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Outline
 our starting point 
 signature-based searches of BSM at LHC 
 broad and (usual) strict definitions of Hidden (Dark) 
Sectors  
 Hidden Sectors and the LHC 
 (massive and massless) Hidden (Dark) Photons 
 Hidden Sectors explaining Flavor hierarchy 
 new Higgs signatures from Hidden Sectors 
 Outlook
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everywhere in my slides: 
HS = Hidden Sector = Dark Sector 
DP  = Dark Photon = Hidden Photon  
F (f)   ↔  Flavor index
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where we stand today  

(in one slide)



Barbara Mele 4Milano,  12  February  2015

LHC run at 7-8 TeV completed  [ ∫ L ~ 5 + 20 fb-1/ exp]  
( just initial LHC phase ! )  
amazing performance ➜ results well above expectations...  
 SM tested at high accuracy in a new √s range :  
QCD (many regimes), top physics, EW processes, flavor 
 “direct” exploration of SM EWSB sector started up with 
observation of a  (quite light) Higgs resonance !!! 
 still a lot of room for a non-SM EWSB sector 
 bounds on new heavy states predicted by many BSM 
models widely extended wrt pre-LHC era 
 no real hint of BSM physics ! 
 SM Hierarchy-Problem solution getting harder...

pp collisions: where we stand today
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SM-Lagrangian  basics
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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)
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where � is a column vector including all Higgs fields; in general it transforms as a reducible

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

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

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

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

is renormalizable:

V (�†�) = �µ2�†�+
1

2
�(�†�)2 (265)

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

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

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

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

is a doublet):

h0|�(x)|0i = v =

✓

0

v

◆

6= 0 . (266)

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

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

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

M =  ̄L M R +  ̄RM† L , (267)

with

M = � · v . (268)

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

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

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

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

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

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

 0
L = U L,  0

R = W R (269)

and consequently

M ! M0 = U †MW . (270)

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

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

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

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

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

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

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

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

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

to Eqs.(278):

L[H,W,Z] = gmWW+
µ W�µH +

g2

4
W+

µ W�µH2 +

+
gmZ

2 cos2 ✓W
ZµZ

µH +
g2

8 cos2 ✓W
ZµZ

µH2 . (285)

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

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

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

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

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

is igµ⌫g2/2 cos2 ✓W .

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

L[H,  ̄, ] =
gfp
2
 ̄ H, (286)

with
gfp
2
=

mfp
2v

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

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

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

v =

r

µ2

�
(288)

one obtains:

V = �µ2(v +
Hp
2
)2 +

µ2

2v2
(v +

Hp
2
)4 = �µ2v2

2
+ µ2H2 +

µ2

p
2v

H3 +
µ2

8v2
H4 (289)

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

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

m2
H = 2µ2 = 2�v2 (290)

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

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

perturbative domain.

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

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

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

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

SM gauge group :
SU(3)QCD x SU(2)L x U(1)B  
                       

masses fix all  
Higgs interactions 

 ➜  SU(3)QCD x U(1)em

built up just by imposing  

 gauge invariance (LSM singlet of SM group) 
 renormalizability [D ≤4 operators]
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Higgs observation ➜ triumph of SM (and LHC !)
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32 10. Electroweak model and constraints on new physics
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Figure 10.4: Fit result and one-standard-deviation (39.35% for the closed contours
and 68% for the others) uncertainties in MH as a function of mt for various inputs,
and the 90% CL region (∆χ2 = 4.605) allowed by all data. αs(MZ) = 0.1185 is
assumed except for the fits including the Z lineshape. The width of the horizontal
dashed (yellow) band is not visible on the scale of the plot.

account for Rb, which has been measured on the Z peak and off-peak [227] at LEP 1.
An average of Rb measurements at LEP 2 at energies between 133 and 207 GeV is 2.1 σ

below the SM prediction, while A
(b)
FB (LEP 2) is 1.6 σ low [171].

The left-right asymmetry, A0
LR = 0.15138 ± 0.00216 [154], based on all hadronic data

from 1992–1998 differs 2.1 σ from the SM expectation of 0.1468 ± 0.0004. The combined
value of Aℓ = 0.1513 ± 0.0021 from SLD (using lepton-family universality and including
correlations) is also 2.1 σ above the SM prediction; but there is experimental agreement
between this SLD value and the LEP 1 value, Aℓ = 0.1481 ± 0.0027, obtained from a fit

to A
(0,ℓ)
FB , Ae(Pτ ), and Aτ (Pτ ), again assuming universality.

The observables in Table 10.4 and Table 10.5, as well as some other less precise
observables, are used in the global fits described below. In all fits, the errors include
full statistical, systematic, and theoretical uncertainties. The correlations on the LEP 1
lineshape and τ polarization, the LEP/SLD heavy flavor observables, the SLD lepton
asymmetries, and the ν-e scattering observables, are included. The theoretical correlations

between ∆α
(5)
had and gµ − 2, and between the charm and bottom quark masses, are also

accounted for.

The data allow a simultaneous determination of MZ , MH , mt, and the strong coupling

αs(MZ). (m̂c, m̂b, and ∆α
(3)
had are also allowed to float in the fits, subject to the

August 21, 2014 13:18

PDG 2014 “invisible” width ! 

(m
H error band)

last missing 
 SM state !

red area is 90% CL  
prediction from EWPTs
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a clear SM footprint is emerging : gHXX ~ mX(2)
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7.5 Test for the presence of BSM particles in loops 35

Parameter value
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Figure 12: (Left) Results of likelihood scans for a model where the gluon and photon loop-
induced interactions with the Higgs boson are resolved in terms of the couplings of other SM
particles. The inner bars represent the 68% CL confidence intervals while the outer bars repre-
sent the 95% CL confidence intervals. When performing the scan for one parameter, the other
parameters in the model are profiled. (Right) The 2D likelihood scan for the M and e parame-
ters of the model detailed in the text. The cross indicates the best-fit values. The solid, dashed,
and dotted contours show the 68%, 95%, and 99.7% CL confidence regions, respectively. The
diamond represents the SM expectation, (M, e) = (v, 0), where v is the SM Higgs vacuum
expectation value, v = 246.22 GeV.
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Figure 13: Graphical representation of the results obtained for the models considered in Fig. 12.
The dashed line corresponds to the SM expectation. The points from the fit in Fig. 12 (left)
are placed at particle mass values chosen as explained in the text. The ordinates are differ-
ent for fermions and massive vector bosons to take into account the expected SM scaling of
the coupling with mass, depending on the type of particle. The result of the (M, e) fit from
Fig. 12 (right) is shown as the continuous line while the inner and outer bands represent the
68% and 95% CL confidence regions.

SM pattern 
well matched  
within errors !

it is not a 
generic   

scalar state!



Barbara Mele 8Milano,  12  February  2015

SM  is not enough !



 SM beautifully successful at E < 1 TeV,  
but has some “messy features” (flavour sector...), 
and does not explain a number of things  
(strong CP, neutrino sector, baryogenesis, Dark Matter...)  

 crucial issue for Collider Physics (and LHC !) :                 
 

               what is the expected  
  Energy THReshold (ETHR) to go BSM ???

Barbara Mele 9Milano,  12  February  2015

   guiding  principles to go BSM



 quadratic divergences on fundamental-scalar mass 
drive  mH to the next energy threshold ETHR  ! 
 

➜  to avoid Fine-Tuning of parameters,  
     one expects roughly : 
     ETHR ~  mH / gcoupling ~ o (1 TeV) 

  this  was  (before LHC start-up),   
  and  STILL  IS  ( after Run 1 ),   
  a  ROBUST  statement !!!
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WARNING !            
the exact way  ETHR materializes  
( ➜  enters theory)  
depends on the actual   
(yet unknown !)  SM extension  

 after LHC Run I, Simplest Versions of  
“PROPOSED” Models  look quite Fine-Tuned !

 a ROBUST statement too  !!!
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25 % of  matter in the Universe  is  DARK !  
( non relativistic, non baryonic, non luminous )     

 ➜   WIMP interpretation of DM   widens  LHC      
               potential for  New Physics !

Abell 2744:  
Pandora's Cluster; 
3.5 billion light years away; 
5.9 million light years across;

Blue : mostly dark matter,  
via gravitational lensing 
(HST+VLT+Subaru) 
!
Red: gas with T’s of  
millions of degrees 
(Chandra X-ray)

collisions between 
 galaxy clusters
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ingredients to optimize  
BSM coverage at the LHC
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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!

14Milano,  12  February  2015

  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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                  models 
chart the way  

in devising  
new kinds of signatures  

to look for !

Hidden Sector
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  “LOOSE” definition :

(apart from gravity)

“what is actually missing in the SM”

SM
(possibly quite interacting !)

HS

Hidden Sector
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“too heavy”

“undetected 
by exp.s”

“too weakly 
coupled”

(or combinations of)

ex: SUSY partners could be  
presently in this class,  

Dark Matter is surely there !!!

in principle rich internal  
structure and interactions

Hidden 
Sector (a)
Hidden 
Sector

(“LOOSE DEF.”)
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   “STRICTER”  definition of HS : 

“Sector UNCHARGED (= singlet)  
 under SM gauge group (and vice versa)”

SM HSX
at tree level in general :

but 4D terms  L ~ [SM]singlet x [HS]singlet  
in  Lagrangian possible in a few cases !       
     

(the usual one …)

(see next slides ➜ ➜ ➜)
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 typically:  
“more weakly 
 coupled  
 than SM”

ex: SUSY partners are not  
in this class ,  

DM might be there or not !

in principle rich internal  
structure and interactions

Hidden 
Sector 

(needs messengers)

(“STRICT DEF.”)
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3 kinds of interactions connecting SM ↔ HS
 Mixing of gauge neutral particles ➜ U(1)SM ↔ U(1)DP       

(photon ↔ Dark Photon)  [D=4, renormalizable (mDP≠0)]  

 new HS scalars       interacting with SM Higgs  
~               (Higgs-portal type)  [D=4, renormalizable] 

 higher-dimensional [D > 4] operators :  
         L ~ 1/[E](D-4)   [SM]singlet x [HS]singlet 
[suppressed by large E scale (mediator masses ?)] 
many many possibilities  (axion-like enters here) !  
 
 crucial parameters are  (in principle unconstrained)  
 HS masses, couplings, mixing angles !!!
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1 Introduction

Many models of particle physics contain so-called hidden sectors. These contain particles whose
interactions with Standard Model (SM) matter are much weaker than the typical gauge forces
of the SM. The weakness of the interactions typically arises because SM particles are uncharged
under the gauge symmetries of the hidden sector and, vice versa, the hidden sector particles are
uncharged under the SM gauge symmetries. This leaves three types of possible interactions:

(i) Mixing of gauge neutral particles of the SM with neutral ones in the hidden sector.

(ii) Renormalizable interactions of hidden scalars with the Higgs doublet.

(iii) Interactions via higher dimensional operators made from gauge singlets of SM and hidden
matter.

For case (i) there is only a very limited number of options. Indeed unless we allow for right-
handed neutrinos we have only a single completely gauge neutral particle in the SM: the photon
or (alternatively) the hypercharge gauge boson. By Lorentz and gauge symmetry the only
particle that can mix with the photon is another U(1) gauge boson. Similarly the only possible
interactions of type (ii) are of the form �†�H†H, where � is a hidden sector scalar field charged
under hidden sector gauge groups. If � is a gauge singlet then there is the additional possibility
of the term �H†H. Finally there are arbitrarily many possible interactions of type (iii), which
are conveniently classified according to their dimensions.

In this note we will focus on simple test models that are popular benchmark scenarios in
the search for light hidden sector particles. With the goal of complementing existing low energy
constraints we will use LHC data to extend the constraints to higher masses. The rest of this
paper is organized as follows. In Sec. 2 we consider extra hidden sector U(1) gauge bosons,
i.e. “hidden photons,” that mix with the photon/hypercharge, also allowing for the presence of
simple higher dimensional operators. In Sec. 3 we study (pseudo-)scalars coupled via higher
dimensional operators to SM gauge boson bilinears as well as via derivative (or e↵ective Yukawa)
interactions to SM fermions. For completeness in Sec. 4 we review the first LHC limits on mini-
charged particles, which arise from matter charged under hidden sector U(1) gauge bosons.

We note that our level of accuracy is limited by a number of factors, including our inability
to model signal e�ciencies with full detector simulations and our having to extract ATLAS
and CMS data from plots. In addition, we do not include parton shower or other higher order
e↵ects. Consequently our exclusion limits should be understood with these limitations in mind.

2 Hidden photons

2.1 Kinetic Mixing

Let us begin with our first test model: hidden photons. Consider an extra U(1) gauge group.
If all Standard Model particles are uncharged under this new gauge group then the dominant
interaction with ordinary matter is via kinetic mixing [1] with the hypercharge U(1) gauge
boson. This is encoded in the following Lagrangian,

L � �1

4
W a

µ⌫W
a,µ⌫ � 1

4
Bµ⌫B

µ⌫ � 1

4
Xµ⌫X

µ⌫ � �Y

2
Bµ⌫X

µ⌫ (2.1)

+
m2

X

2
XµXµ +

1

2

m2

W

g2
(�gW 3

µ + g0Bµ)2 +
1

2
m2

W (W 1

µW 1,µ + W 2

µW 2,µ)

+ SM matter and Higgs terms,

where Bµ and Wµ denote the usual electroweak gauge fields and Xµ denotes the hidden U(1)
field with gauge coupling gX . Importantly the term

�Y
2

Bµ⌫Xµ⌫ introduces mixing between Xµ

and Bµ.

2

φ
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HS  phenomenology at  LHC

 very rich phenomenology  both at LHC and lower- 
energy experiments [if mass-scale/couplings at reach] 
 weak couplings of HS to SM can give rise to  
 stable or long-lived states  
 on the length scale of LHC detectors ! 

 a quite weak point (!):  
usually not a very predictive framework ! 
➜  long list of (~ implicit !) assumptions needed  
➜ every study tends to be dependent on  
    quite a few parameters …
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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 
 present studies mainly involving “massive” DP 

 a massive DP interacts with SM matter mainly via 
“kinetic mixing” with SM hypercharge U(1)Y gauge boson : 
                          [U(1) gauge invariant]
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 ➜ 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.
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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
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, Φ =
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(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)
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mixing among the gauge bosons of U(1)Y and a U(1)hid. Recall that for abelian gauge
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µν (1)
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to this operator is higher than the one we discuss below and being constrained as such would
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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

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

mixing param.
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Figure 1: 95% exclusion limits on the kinetic mixing parameter �Y from the ATLAS (dashed)
and CMS (solid) Z 0 searches. The thin lines correspond to the µ+µ� channel only, while the
thick lines result from a combination of the µ+µ� and e+e� channels.
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Figure 2: Combination of the new LHC limits with a range of other constraints on hidden
photons (see refs. [19,20] for details). The new “LHC” region is marked in orange and extends
the existing bounds to a previously uncovered range of high masses. Note that the limits are
with respect to the hypercharge mixing parameter �Y . For small hidden photon masses the
kinetic mixing parameter with the ordinary photon is related to �Y through � = cos(✓W )�Y .

2.2 Dimension 6 operators

Hidden photons can also couple to the SM via dimension 6 operators. A full set of such operators
has been collected in ref. [21]:

L
int

=
1

M2

F 0
µ⌫

✓
CuQL�µ⌫H̃uR + CdQL�µ⌫HdR + CeLL�µ⌫HeR + h.c.

◆
(2.6)
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1000500200 2000300 3000150 1500700

0.02

0.05

0.10

0.20

0.50

1.00

mX@GeVD

c Y

Figure 1: 95% exclusion limits on the kinetic mixing parameter �Y from the ATLAS (dashed)
and CMS (solid) Z 0 searches. The thin lines correspond to the µ+µ� channel only, while the
thick lines result from a combination of the µ+µ� and e+e� channels.
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Figure 2: Combination of the new LHC limits with a range of other constraints on hidden
photons (see refs. [19,20] for details). The new “LHC” region is marked in orange and extends
the existing bounds to a previously uncovered range of high masses. Note that the limits are
with respect to the hypercharge mixing parameter �Y . For small hidden photon masses the
kinetic mixing parameter with the ordinary photon is related to �Y through � = cos(✓W )�Y .

2.2 Dimension 6 operators

Hidden photons can also couple to the SM via dimension 6 operators. A full set of such operators
has been collected in ref. [21]:

L
int

=
1

M2

F 0
µ⌫

✓
CuQL�µ⌫H̃uR + CdQL�µ⌫HdR + CeLL�µ⌫HeR + h.c.

◆
(2.6)

4

in Field and String Theories wide range of kinetic-  
mixing parameters  predicted : χY ~ 10−12 to 10−3

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.
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if U(1)F unbroken (➜ massless DP)  
no such constraints !  

(on-shell DP decoupled from SM)  

(off-shell) massless DP can interact  
with SM sector only through  
higher-dimensional  (i.e. quite suppressed)  
interactions !

WARNING !
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 HS matter charged under hidden U(1) can get small electric charge !
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The Low-Energy Frontier of Particle Physics 13

Figure 3: Summary of cosmological and astrophysical constraints for minicharged

particles (fractional charge ϵ = Qϵ/e vs. mass mϵ) (compilation from Ref. [20]).

See the text for details. In addition we also show the laboratory limits discussed

in Sect. 4. Moreover, at relatively large masses and couplings we also have the

bounds from accelerator and fixed target experiments (SLAC).

considerably relaxed if the couplings to photons effectively depend on environ-

mental conditions such as the temperature and matter density [38]. This defi-

nitely occurs in some specific models, such as the above-mentioned chameleons

or in those presented in Refs. [39, 40].

3.2 Bounds from Big Bang Nucleosynthesis

Big Bang Nucleosynthesis (BBN) provides us with a unique probe of the early

universe (for a recent review, see Ref. [41]). At temperatures below ∼ MeV, the

weak reactions p + e− ↔ n + νe in the primordial plasma became ineffective,

fixing the neutron/proton density ratio to n/p ∼ 1/7. In fact, this “freeze-

out” ratio crucially depends on the rate of cosmic expansion H, which in turn

grows with increasing total energy density ρ of all particles in the primordial

Jaeckel,  Ringwald, arXiv:1002.0329

!
Summary of limits  
from cosmology, 
astrophysics, 
and  
laboratory- 
accelerator- 
fixed targets- 
experiments 

✏ = Qe/e

m✏
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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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Explaining  Yf 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 spont. broken in HS via non-
perturbative effects (via higher-derivative in DP 
field ~ 1/Λ ➜ Lee-Wick ghosts)  
➜ Dark fermions (Df) get MDf mass depending  
on their U(1)F charge qDf :

27Milano,  12  February  2015

Gabrielli Raidal, arXiv:1310.1090; Ma, arXiv:1311.3213 

 ex: 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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Flavor and Chiral  
Symmetry Breaking  in  
transferred to visible-sector 
Yukawa couplings at one-loop 
via squark/slepton-like  
scalar messangers  !

HS
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heavy scalar messengers SL,R
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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+Scalar)

{
{

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

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

Ŝ
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Ŝ
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S
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R 0 0 -2/3 3 -qDi

S
Ui
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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
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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.
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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’s  arise radiatively  (via loop  
messenger-exchange) with same pattern  
of exponential hierarchy of  
Dark fermion (Df) masses :

example : if 

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

  Yf=0  at tree level [(H ↔ -H) SB 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
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 Df are lightest Dark particles, 
all stable [conserved U(1)F charge], potentially 
contributing to Dark Matter 
 rich phenomenology at colliders  
 if  Df-mass scale accessible  
 (yet to be explored…)                                          

 in the meantime …  
 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
)



Barbara Mele

 mono-photon exotic Higgs signature 
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Gabrielli et al, arXiv:1405.5196H ! ��̄

�̄

�
heavy scalar messengers  
(squark/slepton-like) 
connecting SM to Dark-Fermion  
sector (Dark Matter?, Yukawa  
origin and hierarchy?)

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



Barbara Mele

        prediction in minimal models

33Milano,  12  February  2015

3

10.80.60.40.20

0.05

0.045

0.04

0.035

0.03

0.025

0.02

0.015

0.01

0.005

r�� = �NP
�� /�

SM
��

0.70.60.50.40.3
0.2

BRinv =0.1

r�� =1

r�� =0.5

r�� =0.3

r�� =0.1

↵̄

B
R
(H

!
�
�̄
)

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
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↵
, ⇤�̄�̄ = ⇤��̄

r
↵

↵̄

R

R1
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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��
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R2
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↵

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

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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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
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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�� =

✓
R0⇠

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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where R0 = 3Nc(e2U+e2D), and R1 = Nc
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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
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, BRAB = NrAB , (10)
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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
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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.

    up to 5% !

Gabrielli et al,arXiv:1405.5196

BRH(�̄�)BRH(�̄�)



Barbara Mele

resonant mono-photon signature

34Milano,  12  February  2015

3

10.80.60.40.20

0.05

0.045

0.04

0.035

0.03

0.025

0.02

0.015

0.01

0.005

r�� = �NP
�� /�

SM
��

0.70.60.50.40.3
0.2

BRinv =0.1

r�� =1

r�� =0.5

r�� =0.3

r�� =0.1

↵̄

B
R
(H

!
�
�̄
)

FIG. 1: Predictions for BR(H ! ��̄) as functions of ↵̄ for
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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
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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
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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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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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Outlook
 SM is not enough… 
 Hidden Sectors fruitful (and theoretically-consistent) way to 
parametrize our ignorance about what is missing in SM  
 sometimes theoretically motivated (i.e. solving SM drawbacks)   
(sometimes not so much …) 
 useful 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 observation (and Higgs decoupling properties) 
opened up an entire new chapter of HS exploration 

 worth looking to Higgs resonant single-photon signature as a 
probe of HS explaining Flavor Hierarchy (or other BSM…) 
 many other non-SM signatures from HS’s… (see next talks)

35Milano,  12  February  2015


