⇤

M3

⇡2f3

h
M2D0(0,m

2
⇡,m

2
⇡,m

2
K ; 2m2

Kz1 +m2
⇡,m

2
K(1� 2z1 � 2z2);M,M,M,M)

� D00(0,m
2
⇡,m

2
⇡,m

2
K ; 2m2

Kz1 +m2
⇡,m

2
K(1� 2z1 � 2z2);M,M,M,M) + (z1 $ z2)

i
. (10)

where D0 and D00 are four-point Passarino-Veltman co-
e�cient functions (see [29] for their explicit form) to be
evaluated numerically [24].

Inserting the amplitude in Eq. (10) in the di↵erential
decay rate in Eq. (9) yields, after integration and by nor-
malizing � by the total K+ width �tot = 5.317 ⇥ 10�14

MeV [22],

BR(K+ ! ⇡+⇡0�̄) ' 1.31 ↵D ⌘2
⇠2

⇤2
, (11)

where we assumed M = 200, f = 92.4, mK = 494, and
m⇡+ = m⇡0 = 136 MeV. The coe�cient ⌘ accounts for
the renormalization of the Wilson coe�cient of the dipole
operator in going from the ⇤ scale to approximately mK .
We assume it equal to 1, and discuss the impact of pos-
sible uncertainties below.

BR(K+ ! ⇡+⇡0�̄) is proportional to ⇠2/⇤2, just as
�MK in Eq. (5). By taking for ⇠2/⇤2 the value that sat-
urates the �MK constraint, we find an upper bound for
the BR which is, for the representative value ↵D = 0.1,

BR(K+ ! ⇡+⇡0�̄) ⇠< 1.6⇥ 10�7 . (12)

Fig. 3 shows the BR(K+ ! ⇡+⇡0�̄) contour plot versus
the scale ⇤ and the coupling ⇠, for ↵D = 0.1. We see
that a rather large range of parameters is allowed for
which the BR is sizable. The upper bound—given by
Eq. (12)—is represented in Fig. 3 by the boundary of the
gray area.

There are three main sources of uncertainties in the
result in Eq. (12):

• The matrix element estimate computed in the �QM
depends on the parameter M . The result in [28]
seems to indicate a rather small uncertainty on this
parameter but one must be aware of the depen-
dence. We find an increase by a factor 2.5 in the
BR when going from M = 200 to 250 MeV;

• Even though there are O(p4) chiral perturbation
theory corrections to K+ ! ⇡+⇡0�̄, these have
been shown to be small [30];

• By taking the QCD leading-order multiplicative
value ⌘ = 0.5 (at µ = 2 GeV) [31], we find a

BR smaller by a factor 1/4. However, it is known
that nonmultiplicative corrections go the opposite
direction, and we thus need the (not yet avail-
able) complete evolution before trusting this cor-
rection. Moreover, the QCD renormalization intro-
duces a strong dependence on the low-energy scale
µ, because the matrix element computed within the
�QM is scale independent.

On top of these uncertainties, we have the overall de-
pendence on the ↵D strength on which the BR depends
linearly. There exist cosmological relic density bounds
on the ratio ↵D/⇤2 [3]. Our choice of ↵D = 0.1 is then
consistent with ⇤ of the order of 10 TeV.

FIG. 3: BR(K+ ! ⇡
+
⇡
0
�̄) as a function of the e↵ective scale

⇤ and coupling ⇠ = gLgR/2, for a representative choice of the
coupling strength ↵D = 0.1.

Similar predictions can be obtained in the specific fla-
vor model of [10–12]. In particular, for ↵D = 0.1, the
approximate upper bound is given by BR ' 1.2 ⇥ 10�8.
The lower BR is explained by the dark-fermion masses
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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

�, k↵1

�̄, k�2

Z, qµ

�, k↵1

�̄, k�2

Z, qµ

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)
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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
 expected exp hints of fashionable theory solutions to SM 
puzzles are being late in showing up ➜ more and more crucial to 
look at signature-based BSM searches  
    (➜➜ boosts discovery potential in a model-independent way ) 
 Hidden/Dark (SM-uncharged) Sectors can provide new 
signatures not covered by present searches 
 massless Dark Photons theoretically appealing  
 (evading most of present exp bounds on massive DP’s !) 

 Higgs boson as a SM portal to DP’s   
 new effective vertices for DP’s  
 from Hidden Sectors explaining  Flavor Hierarchy + Dark Matter 

 rich phenomenological implications @ LHC and ee colliders 
 new class of FCNC signatures from  top, b, c, s, tau, mu 
decays into a massless DP  
 implications for astro-part/cosmology (mostly yet to work out !)  
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LR symmetric model, the low-energy e↵ective theory is not a↵ected by this choice and is the same as in the model in
[5].
The general structure for the gauge invariant Lagrangian contains a term involving three scalar messengers and the

heavy Higgs HR, a SU(2)R doublet, coupled as follows (generation index i is implicit this time)

L3 � ⌘LS̃
U↵†
L S

D�

L H
†
RS

D�

R "
↵�� +

⌘R

2
S̃

U↵†
R S

D�

R H
†
RS

D�

R "
↵�� +H.c. , (2)

provided the UD(1) dark charges qU and q
U of, respectively, the messenger SU†

L,R and S
D†
L,R satisfy the relation q

U = �2qD

(as in the case of up- and down-quark QED charges) for q
U normalized to one. In Eq. (2) above the sum over the

Greek SU(3) color indices is understood and S̃
i
L,R = i�2S

i?
L,R, where �2 is the Pauli matrix of the corresponding

SU(2) group. After the spontaneous breaking of the SU(2)R gauge symmetry, the HR vacuum expectation value vR

generates a trilinear term involving three scalar messengers entering the vertex. The terms in Eq. (2) play a role in
the decays of baryons.
This model has been used to discuss processes with the emission of dark photons in Higgs physics [6], flavor changing

neutral currents [7], kaon [8] and Z boson [9] decays.

A. Dark matter, relic density and galaxy dynamics

The messenger fields are heavier than the dark fermions; the latter are stable and provide a multicomponent
candidate for dark matter whose relic density depends on the value of their couplings to the U(1)D dark photons and
SM fermions (into which they annihilate) and masses.
Not all of the dark fermions contribute to the relic density when, as we do here, the U(1)D coupling is taken larger

than the one in QED. If they are relatively light, their dominant annihilation is into dark photons with a thermally
averaged cross section approximately given by

h�v0i '
⇡↵

2
D

2m2
Q

(3)

For a strength ↵D ' 0.1, all fermions with masses up to around 1 TeV have a large cross section and their relic density

⌦h
2 ⇡ 2.5⇥ 10�10 GeV�2

h�v0i
(4)

is only a percent of the critical one; it is roughly 10�4 the critical one for dark fermions in the 1 GeV range, even less
for lighter states. These dark fermions are not part of dark matter; they have (mostly) converted into dark photons
by the time the universe reaches our age and can only be produced in high energy events like the decays we discuss.
Heavier (that is, with masses closer to those of the messengers) dark fermions can be dark matter. The dominant

annihilation for these is into SM fermions via the exchange of a messenger with a thermally averaged cross section
now approximately given by

h�v0i '
 
g
2
L,R

4⇡

!2
⇡

2m2
S

(5)

instead of Eq. (3). The critical relic density can be reproduced if, assuming thermal production,
 
g
2
L,R

4⇡

!2✓
10TeV

mS

◆2

' 0.1 . (6)

Although dark matter is interacting via massless dark photons, limits from the collisionless dynamics of galaxies
are satisfied because the light dark fermions have a negligible density in the galaxy (and do not count) while for the
heavy dark fermions the bound on soft scattering [10], which is the strongest, is given (for N dark fermions of mass
mQ, GN being the Newton constant) by

G
2
Nm

4
QN

8↵2
D

"
ln

 
GNm

2
QN

2↵2
D

!#�1

& 50 . (7)

The above bound can easily be satisfied because it is independent of the parameters entering the relic density. In
our case, the above bound means that for ↵D ' 0.1 the heavy dark fermions present in the relic density must have
masses larger than 8 TeV. This limit, together with Eq. (6), defines the allowed space of the parameters, namely, the
couplings gL,R must be large but still in the perturbative regime.
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