
Massless  Dark-Photon   
Phenomenology  at  Colliders

Barbara  Mele

Autumn Institute - Challenges in collider physics 
18 November  2016,  LNF, Frascati, Italy

  Frascati,  18 November  2016
Sezione di Roma

based on :
 E.Gabrielli, BM, M. Raidal, E. Venturini,  arXiv:1607.05928  (PRD)

 S.Biswas, E.Gabrielli, M.Heikinheimo, BM, PRD 93 (2016) 093001    

 S.Biswas, E.Gabrielli, M.Heikinheimo, BM,  JHEP 1506 (2015) 102    

 E.Gabrielli, M.Heikinheimo, BM, M.Raidal, PRD 90 (2014) 055032  

 E.Gabrielli, M.Raidal , PRD 89 (2014) 015008   



Barbara Mele

Outline

 SM successful but not enough ! 
importance of BSM signature-based searches at LHC 
 massive and massless Dark Photons 
 Hidden Sectors explaining Flavor hierarchy  
 (Yf’s not fundamental constants but effective low-energy couplings) 
 and predicting massless Dark Photons 
 new Higgs signatures from Dark Photons at colliders 
 FCNC’s mediated by Dark Photons in heavy-flavour 
decays 
 Outlook
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everywhere in my slides: 
Dark ↔  uncharged under SM         Hidden ↔ “not observed” 
DP  = Dark Photon                           HS = Hidden Sector         
Df  = Dark fermion
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SM-Lagrangian  criticalities

  SU(3)QCD x SU(2)L x U(1)B  
               ➜  SU(3)QCD x U(1)em

3LNF,  18 November 2016

Higgs Lagrangian :

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)

97

where � is a column vector including all Higgs fields; in general it transforms as a reducible

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

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

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

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

is renormalizable:

V (�†�) = �µ2�†�+
1

2
�(�†�)2 (265)

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

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

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

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

is a doublet):

h0|�(x)|0i = v =

✓

0

v

◆

6= 0 . (266)

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

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

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

M =  ̄L M R +  ̄RM† L , (267)

with

M = � · v . (268)

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

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

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

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

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

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

 0
L = U L,  0

R = W R (269)

and consequently

M ! M0 = U †MW . (270)

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

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

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

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

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

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

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

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

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

to Eqs.(278):

L[H,W,Z] = gmWW+
µ W�µH +

g2

4
W+

µ W�µH2 +

+
gmZ

2 cos2 ✓W
ZµZ

µH +
g2

8 cos2 ✓W
ZµZ

µH2 . (285)

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

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

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

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

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

is igµ⌫g2/2 cos2 ✓W .

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

L[H,  ̄, ] =
gfp
2
 ̄ H, (286)

with
gfp
2
=

mfp
2v

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

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

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

v =

r

µ2

�
(288)

one obtains:

V = �µ2(v +
Hp
2
)2 +

µ2

2v2
(v +

Hp
2
)4 = �µ2v2

2
+ µ2H2 +

µ2

p
2v

H3 +
µ2

8v2
H4 (289)

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

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

m2
H = 2µ2 = 2�v2 (290)

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

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

perturbative domain.

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

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

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

Higgs production was the Higgs-strahlung process e+e� ! ZH shown in Fig. 3.5 [231].
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spontaneusly  broken  
via Higgs mechanism

SM gauge group :

masses fix all  
Higgs interactions 

 Higgs sector ➜ Criticalities   

➜ Opportunities 

- Naturalness  
- Flavor 
- nature of EWPT

- Higgs portal  
- Non-decoupling 
- extra scalars
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Higgs  non-decoupling !

g

g
H

top

non-decoupling can also apply  
 to new heavy chiral states !

(m
top

! 1)

➜  finite (potentially large) effects  
     from heavy BSM states !

Agg!H ⇠ Ytop

mtop
! 1

v
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Mystery in  Hierarchy of  SM  Yukawa’s 
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e" µ" τ" b"s"c"d"u" t"ντ"νµ" W"Z"H"

 origin of Flavor Symmetry Breaking ?
courtesy of R. Chierici

LYf ⇠ mf

v
f̄f H mf’s span many orders  

of magnitudes…
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presently no real EXP hint on how to 
enlarge SM to solve its issues

many proposed TH solutions to SM puzzles 
around, but …

make BSM searches at colliders 
as inclusive as possible !

in general :
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 highest collision cm energy and luminosity to produce 
heavy states with moderate production coupling 

 highest ability to separate S from B,  
 in particular in  high-pT tails and m(i,j) distributions 
               (revealing scattering exchange of new states)  

 highest ability to cover stealthy kinematical 
configurations (mass degeneracies, soft final objects …) 

 exploiting as much as possible signature-based searches !

7LNF,  18 November 2016

ingredients to optimize  
BSM searches at colliders

  a most valuable activity in   
BSM model building is suggesting   

 new kinds of signatures !  
       help pushing  LHC discovery potential 

in a model-independent way … 
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 a warning on SUSY

8LNF,  18 November 2016

                  models 
can chart the way  

in devising  
new kinds of signatures  

to look for !

Hidden Sector
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FOCUS on Dark Photon (DP) from extra U(1)

 HS  can contain light or massless gauge bosons  
(Dark Photons, DP)  mediating long-range forces  
between Dark particles 

 previous studies mainly involving “massive” DP 
 a massive DP interacts with SM matter via  
“kinetic mixing” with SM hypercharge U(1)Y gauge boson : 
                          [U(1) gauge invariant]

9LNF,  18 November 2016

 ➜ a massive DP couples to SM particles with strength 

The naive one loop estimate for the mixing parameter is

�Y ⇠ egX

6⇡2

log
⇣m

⇤

⌘
(2.2)

where m is the mass of a heavy particle coupled to both the new U(1) and hypercharge and
⇤ is some cuto↵ scale. In general models of field [1] and string theory [2–13] a wide range of
kinetic mixing parameters are predicted, stretching from �Y ⇠ 10�12 to �Y ⇠ 10�3.

The only coupling of the hidden photon field Xµ to the SM sector is via the kinetic mixing
term. To see its phenomenological consequences it is most convenient to perform two shifts,

Bµ ! Bµ � �Y Xµ, followed by Xµ ! 1q
1 � �2

Y

Xµ, (2.3)

which remove the kinetic mixing term. Crucially, however, we now have direct couplings of the
SM fields to Xµ as well as mixed mass terms between Xµ and W 3

µ/Bµ that are proportional to
�Y . Since �Y is typically small in the following we will keep only the leading terms in �Y .

The mass matrix for Bµ, W 3

µ , and Xµ can now be diagonalized to obtain three neutral
gauge bosons. One of these is massless and corresponds1 to the usual photon. The other two
are massive. For small mixing (�Y ⌧ 1 and |m2

W /(m2

X � m2

Z)| ⌧ 1) one is mostly Z-like,
whereas the other is mostly hidden photon-like and corresponds to a new Z 0-like particle. For
convenience we refer to the latter particle as the hidden photon X in the following. In the limit
of small mixing the mass of X is given by the hidden photon mass parameter mX appearing in
Eq. (2.1). Performing the shift (2.3) and going to the mass eigenstate basis the coupling of the
hidden photon to SM particles is given by

QZ0 = �Y g0


�

tan2(✓W )
T 3 � (1 + �)QY

�
, where � = tan2(✓W )

m2

W

m2

X � m2

Z

. (2.4)

Both ATLAS [14] and CMS [15] have searched for narrow Z 0-like resonances in the electron
and muon channels. The data are given as limits on the product of the production cross section
with the branching ratio into leptons. Using the charges given in Eq. (2.4) for the hidden photon
we can calculate its production cross section and branching ratios and use the reported ATLAS
and CMS limits to constrain the kinetic mixing parameter �Y .2 To calculate the production
cross section and branching ratios we use MadGraph5 v1.4.5 [17] with the Hidden Abelian Higgs
Model file generated with FeynRules [18]. The resulting constraints are shown in Fig. 1, with
the CMS results depicted as solid lines and the ATLAS results depicted as dashed lines. The
thin lines correspond to constraints from the decay into µ+µ� pairs, while the thick lines denote
the combined limit from the µ+µ� and e+e� channels.

These new constraints extend the mass range of hidden photon tests to higher masses. This
is made explicit in Fig. 2, where we combine the LHC constraints (marked in orange) with
a variety of other constraints. To facilitate the comparison we have used that in the limit
m2

X ⌧ m2

Z , which applies to the low energy bounds, the mixing of the photon with the hidden
photon, �, is related to �Y through

� = �Y cos(✓W ) for m2

X ⌧ m2

Z , (2.5)

as can be seen from Eq. (2.4), which reduces to QZ0 = ��Y cos(✓W )e[T 3+QY ] = ��eQel in this
limit. We can see that the LHC not only extends existing constraints to a higher mass region
but that the limits are beginning to probe quite small values of the kinetic mixing parameter.
Nevertheless, the current limits have yet to reach the naive quantum field theory expectation
of �Y ⇠ 10�3.

1After a suitable redefinition of the gauge couplings.
2The CMS Collaboration has already interpreted their data in a related context (see ref. [15]), while ref. [16]

discusses LHC and Tevatron bounds on kinetically mixed gauge bosons in the context of dark matter.

3

the SM. The first possibility for mixing between states at the renormalizable level is kinetic

mixing among the gauge bosons of U(1)Y and a U(1)hid. Recall that for abelian gauge

symmetry the field-strength tensor Bµν = ∂µBν − ∂νBµ is gauge invariant, and thus an

interaction operator is allowed between the field-strengths of two different U(1) symmetries,

Lmix = χBµνC
µν (1)

where χ is some dimensionless mixing parameter. The phenomenology for theories with this

kind of interaction is interesting [4]; however, we will not focus on that here, partly because

we do not want to confine ourselves to discussions that have applicability only to hidden

sectors with abelian symmetries, and partly because the precision electroweak fit sensitivity

to this operator is higher than the one we discuss below and being constrained as such would

be less likely to lead to profound impacts at the LHC.

Instead, we focus on the experimental implications of the renormalizable interaction of

the SM Higgs boson with the hidden sector Higgs boson |H|2|Φ|2 [5], which is a 4-dimensional

operator and gauge invariant. The Higgs boson lagrangian under consideration for this case

is

LHiggs = |DµH|2 + |DµΦ|2 + m2
H |H|2 + m2

Φ|Φ|2 − λ|H|4 − ρ|Φ|4 + η|H|2|Φ|2 (2)

Generically, for a stable potential that admits vevs for H and Φ the parameters m2
H , m2

Φ, λ

and ρ are all positive. On the other hand, η is not generically required to be of one particular

sign. For simplicity, we are assuming that Φ is a Higgs boson that breaks a U(1)hid symmetry;

however, the results that follow easily generalize to Φ being a Higgs boson that breaks any

hidden sector group spontaneously.

The component fields can be written as

H =
1√
2

(

h + v + iG0

G±

)

, Φ =
1√
2
(φ + ξ + iG′) (3)

where v(≃ 246 GeV) and ξ are vacuum expectation values about which the H and Φ

fields are expanded. The G fields are Goldstone bosons absorbed by the vector bosons,

and so no physical pseudo-scalar states are left in the spectrum. However, the scalar

spectrum has two physical states rather than just the one of the SM. In terms of the {h, φ}
interaction eigenstates, the mass matrix one must diagonalized to obtain the two physical

mass eigenstates is

M2 =

(

2λv2 ηvξ
ηvξ 2ρξ2

)

(4)

2
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4D interaction between field-strengths  
of two different U(1)  allowed ➜

mixing param.



 in Cosmology : 
may solve the small-scale structure formation problems 

can explain the dark discs of galaxies 
 

 in Astroparticle 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) 
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Dark Photons

10LNF,  18 November 2016

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)

strong astrophysical and collider  bounds on massive DP (Z’)
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let’s turn to the massless-DP case … 

11LNF,  18 November 2016

if  U(1)F  unbroken no such constraints !  
(on-shell DP can be fully decoupled from SM sector at tree level) 

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

(Holdom, PLB 166, 1986, 196) 

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

(massless-DP Cosmology recently considered in                                 )Agrawal, Cyr-Racine, Randall, Scholtz,     
arXiv:1610.04611
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Explaining  Yukawa hierarchy via HS and extra U(1)F

 HS containing Nf heavy fermions (Dark Matter ?)  
charged under Dark unbroken U(1)F  (➜ massless DP   )  
 Chiral Simmetry spontaneously broken in HS  
via non-perturbative effects (higher-derivative in DP 
field ~ 1/Λ ➜ Lee-Wick ghosts) 
 
➜ Dark fermions (Df)  get  MDf mass depending  
on their U(1)F charge qDf :

12LNF,  18 November 2016

Gabrielli, Raidal, arXiv:1310.1090

  for integer-qDf  sequence (qDf=1, 2, 3, 4…) 
➜ exponential hierarchy in MDf 

�̄

DP coupling

Gabrielli arXiv:0712.2208

MDf ⇠ exp(� 

q2Df
↵̄
)

anom. dim.
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further ingredient: heavy scalar messengers SL,R

13LNF,  18 November 2016

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

QDi 1/2 0 0 0 qDi

QUi 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

LI
MS = gL

0

@
NfX

i=1

⇥
q̄iLQ

Ui
R

⇤
Ŝ

Ui
L +

NfX

i=1

⇥
q̄iLQ

Di
R

⇤
ŜDi
L

1

A+

+ gR

0

@
NfX

i=1

⇥
Ū
i
RQ

Ui
L

⇤
S

Ui
R +

NfX

i=1

⇥
D̄
i
RQ

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 qiL, 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 SU

L , S
U
R, S

D
L , and SD

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

SDi
L2

SDi
R

QDi
R QDi

L
Di

L Di
R

SDi
L1

SDi
R

QDi
R QDi

L
Ui
L Di

R

H±

+

(a) (b)

(c) (d)

H0

SUi
L1 SUi

R

QUi
R QUi

L
Ui
L Ui

R

SUi
L2 SUi

R

QUi
R QUi

L
Di

L Ui
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
q2 = 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 = M2
QUi

/m̄2

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
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the scalar messengers  
transfer radiatively  
Flavor and Chiral Symm. Breaking  
from HS fermions to SM fermions   
generating  
Yukawa couplings at one-loop !
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  Yf’s  arise radiatively   
(via loop-messenger exchange)  
with same pattern  
of exponential hierarchy of  
Dark fermion (Df) masses :

example :     
for 

➜ given           as inputme, mµ ) m⌧ ' 1.9 GeV

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

QDi 1/2 0 0 0 qDi

QUi 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

LI
MS = gL

0

@
NfX

i=1

⇥
q̄iLQ

Ui
R

⇤
Ŝ

Ui
L +

NfX

i=1

⇥
q̄iLQ

Di
R

⇤
ŜDi
L

1

A+

+ gR

0

@
NfX

i=1

⇥
Ū
i
RQ

Ui
L

⇤
S

Ui
R +

NfX

i=1

⇥
D̄
i
RQ

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 qiL, 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 SU

L , S
U
R, S

D
L , and SD

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

SDi
L2

SDi
R

QDi
R QDi

L
Di

L Di
R

SDi
L1

SDi
R

QDi
R QDi

L
Ui
L Di

R

H±

+

(a) (b)

(c) (d)

H0

SUi
L1 SUi

R

QUi
R QUi

L
Ui
L Ui

R

SUi
L2 SUi

R

QUi
R QUi

L
Di

L Ui
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
q2 = 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 = M2
QUi

/m̄2

andMQUi = ⇤ exp

✓
� 2⇡

3↵q2Ui

◆
, where ↵ stands for the fine

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

MDf

  Yf=0 at tree level [due to (H ↔ -H) Symmetry] 

qDe = 4 , qDµ = 5 , qD⌧ = 6

(and, for Dirac ν’s,                           ) qD⌫⌧
= 3 ) m⌫⌧ ⇠ 5 eV

Yf ⇠ MDf ⇠ exp(� 

q2Df
↵̄
)

Flavor Non-Universal qDf

radiative Yukawa's  follow  MDf  hierarchy !!!

spontaneously 

broken by S
0 vev
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 Df are lightest Dark particles, 
potentially contributing to Dark Matter 
rich phenomenology at colliders  
 if  Df-mass scale accessible  
 (yet to be explored…) 
 
  
 
 
                                         
 shows up  by  a  neutrino-like  signature 
 one straightforward (nontrivial)  
 new signature in Higgs decays… 

[co
lore

d-S
L,R

 mass
 sc

ale
 > 

50 
TeV

] 

(va
cuu

m st
abi

lity
)

FOCUS  ON  MASSLESS-DP   PHENO
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H ! ��̄

�̄

�

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

massless (invisible)  
Dark Photon 

(mediating long-range  
 U(1)F force between  
 Dark particles)

H non-decoupling effects 
 (just as in SM) possible:

�(H ! ��̄) ⇠ 1

M2
Heavy

! 1

v2

SL,R

�(H ! ��̄) ⇠ 1

M2
Heavy

! 1

v2

mono-photon  
resonant signature

Gabrielli,Heikinheimo, BM, Raidal, 
arXiv:1405.5196 (PRD)
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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+e2D), and R1 = Nc

P3
i=1

�
q2Ui

+ q2Di

�
.

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��
R2

R2
0

⇣ ↵̄
↵

⌘
, r�̄�̄ = r��

R2
1

R2
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

r�� =

✓
R0⇠

2

3F (1� ⇠2)

◆2

, (12)

where F is the SM contribution, given by F = FW (�W )+P
f NcQ

2
fFf (�f ), with �W = 4M2

W /m2
H , �f = 4m2

f/m
2
H ,

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
�� /2  BR�� 

2 BRSM
�� , where BRSM

�� = 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

MT =
q
2p�T /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�T distribu-
tion will exhibit a similar structure around mH/2. These

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.

solid lines corresponds to : 
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amplitudes have the same structure as (5), and we obtain

⇤�� = ⇤��̄
R

R0

r
↵̄

↵
, ⇤�̄�̄ = ⇤��̄

r
↵

↵̄

R

R1
, (9)

where R0 = 3Nc(e2U+e2D), and R1 = Nc

P3
i=1

�
q2Ui

+ q2Di

�
.

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��
R2

R2
0

⇣ ↵̄
↵

⌘
, r�̄�̄ = r��

R2
1

R2
0
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↵

⌘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

r�� =

✓
R0⇠

2

3F (1� ⇠2)

◆2

, (12)

where F is the SM contribution, given by F = FW (�W )+P
f NcQ

2
fFf (�f ), with �W = 4M2

W /m2
H , �f = 4m2

f/m
2
H ,

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
�� /2  BR�� 

2 BRSM
�� , where BRSM

�� = 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

MT =
q
2p�T /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�T distribu-
tion will exhibit a similar structure around mH/2. These

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

⇤�� = ⇤��̄
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, (9)

where R0 = 3Nc(e2U+e2D), and R1 = Nc

P3
i=1

�
q2Ui

+ q2Di

�
.

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
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, (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

r�� =

✓
R0⇠

2

3F (1� ⇠2)

◆2

, (12)

where F is the SM contribution, given by F = FW (�W )+P
f NcQ

2
fFf (�f ), with �W = 4M2

W /m2
H , �f = 4m2

f/m
2
H ,

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
�� /2  BR�� 

2 BRSM
�� , where BRSM

�� = 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

MT =
q
2p�T /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�T distribu-
tion will exhibit a similar structure around mH/2. These

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.

similar loop effects 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amplitudes have the same structure as (5), and we obtain
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where R0 = 3Nc(e2U+e2D), and R1 = Nc

P3
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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
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, BRAB = NrAB , (10)

where AB ⌘ {��̄, �̄�̄}, N = BRSM
�� /(1 + r�̄�̄BR
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�� ), and

the ratios rAB are given by
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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

r�� =
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2

3F (1� ⇠2)
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, (12)

where F is the SM contribution, given by F = FW (�W )+P
f NcQ

2
fFf (�f ), with �W = 4M2

W /m2
H , �f = 4m2

f/m
2
H ,

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
�� /2  BR�� 

2 BRSM
�� , where BRSM

�� = 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

MT =
q
2p�T /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�T distribu-
tion will exhibit a similar structure around mH/2. These

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.
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expected in this scenario from Eq.(1), provided the split-
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framework.1
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where p�T is the photon transverse momentum, and �� is
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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�T distribu-
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(that is more than one order of magnitude larger than
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�� ), consistently with all model parameters and the
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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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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�T distribu-
tion will exhibit a similar structure around mH/2. These
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from the purely EW messenger sector, since the latter does not
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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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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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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 < MT

��̄ < 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�T > 10 GeV and

|⌘� | < 2.5 for photons, and pjT > 20 GeV and |⌘j | < 5
for jets. An isolation of �R > 0.4 between all pairs of
objects is required. We have then interfaced ALPGEN
and PYTHIA, and incorporated the jet-parton matching,
according to the MLM prescription [21]. Events contain-
ing hard partons are generated in ALPGEN with a cut on
the transverse momentum (pT > 20 GeV), and on the ra-
pidity (|⌘| < 5.0) of each parton, along with a minimum
separation (�R > 0.4) between them. These events are
then interfaced with PYTHIA for showering, to take into
account soft and collinear emission of partons. All par-
tons are then clustered using a cone jet algorithm with
pT > 20 GeV, and a cone size of �R = 0.6 (the latter
used only for matching purposes, not for the jet definition
in the event selection). An event is said to be matched
if there is a one-to-one correspondence between jets and
initial hard partons. An event with an extra jet which is
not matched to a parton is rejected in case of exclusive
matching, while is kept in case of inclusive matching for
the highest jet-multiplicity samples.

For the QCD multi-jet process and the �+Z+ jets pro-
cess we have used MadGraph 5 interfaced with PYTHIA.
In case of the QCD multi-jet process, the most central
jet is assumed to be mistagged as a photon with a corre-
sponding faking probability of 0.1%. The ISR and FSR
e↵ects, parton shower, hadronisation and finite detector
resolution e↵ects have also been implemented for the sig-
nal and all backgrounds. We have then assumed a photon
identification e�ciency of 90%. The distributions are ob-
tained with a nominal cut on the photon transverse mo-
mentum, p�T > 10 GeV, and pjT > 10 GeV on fake jet in
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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 pjT > 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 < MT
��̄ < 130 GeV

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

��̄ 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 MT

��̄ 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 pjT > 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 < MT

��̄ < 126 GeV to
100 GeV < MT

��̄ < 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 pjT > 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
yH 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

MT
��̄ 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-

V V ! H ! �̄�

6

� + Z + 2jets
� + 3jets
� + 2jets

V BF (H ! ��̄)

|⌘j1 � ⌘j2 |

1
N

dN

d|⌘j1�⌘j2 |

543210

0.025

0.02

0.015

0.01

0.005

0

jj
�j
Hj

H (no jet)

MT
��̄

1
N

dN

dMT
��̄

250200150100500

0.3

0.25

0.2

0.15

0.1

0.05

0

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 pjT > 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
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for the VBF signal and backgrounds at 14 TeV, assuming
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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.
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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
yH 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

MT
��̄ 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.
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V V ! H ! �̄� 7

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

Significance 3� 5� 3� 5� 3� 5�

BR��̄(VBF) 1.1 1.9 0.65 1.1 0.21 0.34

BR��̄ (ggF ) 0.096 0.16 0.055 0.092 0.017 0.029

TABLE IV: Reach in BR��̄ (in percentage) for a 3� exclusion
or a 5� discovery at the 14 TeV LHC, in the VBF and gluon-
fusion channels, for di↵erent integrated luminosities L.

ysis of the gluon-fusion channel at 8 TeV by a more
reliable treatment of both the signal and hadronic SM
backgrounds, and extended this approach to 14-TeV col-
lisions. We also explored for the first time the possibility
of detecting the exotic H!� �̄ channel in the VBF Higgs
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 3� 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-
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 [24, 25], 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.,
[26]). 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 [17], 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 [27].

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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 new Higgs signatures at  e+e- colliders  
from stable dark photons  

           

(photon + Emiss) 
resonant signature

 in H decays :

 in H production : 

pHiggs balanced by a massless 
invisible system 

Biswas, Gabrielli, Heikinheimo, BM, 
arXiv:1503.05836 (JHEP)
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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.

3

Biswas, Gabrielli, Heikinheimo, BM, in progress

e+e� ! ZH ! Z ��̄e+e� ! ZH ! Z ��̄

e+e� ! H �̄ ! bb̄ �̄e+e� ! H �̄ ! bb̄ �̄

H ! ��̄
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e+e� ! H �̄ ! bb̄ �̄e+e� ! H �̄ ! bb̄ �̄
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Total x-section

Model independent analysis: 
Effective Lagrangian parametrization

  assuming mass degeneracy in Left and Right messengers
=

  → from a squark doublet

DP field strength

e⁻

e⁺

g

H

g
Z

H

g

  R=CZg/Cgg
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FCC-ee (~ ILC) : √S = 240 GeV with ∫ L ~ 10 ab-1

25LNF,  18 November 2016

Emidio Gabrielli             12th  International Workshop on the Dark Side of the Universe    Bergen      25-29 July 2016 15

WW fusion → 

 we assume: b-tagging efficiency of 80% 
              fake b-jet rejection factor 1/100

where two light jets 
are misidentified with 
two b-jets

Mostly from
on-shell Z pairs

Irreducible Reducible

  Main backgrounds for

  Signal              transverse missing energy

 Basic cuts
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Significance 
for L=10ab-1 

  signif. = 

5s

2s
 Normalized BRs vs Cgg/CZg  

5s values of            in the natural range of 
predictions for the U(1)F Flavor model 

e+e� ! H �̄ ! bb̄ �̄e+e� ! H �̄ ! bb̄ �̄

(BRDP >10−3)
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Distributions-2a (after basic + Z-mass cut only)
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Distributions-2b (after basic + Z-mass + H-mass cut)
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Biswas, Gabrielli, Heikinheimo, BM

PYTHIA for signal and MadGraph+PYTHIA for backgrounds  
ISR/FSR effects described by PYTHIA  
Finite detector resolutions for photon and muons  
according to ILD detector specifications in [arXiv:1605.00100] 

simulation :
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(preliminary)Distributions-2a (after basic+missing mass cut < 20 GeV)
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FCNC’s mediated by Dark Photons
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t ! q �̄ b ! s �̄ ` ! `0 �̄
Gabrielli, BM, Raidal, Venturini  
arXiv:1607.05928 (PRD)
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FCNC decays of SM fermions into a Dark Photon
EG, Mele, Raidal, Venturini,  arXiv: 1607.05928

suppressed by scales LL,R proportional to typical messenger mass scale

 Decay width

Fµn = dark photon field strength

DP coupled to SM fermions by FC magnetic-dipole operators 
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 connection with FCNC’s mediated by photons
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t ! q �
b ! s �
b ! s �̄

�̄

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 �̄

same for  
versus
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further upper bounds from             constraints
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Now, we analyze the upper bounds on BR(⌧ ! l�̄) which satisfy the ⌧ ! l� constraints.
Results are reported below for a small and large mixing scenarios

• in the small mixing regime, for ⇠L = 0.1 and xL
3

= 0.8

BR(⌧!µ�)(⌧ ! µ �̄) < 5.9⇥ 10�6

⇣ ↵̄

0.1

⌘

(87)

BR(⌧!e�)(⌧ ! e �̄) < 1.1⇥ 10�5

⇣ ↵̄

0.1

⌘

(88)

• in the large mixing regime, for ⇠L = 0.8 and xL
3

= 0.1

BR(⌧!µ�)(⌧ ! µ �̄) < 4.4⇥ 10�6

⇣ ↵̄

0.1

⌘

(89)

BR(⌧!e�)(⌧ ! e �̄) < 8.6⇥ 10�6

⇣ ↵̄

0.1

⌘

. (90)

==============================================
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==============================================

7 The µ ! e �̄ decay

Here we analyze the radiative LFV muon decay

µ ! e �̄ , (91)

following the same analysis done for the LFV ⌧ decays previously discussed. As for the ⌧ ,
the corresponding BR can be parametrized in terms of the BR of the tree-level main decay
µ ! ⌫

µ

⌫̄
e

e, as follows

BR(µ ! e�̄) =
12BRexp

µ!⌫µ⌫̄ee

G2

F

m2

µ

f
1

(z
eµ

)

✓

1

(⇤µe

L

)2
+

1

(⇤µe

R

)2

◆

, (92)

where the notations for ⇤µe

L,R

and other symbols are defined in the previous section, and [15]
BRexp(µ ! ⌫

µ

⌫̄
e

e) ' 100%. As for the ⌧ in Eq.(84), we indentify here an average messenger
mass Mµ

L given by

Mµ

L ⌘ m̄L

s

�

�

�

�

⌘̃22
L

⌘̃12
L

�

�

�

�

. (93)

which factorizes in the BR if we require the LR symmetry, g
L

= g
R

.
Now, we consider the e↵ect of the constraints due to the LFV µ ! e� decay. The strongest

experimental upper bound at 90% C.L. has been recently obtained by the MEG experiment at
the Paul Scherrer Institute [33]

BRexp(µ ! �) < 5.7⇥ 10�13 . (94)
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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 xU
3

= 0.8

BR(b!s�)(b ! s �̄) < 5.8⇥ 10�3

⇣ ↵̄

0.1

⌘

, (71)

• large mixing regime, for ⇠D = 0.8 and xU
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 xD

3

is an independent variable with respect to xU
3

, we get

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

= 0.8

BR(b!s�)(b ! s �̄) < 2.1⇥ 10�4

⇣ ↵̄

0.1

⌘

, (73)

• large mixing regime, for ⇠D = 0.8 and xD
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 R

7

from b ! s� constraints.
==============================================
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==============================================
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The expression for the ⇤⌧ l

L,R

are given in Eq.(30) for the general expression of ⇤
L,R

in the Down
sector of SU(2)

L

, but applied to the leptonic sector, where we replace the flavor matrices as
in Eq.(76) and (x3

D, ⇠D) ! (x3

L, ⇠L) respectively, and xL
3

⌘ (MD
L3
/m̄L

D)
2. Here we will restrict

ourselves to the UFT scenario, where the average messenger masses for the Up and Down
SU(2)

L

messenger fields in the lepton sector, are assumed to be the same, namely m̄L
U = m̄L

D ⌘
m̄L. Therefore, we will neglect the contribution of the term in ⇤⌧ l

L,R

proportional to g2
L

/(16⇡2)
in Eq.(30).

Now, we consider the constraints coming from the vacuum stability bounds. Since the lower
limit on the average messenger mass in the leptonic sector m̄L is

m̄L > 561
p

1� ⇠L GeV (80)

large values for the BR, which are of the order of BR(⌧ ! l�) ' 5(10)% for ⇠L ' 0.1(> 0.3)
are potentially allowed. However, too large BR values for this signal can be excluded by the
requirement that the BR(⌧ ! l�̄) is within the 2� range of the experimental central value of
BR(⌧ ! ⌫

⌧

⌫̄
µ

l). This is translated into the limit

BR(⌧ ! l�̄) <⇠ 8⇥ 10�4 (81)

at 95% C.L. . For this reason we do not report here the corresponding results for analogous
tables 2–4 which were provided for the top- and b-quark cases. This can be justified noticing
that the dark photon behaves as missing energy in the detector, and so this signal contributes
to the inclusive BR measurement of the tree-level decays ⌧ ! ⌫

⌧

⌫̄
µ

l. Since the experimental
results for these processes are in good agreement with SM predictions, the NP contributions to
these BR could be consistently allowed only within the range of experimental error.

Now we consider the e↵ect of the constraints coming from the radiative LFV decays ⌧� !
l��, with l = µ, e. The experimental upper bounds on the corresponding BRs, at 90% CL, are
[32]

BR(⌧� ! e��) < 3.3⇥ 10�8 ,

BR(⌧� ! µ��) < 4.4⇥ 10�8 , (82)

The SM contribution to the LFV decays ⌧ ! l� is very negligible, due to the GIM suppression
and tiny neutrino masses, even accounting for the PMNS matrix. However, the NP contribution
could be potentially large. In the present scenario the prediction for its BR is the following

BR(⌧ ! l�) =
12BRexp

⌧!⌫⌧ ⌫̄µµ

G2

F

m2

⌧

f
1

(z
µ⌧

)

✓

1

(⇤̄⌧ l

L

)2
+

1

(⇤̄⌧ l

R

)2

◆

. (83)

where the expressions for ⇤̄⌧ l

L,R

can be derived from the general formulas in Appendix, by
replacing the ⌘

L,R

matrices as in Eq.(76) and the variables (xD
3

, ⇠D) with (xL
3

, ⇠L) respectively.
As discussed above, in the case of the analogous b-decay, a characteristic e↵ective messenger
scale 1/M2

L also factorizes here in both ⌧ ! l� and ⌧ ! l�̄ BRs, which is given by

ML ⌘ m̄L

s

�

�

�

�

⌘̃33
L

⌘̃3l
L

�

�

�

�

, (84)
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-dipole operators respectively defined as

Q
7

=
e

16⇡2

m
b

(s̄
L

�µ⌫b
R

)F
µ⌫

Q
8

=
g
S

16⇡2

m
b

(s̄
L

�µ⌫T ab
R

)Ga

µ⌫

, (63)

where �µ⌫ = 1/2[�µ, �⌫ ], and F
µ⌫

, 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, C
7

(M
W

) and C
8

(M
W

), 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 Q̃

7

and Q̃
8

, which are as the ones defined
in Eq.(63), but with opposite chirality [26]. We will refer to C̃

7

(M
W

) and C̃
8

(M
W

) as the
corresponding Wilson coe�cients of Q̃

7

and Q̃
8

at the M
W

scale.
NP e↵ects in b ! s� can be parametrized in a model independent way introducing the so

called R
7,8

and ˜7, 8 parameters defined at the EW scale as

R
7,8

⌘ CNP

7,8

(M
W

)

CSM

7,8

(M
W

)
, R̃

7,8

⌘ C̃NP

7,8

(M
W

)

CSM

7,8

(M
W

)
(64)

where CNP

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 ! X

s

�)
evaluated at the NLO [22], where non-perturbative 1/m

b

[24] and 1/m
c

[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 R
7,8

and R̃
7,8

in the final expression for the BR(B ! X
s

�), as
it can be found in [22], one obtains [26]

BR(B ! X
S

�) = (3.36± 0.26)⇥ 10�4

⇣

1 + 0.622R
7

+ 0.090(R2

7

+ R̃2

7

)

+ 0.066R
8

+ 0.019(R
7

R
8

+ R̃
7

R̃
8

) + 0.002(R2

8

+ R̃2

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 ! X
s

�) by CLEO
[27], Belle [28], and BABAR [29] lead to the combined value [30]

BRexp(B̄ ! X
S

�) = (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 R

i

and R
i

R
j

combinations in the right hand side of Eq.(65), the dominant contribution is due to the linear
term in R

7

. Therefore, in order to simplify the analysis we neglect all the contributions in R
i

in the r.h.s of Eq.(65), except for the linear term in R
7

. This is a good approximation for the
purposes of the present analysis, since in this scenario we expect the R

7,8

and R̃
7,8

contributions
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Figure 5: Allowed regions (dark blue colored areas) by DM and vacuum stability (VS) con-
straints for BR(b ! q �̄) and for the average messenger mass scales m̄ and m̄D, versus the
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the UF (NUF) scenario, we assume ē ēD

3

= 1, ⌘j3L /⌘33L = 1 (0.1), with j = 1, 2. Red regions are
excluded by the b ! s� constraints, and light-blue regions are excluded by both b ! s� and
BdB̄d mixing constraints.

where the operators Q
1�5

are defined as
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(79)

with Q̃i = Qi(L $ R) and qL,R ⌘ 1

2

(1 ⌥ �
5

)q. Also, q = b, s stand for the b-quark and s-
quarks fields, respectively, and ↵, � are color indices (sum over color indices is understood).
The operator basis corresponding to the e↵ective Hamiltonian for |�Bd| = 2 is simply obtained
by replacing s with d quark fields in Qi and Q̃i operators in Eq.(79).

In order to obtain the Wilson coe�cients Ci and C̃i, we compute the contributions at one
loop to the box diagrams for the process b̄s ! bs̄, by neglecting quark masses and external
momenta. Since we are interested to their dominant e↵ect, we will work in the approximation
of large mixing ⇠, which allows us to restrict to the contribution of the Feynman diagrams in
which only 2 lightest scalars circulate in the loop. In the left-right symmetric scenario considered
here, this corresponds to consider in the box diagram only the propagation of two degenerate
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with Q̃i = Qi(L $ R) and qL,R ⌘ 1

2

(1 ⌥ �
5

)q. Also, q = b, s stand for the b-quark and s-
quarks fields, respectively, and ↵, � are color indices (sum over color indices is understood).
The operator basis corresponding to the e↵ective Hamiltonian for |�Bd| = 2 is simply obtained
by replacing s with d quark fields in Qi and Q̃i operators in Eq.(79).

In order to obtain the Wilson coe�cients Ci and C̃i, we compute the contributions at one
loop to the box diagrams for the process b̄s ! bs̄, by neglecting quark masses and external
momenta. Since we are interested to their dominant e↵ect, we will work in the approximation
of large mixing ⇠, which allows us to restrict to the contribution of the Feynman diagrams in
which only 2 lightest scalars circulate in the loop. In the left-right symmetric scenario considered
here, this corresponds to consider in the box diagram only the propagation of two degenerate
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Eight new kind of FCNC signatures predicted ! 

FCNC decays of SM fermions into a Dark Photon

t  c → g   , u g 
b  s → g   , d g
c   u → g

t  → µ g   , e g 
µ  e → g   

final fermion balanced by a massless invisible (n-like) system 

DP coupled to SM fermions by FC magnetic-dipole operators 
(suppressed by typical messenger mass scale) 

EG, Mele, Raidal, Venturini,  arXiv: 1607.05928

Large and possibly measurable BR's are allowed in most cases 

BR(t  q → g) ~  10-10 – 10-7 BR(b  q → g) ~  10-4 – 10-3

BR(c  u → g) ~  10-8 – 10-4

BR(t  l  → g) ~  10-10 – 10-6 BR(µ  e  → g) ~  10-10 – 10-6

depending on various parameters and on flavor universality structure of messenger sector 

Quark sector Leptonic sector

10-5-10-4

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

b ! q �̄
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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 limited by statistics ! 
         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 :

Biswas, Gabrielli, BM, in progress

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 

at FCC-ee
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➜  at  LHC  new FCNC signatures  
in BOTH top decay  AND top production  

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

 in top decay :

“top” plus massless 
invisible system 

cg ! t�̄
�̄

[stop-like, for massless χ0]

in ATLAS,arXiv:1410.5404 
and CMS-PAS-EXO-16-040  

 no constraint on Minv

�̄

 in top production : 



Barbara Mele

Outlook
 Hidden Sectors fruitful (and theoretically-consistent) way to 
parametrise our ignorance about what is missing in SM  

 useful also for devising new kinds of exp. signatures to boost    
LHC potential for BSM discovery 

 massless Dark Photon theoretically appealing (evading most of 
present experimental bounds on massive DP !) 
 Higgs boson can be the SM portal to DP’s : new effective 
vertices involving DP can appear from HS explaining Flavor 
Hierarchy (or possibly other BSM …) 
 new class of FCNC signatures from  top, b, c, tau, mu decays 
into a massless dark photon 

 very distinctive ➜ bounds expected to be mostly limited by statistics !  

 rich phenomenological implications @  LHC and ee colliders 
 potential implications for astroparticle/cosmology yet to work out ! 

35LNF,  18 November 2016


