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Higgs:
where do we stand 



Where do we stand

Gazillion sigma evidence for a SM-
like Higgs boson

Higgs mass is 125.6 GeV, give or take  
a couple hundred MeV.  

Evidence for coupling both to SM 
gauge bosons and to fermions

Evidence for gluon fusion and vector 
boson fusion production 



Simpler effective theory with 7 free parameters 

<ALL> these parameters are meaningfully constrained by current Higgs data

Limit of SM+SILH with constraints 

Standard Model limit: cV=cf=1, cgg=cγγ=cZγ=0

Simplified Effective Higgs Lagrangian  



7 parameter fit

Best fit and 68% CL range for 
parameters (warning, some 
errors very non-Gaussian) 

 Islands of good fit with 
negative cu, cd, cl ignored here

Belusca-Maito, AA
arXiv: 1311.1113 + updates

 ∆χ2=χ2SM  -  χ2min  ≈ 5.5, 
with  7 d.o.f.

SM hypothesis is 
a perfect fit :-((( 

using only Higgs data:

http://arXiv.org/abs/arXiv:1311.1113
http://arXiv.org/abs/arXiv:1311.1113


Where do we stand

Higgs is obnoxiously SM-like

Dimension-6 operators contributing to Higgs 
couplings suppressed by the scale Λ of order  
< 1 TeV at most

NP reach will improve in the next LHC run, 
but not so much in terms of Λ 

However, there is plenty of room for exotic 
decays not predicted by the SM

c.f. with EWPT probing Λ∼10 TeV,
or B physics probing Λ∼100 TeV,

or Kaon physics probing Λ∼10000 TeV 
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Limits on exotic Higgs branching fraction

Assuming Higgs couplings to SM fixed

Br(h→exotic) ≲ 18% at 95% CL
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Allowing some Higgs couplings to SM to float

Limits on exotic Higgs branching fraction

Br(h→exotic) ≲ 30% at 95% CL
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- If all couplings at SM value, exotic branching 
fraction larger than 18% disfavored at 95% CL
- Allowing new exotic width and, simultaneously, new 
contributions to Higgs couplings to SM  gives even 
more wiggle room, typically up to 30% exotic 
branching fraction
- Direct limit on Higgs width from CMS: Γ < 4.2 ΓSM 
@ 95% CL implying exotic branching fractions up to 
80% 
- If exotic = invisible width,  then LHC direct 
invisible searches place bounds on this parameter 
space, that are however weaker than indirect ones 

Constraints on additional width



18% exotic Higgs branching fraction means that the LHC cross 
section for exotic Higgs decays could easily be order picobarn 

The SM Higgs width is just 4 MeV, so even weakly coupled new 
physics can lead to  a significant branching fraction for 
exotic decays. E.g.,  a new scalar X coupled as c|H|^2 |X|^2 
corresponds to  BR(h$X*X)=10% BR for c~0.01.

Thanks to the large Higgs cross section even tiny  exotic 
branching fractions may possibly be probed. For spectacular 
enough signatures we can probe BR∼O(10^-5) now and  BR∼O(10^-9) 
in the asymptotic  future. [ Note that the Higgs was first 
discovered in the diphoton (BR~10^-3) and 4-lepton (BR~10^-4) 
channels] 

Exotic Higgs Decays - Why?



Exotic Higgs Decays - How?
New light degrees of 

freedom affecting 
Higgs decays

No new  light 
degrees of freedom 
beyond those of the 

SM

HEFT

Leading effects 
expected from 

dimension 6 
operators  beyond 

the SM

Multiple 
possibilities, large 
model dependence

SM+X



Gauge  
boson self-
interactions

4-fermion 
operators

CP Violating  
interactions

2-fermion 
dipole 

operators

2-fermion 
vertex 

corrections
Higgs interactions with 
itself, SM gauge bosons 
and Yukawa interactions 

with fermions 

Notice that Eqs. (B.94) and (B.95) are directly implied by Eq. (3.53), which follows from

custodial invariance. It is simple to verify that the identities (3.47) and (3.48) are satisfied

by the couplings appearing on the left-hand sides of respectively Eq. (B.94) and (B.95).

The above discussion shows explicitly that every operator in Eq. (3.46) can be dressed

up with NG bosons and made manifestly invariant under local SU(2)L ⇥U(1)Y transforma-

tions. 26

The part of Eq. (B.86) which does not depend on the Higgs field h coincides with the

non-linear chiral Lagrangian for SU(2)L ⇥ U(1)Y [79], in the limit of exact custodial sym-

metry. This latter assumption can be relaxed by specifying the sources of explicit breaking

of the custodial symmetry, i.e. its spurions, in terms of which one can construct additional

operators formally invariant under SU(2)L ⇥U(1)Y local transformations. For example, the

list of operators that follows in the case in which custodial invariance is broken by a field

with the EW quantum numbers of hypercharge has been recently discussed in Ref. [55].

Since the choice of quantum numbers of the spurions is model-dependent (and in fact the

strongest e↵ects are expected to arise from the breaking due to the top quark, rather than

hypercharge), we do not report here any particular list of operators, and prefer to refer to

the existing literature for further details.

C Relaxing the CP-even hypothesis

If one relaxes the hypothesis that h is CP-even, there are six extra dimension-6 operators

that need to be added to the e↵ective Lagrangian (2.2):

�LCP =
ic̃HW g

m2
W

(DµH)†�i(D⌫H)W̃ i
µ⌫ +

ic̃HB g0

m2
W

(DµH)†(D⌫H)B̃µ⌫

+
c̃� g0

2

m2
W

H†HBµ⌫B̃
µ⌫ +

c̃g g2S
m2

W

H†HGa
µ⌫G̃

aµ⌫

+
c̃3W g3

m2
W

✏ijkW i ⌫
µ W j ⇢

⌫ W̃ k µ
⇢ +

c̃3G g3S
m2

W

fabcGa ⌫
µ Gb ⇢

⌫ G̃c µ
⇢ ,

(C.96)

26Notice that h is invariant under SU(2)L ⇥ SU(2)R (hence SU(2)L ⇥ U(1)Y ) transformations. In the

case in which h belongs to an SU(2)L doublet H, this follows from the fact that h parametrizes the norm of

the doublet: H†H = (v + h)2/2.

44

Exotic Higgs Decays: HEFT approach

2499 ways to leave your lover Alonso,Jenkins,Manohar,Trott 1312.2014
Some operators probed by EW precision tests, 

some  by Higgs coupling measurements, 
and some by exotic Higgs decays 

for exotic decays par
t,

work in progress  

with F.Arnardi, and H
. Belusca 



 Exotic Higgs decays in the golden 
channel

Maybe: exotic Higgs decays in the 
composite Higgs scenario 

Exotic Higgs Decays
This talk:

AA,Vega-Morales, 1405.1095

AA,Straub,Vicente, 1312.5329

For much more see the Snowmass review  
Curtin et al, 1312.4992

http://arxiv.org/abs/1312.5329
http://arxiv.org/abs/1312.5329
http://arxiv.org/abs/1312.5329
http://arxiv.org/abs/1312.5329


Exotic Higgs Decays
in the golden channel 



Study the reach of the golden channel 
to exotic Higgs decays using the 
matrix element methods

Previously, analogous methods used 
for Higgs couplings extraction 

Exotic Decays in the golden channel

Stolarski,Vega-Morales, 1208.4840
Chen,Tran,Vega-Morales, 1211.1959

Chen,Vega-Morales, 1310.2893
Chen et al. 1401.2077

http://arxiv.org/abs/arXiv:1208.4840
http://arxiv.org/abs/arXiv:1208.4840
http://arxiv.org/abs/arXiv:1208.4840
http://arxiv.org/abs/arXiv:1208.4840
http://arxiv.org/abs/arXiv:1208.4840
http://arxiv.org/abs/arXiv:1208.4840
http://arxiv.org/abs/arXiv:1208.4840
http://arxiv.org/abs/arXiv:1208.4840


Compute fully differential decay 
width for h$4l process, including SM
+NP interference 

Use this as event-by-event 
probability density function 

Out of this PDF, construct likelihood 
function for dataset with N events 

Construct likelihood ratio of SM vs 
NP hypothesis 

Generate multiple sets of N events 
for  both hypotheses to find expected 
distribution of L(λ) and Λ  

Exotic Decays in the golden channel
Procedure

searches [22] concluded that ME in the 100 GeV ballpark is not exclude [23]. Furthermore, the
mixing angle ↵L is constrained by electroweak precision tests. At the second-order in v/ME the
couplings of the SM left-handed charged leptons to W and Z are modified as

L =

✓
1� ↵2

L

2

◆
gLp
2
W+

µ ⌫̄L�µ`L +

0

@ �g2L + g2Y

2
q
g2L + g2Y

+
q
g2L + g2Y

↵2
L

2

1

AZµ
¯̀
L�µ`L (16)

The constraint on ↵L depends on whether E mixes with e, µ, or ⌧ . Using the constraints from
LEP-1 and SLC [15] and W mass [16] measurements we find the 95% CL bounds:

(e) ↵L < 0.017,

(µ) ↵L < 0.030,

(⌧) ↵L < 0.050. (17)

For a given ME this translates into constraints on the Yukawa coupling Y , and in consequence
into constraints on Br(h ! E`). The maximum allowed branching fractions in the electron, muon
and tau channels are shown in Fig. 1. We can see that sizable branching fractions can be easily
obtained. For example, for mE = 110 GeV one finds Br(h ! Ee) . 0.4%, and Br(h ! Eµ) . 1%.

3 Methods

We are interested in estimating the potential of LHC Higgs searches in the 4-lepton final state
to constrain or discover exotic Higgs decays in the models described in Section 2. To distinguish
the SM h ! ZZ⇤ ! 4` decays from those involving a new hidden photon or heavy fermion,
we employ a simplified likelihood analysis following closely the procedure used in Ref. [6] and
described in more detail in [7, 8]. The h ! 4` channel has a good signal-to-background ratio
in the signal region m4` ⇡ mh, and is very well discriminated from the backgrounds due to the
di↵erent shapes in the distributions of the various observables [9]. Of course, ideally one would
include the dominant qq̄ ! 4` background as well in the discriminator if one wants to make precise
statements. However, recent studies [4, 5, 9] indicate that the e↵ects of including the background
should be small enough that for the present purposes considering the signal only is su�cient. For
simplicity, we only study the h ! 2e2µ final state. We will assume the sensitivity to the exotic
signal in the h ! 4e and h ! 4µ channels is the same, and we will scale our results accordingly.

The starting point for our analysis is an analytic expression for the fully di↵erential h ! 2e2µ
decay width. In the models we consider the decay amplitude receive interfering contributions from
the h ! ZZ⇤ ! 2e2µ diagram and from diagram(s) with an intermediate hidden photon or a
vector-like charged fermion. We use it to build the probability density (pdf ) function

PS(m
2
h,M1,M2, ~⌦|~�) =

d�h!4`

dM2
1dM

2
2d

~⌦
. (18)

Here M1, M2 are the invariant masses of the opposite-sign same-flavor lepton pairs, and the decay
angles ~⌦ = (⇥, cos ✓1, cos ✓2,�1,�) are defined in [5]. The ~� represent the parameters of the
models to be considered. To compute the matrix element in the hidden photon model we modify
the results of [9] to include the new gauge boson contribution. The matrix element in the vector-
like lepton model is computed in the FeynArts/FormCalc framework [12] using a custom model
exported from Feynrules [11]. In all cases the interference between the new physics process and
the SM is included. Throughout we fix the Higgs boson mass as mh = 125.6 GeV.
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With the pdfs at hand we can write the likelihood of obtaining a particular data set containing
N events as,

L(~�) =
NY

O
PS(O|~�). (19)

where O = (m2
h,M1,M2, ~⌦). We then construct a simple hypothesis test [13] where as our test

statistic we use the log likelihood ratio defined as,

⇤ = 2 log[L(~�1)/L(~�2)] (20)

To estimate the expected significance of discriminating between two di↵erent hypotheses, we take
one hypothesis as true, say ~�1 and generate a set of N ~�1 events. We then construct ⇤ for a
large number of pseudo-experiments each containing N events in order to obtain a distribution
for ⇤. We repeat this exercise taking ~�2 to be true and obtain a di↵erent distribution for ⇤. With
the two distributions for ⇤ in hand we can compute an approximate significance by denoting the
distribution with negative mean as f and the distribution with positive mean as g and finding a
value ⇤̂ such that Z 1

⇤̂
fdx =

Z ⇤̂

�1
gdx. (21)

We then interpret this probability as a one sided Gaussian p-value, which can be used to compute
the expected significance for discriminating between hypotheses (see [6] for more details). For
a simple hypothesis test, this Gaussian approximation is often su�cient [13]. This procedure is
repeated many times for a range of numbers of events N to obtain a significance as a function
of N for each hypothesis. In our simplified framework we have also neglected any detector or
production e↵ects, but these e↵ects are small and are not needed for the level of precision we aim
for in this study [4, 5].

For the particular models considered here ~� correspond to the the mass of the new particle
and the model parameters determining their coupling to the Higgs and leptons. Specifically, for
the hidden photon model ~� = (mX , ✏, ✏2, ✏3), and for the vectorlike lepton model ~� = (ME , Y ).
Our aim is to estimate whether the golden channel can probe certain the parameter space of these
models that is not excluded by precision tests and direct searches. Various hypothesis tests to
this end are conducted in the following section

4 Results

In this section we present our results concerning the sensitivity to exotic Higgs decays in the
golden channel for the model described in Section 2. To this end we pick a number of benchmarks
point near the boundary of the parameter space region allowed by precision measurements. To
assess the experimental sensitivity, we employ the matrix element approach described in Section 3.
With these tools, we estimate the number of events in the golden channel required to exclude our
benchmark points at a given confidence level. We will show that exotic Higgs decays can probe
the interesting regions of the parameter space that are not constrained by other experiments.

We start with the simplest version of the hidden photon model with ✏2 = ✏3 = 0. We fix
✏ = 10�2 for all benchmarks and consider several values of the hidden photon masses in the range
12-40 GeV. For a given number N of events in the golden channel we perform x pseudoexperiments
to estimate the constraining power of the LHC Higgs searches. To reduce computing time, for
large N we simply extrapolated our results at lower N assuming the significance grows as

p
N .

The results are shown in Fig. 2.
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Light hidden photon X mixing with the 
Z boson via the hypercharge portal

Light charged vector-like lepton E 
mixing with SM electron or muon 

Exotic Decays in the golden channel
2 models studied here

Searching for Exotic New Particles in Golden Channel

Can also use the golden channel to search for exotic particles
Consider models with exotic vector boson (X) or exotic fermion (E)

These models already strongly constrained by EWPD
Can golden channel probe allowed parameter space of these models?
(In collaboration with A. Falkowski)

Roberto Vega-Morales (LPT) Golden Obsessions LPTHE: March 2014 13 / 86



Hidden Photon
in the golden channel 



Hidden photon model

2 Models

In this section we study two scenarios where new light degrees of freedom can modify the Higgs
decays in the golden-channel. One has a new light vector field (the hidden photon) kinetically
mixing with the SM hypercharge. The other has a new vector-like fermion with quantum numbers
of the SM right-handed electron that mixes via a Yukawa coupling with one of the SM charged
leptons. We determine the region of the parameter space of these models allowed by precision
measurements, and we discuss how large branching fraction for exotic Higgs decays is allowed by
these constraints.

2.1 Hidden Photon

The first model we study has cascade decay h ! ZX ! 4` mediated by a new neutral vector
boson. Consider a massive abelian gauge fieldXµ interacting with the SM only via the hypercharge
portal [14]:

L = LSM � 1� ✏2 cos�2 ✓W
4

X̂µ⌫X̂µ⌫ +
1

2
m̂2

XX̂µX̂µ +
✏

2 cos ✓W
Bµ⌫X̂µ⌫ (1)

Here ✓W is the EW Weinberg angle, and the non-standard normalization of the X kinetic term is
introduced for future inconvenience. We assume ✏ ⌧ 1 and determine the spectrum and couplings
perturbatively in ✏. The mass term m̂X could be generated via the Stückelberg mechanism, or via
a vev of a hidden sector Higgs field; in the latter case we will assume the corresponding hidden
Higgs boson is heavy enough such that it’s not relevant for the decays of the hidden photon. We
are interested in m̂X ⌧ mZ such that X can have a non-negligible e↵ect on Higgs decays.

To work out model’s phenomenology it is convenient to remove the kinetic mixing by redefining
the hypercharge gauge field: Bµ ! Bµ + cos ✓�1

W X̂µ. The kinetic terms are now diagonal and
canonically normalized, but after the EW breaking the Z and X bosons mix via the mass terms,

Lmass =
1

2
m̂2

ZẐµẐµ +
1

2

�
m̂2

X + ✏2m̂2
Z tan2 ✓W

�
X̂µX̂µ � m̂2

Z✏ tan ✓W X̂µẐµ, (2)

where m̂Z = g2L + g2Y v/2 and we denote gL, gY the SM gauge couplings of SU(2)L ⇥ U(1)Y . To
diagonalize the matrix we need the rotation

Ẑµ = cos↵Zµ+sin↵Xµ, X̂µ = � sin↵Zµ+cos↵Xµ, ↵ ⇡ ✏ tan ✓W
m2

Z

m2
Z �m2

X

+O(✏2) (3)

This kind of mixing is constrained electroweak precision observables. In particular, it shifts the
mass of the Z boson,

m2
Z = m̂2

Z + ✏2
tan2 ✓W m̂4

Z

m2
Z � m̂2

X

+O(✏3), (4)

and the Z boson couplings to matter,

gZ,f = ĝZ,f

✓
1� ✏2

tan2 ✓Wm4
Z

(m2
Z �m2

X)2

◆
� ✏2

q
g2L + g2Y

tan2 ✓Wm2
Z

m2
Z �m2

X

Yf , (5)

where ĝZ,f =
q
g2L + g2Y (T

3
f � sin2 ✓WQf ) is the Z coupling in the SM. Using the constraints from

LEP-1 and SLC [15] and W mass [16] measurements for mX ⌧ mZ we find

|✏| . 0.024

s

1� m2
X

m2
Z

at 95% C.L., (6)

2

Hidden photon X talking to SM vie hypercharge portal

One consequence of mixing: hidden photon couples to matter  

in agreement with Ref. [17]. For mX below 10 GeV one gets a stronger limit |✏| . 10�3 [18, 19]
based on ⌥(2S, 3S) ! �µ+µ� searches in BaBar [20].

We turn to the couplings of the hidden photon. The couplings to the SM fermion are

gX,f = ✏ e


Qf

✓
1� tan2 ✓Wm2

X

m2
Z �m2

X

◆
+ T 3

f
m2

X

cos2 ✓W (m2
Z �m2

X)

�
. (7)

The new vector field couples to the electric charge up to O(m2
X/m2

Z) corrections, hence the name
hidden photon. Assuming there’s no other decay channels of X (for example, into other particles
in the hidden sector), for mX ⌧ mZ one finds Br(X ! l+l�) ⇡ 0.15, Br(X ! had) ⇡ 0.55,
while Br(X ! ⌫⌫) is negligible. Due to the mixing with Z, the hidden photons also acquires the
coupling to the Higgs boson:

LhZX = chZX
m2

Z

v
hZµXµ, chZX =

2✏ tan ✓Wm2
X

m2
Z �m2

X

+O(✏2). (8)

Thus, all elements are in place for new contributions to the golden channel via the cascade decay
h ! ZX ! 4`. However, the coupling in Eq. (8) is suppressed not only by ✏ but also by m2

X/m2
Z .

For this reason Br(h ! ZX) can be at most of order 10�4, as can be seen from Fig. 1. As this
represents an order 1% correction to the SM Higgs rate in the golden channel, this model may
give observable corrections in the golden channel only in a small region of its parameter space.

A larger branching fraction can be obtained by a simple modification of the hidden photon
model. We introduce additional couplings between the hidden photon and the SM sector:

�L =
✏2

cos ✓W

✓ |H|2
v2

� 1

2

◆
Bµ⌫X̂µ⌫ +

✏3
cos ✓W

|H|2
v2

B̃µ⌫X̂µ⌫ , (9)

where B̃µ⌫ = ✏µ⌫⇢�@⇢B�. In principle the parameters ✏2 and ✏3 are not constrained by precision
observables, although |✏2| � |✏| would be a fine-tuning. The new terms in�L induce new couplings
of the Higgs boson to the Z boson and the hidden photon:

�LhZX = �h

v
tan ✓W

⇣
✏2Xµ⌫Zµ⌫ + ✏3Xµ⌫Z̃µ⌫

⌘
+O(✏2). (10)

These couplings do not su↵er from the m2
X/m2

Z suppression. From Fig. 1 we can see that even
for ✏2 = 0.02 or ✏3 = 0.02 one can obtain Br(h ! ZX) of order 10�3.

We note that for ✏2,3 6= 0 the model also predicts decays h ! X� via the coupling analogous
to those in Eq. (10). The branching fraction is larger than that for h ! XZ decays because of
the lack of phase space and tan ✓W suppression. For example, for ✏2 = 0.02 or ✏3 = 0.02 one finds
Br(h ! X�) ⇡ 10 %. Therefore this version of the hidden photon model may be more e�ciently
probed in the h ! `+`�� final state, rather than in the golden channel.

2.2 Vector-like Lepton

The other model we study in this paper has h ! El ! Z`+`� ! 4` cascade decay mediated by
a new charged lepton mixing with the SM leptons. Consider the SM extended by a vector-like
fermion E transforming under the SM gauge group as (1, 1)�1, thus having the quantum numbers
of the right-handed electron. We assume E mixes with one of the SM charged leptons via Yukawa
couplings:

L = �y ¯̀RH
†lL �MEĒREL � Y ĒRH

†l + h.c. (11)

3

For small mass it mili-couples to electric current 
(hence hidden photon) 

Another consequence of mixing: hidden photon mixes with Z boson  
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boson. Consider a massive abelian gauge fieldXµ interacting with the SM only via the hypercharge
portal [14]:
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Here ✓W is the EW Weinberg angle, and the non-standard normalization of the X kinetic term is
introduced for future inconvenience. We assume ✏ ⌧ 1 and determine the spectrum and couplings
perturbatively in ✏. The mass term m̂X could be generated via the Stückelberg mechanism, or via
a vev of a hidden sector Higgs field; in the latter case we will assume the corresponding hidden
Higgs boson is heavy enough such that it’s not relevant for the decays of the hidden photon. We
are interested in m̂X ⌧ mZ such that X can have a non-negligible e↵ect on Higgs decays.

To work out model’s phenomenology it is convenient to remove the kinetic mixing by redefining
the hypercharge gauge field: Bµ ! Bµ + cos ✓�1

W X̂µ. The kinetic terms are now diagonal and
canonically normalized, but after the EW breaking the Z and X bosons mix via the mass terms,

Lmass =
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2
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�
X̂µX̂µ � m̂2

Z✏ tan ✓W X̂µẐµ, (2)

where m̂Z = g2L + g2Y v/2 and we denote gL, gY the SM gauge couplings of SU(2)L ⇥ U(1)Y . To
diagonalize the matrix we need the rotation

Ẑµ = cos↵Zµ+sin↵Xµ, X̂µ = � sin↵Zµ+cos↵Xµ, ↵ ⇡ ✏ tan ✓W
m2

Z

m2
Z �m2

X

+O(✏2) (3)

This kind of mixing is constrained electroweak precision observables. In particular, it shifts the
mass of the Z boson,

m2
Z = m̂2

Z + ✏2
tan2 ✓W m̂4

Z
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Z � m̂2

X

+O(✏3), (4)

and the Z boson couplings to matter,

gZ,f = ĝZ,f
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tan2 ✓Wm2
Z
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X

Yf , (5)

where ĝZ,f =
q

g2L + g2Y (T
3
f � sin2 ✓WQf ) is the Z coupling in the SM. Using the constraints from

LEP-1 and SLC [15] and W mass [16] measurements for mX ⌧ mZ we find

|✏| . 0.024
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X
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at 95% C.L., (6)
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Therefore it couples to Higgs  

in agreement with Ref. [17]. For mX below 10 GeV one gets a stronger limit |✏| . 10�3 [18, 19]
based on ⌥(2S, 3S) ! �µ+µ� searches in BaBar [20].

We turn to the couplings of the hidden photon. The couplings to the SM fermion are

gX,f = ✏ e


Qf

✓
1� tan2 ✓Wm2

X

m2
Z �m2

X

◆
+ T 3

f
m2

X

cos2 ✓W (m2
Z �m2

X)

�
. (7)

The new vector field couples to the electric charge up to O(m2
X/m2

Z) corrections, hence the name
hidden photon. Assuming there’s no other decay channels of X (for example, into other particles
in the hidden sector), for mX ⌧ mZ one finds Br(X ! l+l�) ⇡ 0.15, Br(X ! had) ⇡ 0.55,
while Br(X ! ⌫⌫) is negligible. Due to the mixing with Z, the hidden photons also acquires the
coupling to the Higgs boson:

LhZX = chZX
m2

Z

v
hZµXµ, chZX =

2✏ tan ✓Wm2
X

m2
Z �m2

X

+O(✏2). (8)

Thus, all elements are in place for new contributions to the golden channel via the cascade decay
h ! ZX ! 4`. However, the coupling in Eq. (8) is suppressed not only by ✏ but also by m2

X/m2
Z .

For this reason Br(h ! ZX) can be at most of order 10�4, as can be seen from Fig. 1. As this
represents an order 1% correction to the SM Higgs rate in the golden channel, this model may
give observable corrections in the golden channel only in a small region of its parameter space.

A larger branching fraction can be obtained by a simple modification of the hidden photon
model. We introduce additional couplings between the hidden photon and the SM sector:

�L =
✏2

cos ✓W

✓ |H|2
v2

� 1

2

◆
Bµ⌫X̂µ⌫ +

✏3
cos ✓W

|H|2
v2

B̃µ⌫X̂µ⌫ , (9)

where B̃µ⌫ = ✏µ⌫⇢�@⇢B�. In principle the parameters ✏2 and ✏3 are not constrained by precision
observables, although |✏2| � |✏| would be a fine-tuning. The new terms in�L induce new couplings
of the Higgs boson to the Z boson and the hidden photon:

�LhZX = �h

v
tan ✓W

⇣
✏2Xµ⌫Zµ⌫ + ✏3Xµ⌫Z̃µ⌫

⌘
+O(✏2). (10)

These couplings do not su↵er from the m2
X/m2

Z suppression. From Fig. 1 we can see that even
for ✏2 = 0.02 or ✏3 = 0.02 one can obtain Br(h ! ZX) of order 10�3.

We note that for ✏2,3 6= 0 the model also predicts decays h ! X� via the coupling analogous
to those in Eq. (10). The branching fraction is larger than that for h ! XZ decays because of
the lack of phase space and tan ✓W suppression. For example, for ✏2 = 0.02 or ✏3 = 0.02 one finds
Br(h ! X�) ⇡ 10 %. Therefore this version of the hidden photon model may be more e�ciently
probed in the h ! `+`�� final state, rather than in the golden channel.

2.2 Vector-like Lepton

The other model we study in this paper has h ! El ! Z`+`� ! 4` cascade decay mediated by
a new charged lepton mixing with the SM leptons. Consider the SM extended by a vector-like
fermion E transforming under the SM gauge group as (1, 1)�1, thus having the quantum numbers
of the right-handed electron. We assume E mixes with one of the SM charged leptons via Yukawa
couplings:

L = �y ¯̀RH
†lL �MEĒREL � Y ĒRH

†l + h.c. (11)

3



Hidden photon in the golden channel
Higgs can decay as h $ Z X $ 4l!

Searching for Exotic New Particles in Golden Channel

Can also use the golden channel to search for exotic particles
Consider models with exotic vector boson (X) or exotic fermion (E)

These models already strongly constrained by EWPD
Can golden channel probe allowed parameter space of these models?
(In collaboration with A. Falkowski)

Roberto Vega-Morales (LPT) Golden Obsessions LPTHE: March 2014 13 / 86



Hidden photon - constraints from 4l
Event count in the h $ 4l channel

in the presence new physics, the event rates reported in Refs. [18, 19] yield the 95% CL limits on
the additional partial decay widths:

��h!4µ

�SM
h!4µ

< 0.90,
��h!2e2µ

�SM
h!2e2µ

< 0.83,
��h!4e

�SM
h!4e

< 1.27, (1)

For new physics contributing to all sub-channels the limit is

��h!4`

�SM
h!4`

< 0.52. (2)

Apart from the event rate, the 4` final state o↵ers far more information in the form of the
di↵erential distribution in the decay angles and lepton pair invariant masses. In this paper we
investigate the possibility of using this information to further constrain exotic decays of the Higgs
boson. To this end, we employ the matrix element methods developed for the Higgs coupling
studies in CMS [20–22]. The starting point for is an analytic expression for the fully di↵erential
h ! 4`matrix element, with and without the new physics contribution. Using this matrix element,
we construct a likelihood function for a data set containing a number N of 4-lepton events. This
likelihood function is then used to estimate the statistical significance for discrimination between
the SM and exotic decays hypotheses as a function of N .

We study two simple models that can accommodate a sizable exotic branching fractions in the
golden channel without violating current experimental constraints. The first one contains a new
light gauge boson X coupled to the SM via the hypercharge portal ✏Xµ⌫Bµ⌫ [23]. The kinetic
mixing induces the coupling of X to the electromagnetic current, and also the mixing between
the Z boson and X. As a result, the Higgs boson can decay as h ! XZ when it is kinematically
allowed, that is for mX . 35 GeV. When both X and Z decay leptonically, this new Higgs decay
mode contributes to the 4` channel. Another model we study here contains a new heavy vector-
like charged lepton E with transforming as (1, 1)�1 under the SM gauge group. After electroweak
symmetry breaking E mixes with one of the SM leptons via Yukawa couplings. As a result,
one obtains non-diagonal couplings to the Z and Higgs boson of the form ZµĒL�µ`L + h.c. and
hĒR`Lh + h.c.. These couplings mediated the h ! E` ! Z`` cascade decay that, for leptonic Z
decays, again contribute to the 4-lepton final state.

The paper is organized as follows. In Section 2 we describe our models in more detail. In
Section 3 we review the matrix element methods to extract information from the golden channel.
Our results regarding the sensitivity of the golden channel to exotic Higgs decays are contained
in Section 4.

2 Models

In this section we study two scenarios where new light degrees of freedom can modify Higgs decays
in the golden channel. One has a new light vector field (the hidden photon) kinetically mixing
with the SM hypercharge. The other has a new vector-like fermion with quantum numbers of
the SM right-handed electron that mixes via a Yukawa coupling with one of the SM charged
leptons. We determine the region of the parameter space of these models allowed by precision
measurements, and we discuss how large branching fraction for exotic Higgs decays is allowed by
these constraints.
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like charged lepton E with transforming as (1, 1)�1 under the SM gauge group. After electroweak
symmetry breaking E mixes with one of the SM leptons via Yukawa couplings. As a result,
one obtains non-diagonal couplings to the Z and Higgs boson of the form ZµĒL�µ`L + h.c. and
hĒR`Lh + h.c.. These couplings mediated the h ! E` ! Z`` cascade decay that, for leptonic Z
decays, again contribute to the 4-lepton final state.

The paper is organized as follows. In Section 2 we describe our models in more detail. In
Section 3 we review the matrix element methods to extract information from the golden channel.
Our results regarding the sensitivity of the golden channel to exotic Higgs decays are contained
in Section 4.

2 Models

In this section we study two scenarios where new light degrees of freedom can modify Higgs decays
in the golden channel. One has a new light vector field (the hidden photon) kinetically mixing
with the SM hypercharge. The other has a new vector-like fermion with quantum numbers of
the SM right-handed electron that mixes via a Yukawa coupling with one of the SM charged
leptons. We determine the region of the parameter space of these models allowed by precision
measurements, and we discuss how large branching fraction for exotic Higgs decays is allowed by
these constraints.
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2 Models

In this section we study two scenarios where new light degrees of freedom can modify the Higgs
decays in the golden-channel. One has a new light vector field (the hidden photon) kinetically
mixing with the SM hypercharge. The other has a new vector-like fermion with quantum numbers
of the SM right-handed electron that mixes via a Yukawa coupling with one of the SM charged
leptons. We determine the region of the parameter space of these models allowed by precision
measurements, and we discuss how large branching fraction for exotic Higgs decays is allowed by
these constraints.

2.1 Hidden Photon

The first model we study has cascade decay h ! ZX ! 4` mediated by a new neutral vector
boson. Consider a massive abelian gauge fieldXµ interacting with the SM only via the hypercharge
portal [14]:

L = LSM � 1� ✏2 cos�2 ✓W
4

X̂µ⌫X̂µ⌫ +
1

2
m̂2

XX̂µX̂µ +
✏

2 cos ✓W
Bµ⌫X̂µ⌫ (1)

Here ✓W is the EW Weinberg angle, and the non-standard normalization of the X kinetic term is
introduced for future inconvenience. We assume ✏ ⌧ 1 and determine the spectrum and couplings
perturbatively in ✏. The mass term m̂X could be generated via the Stückelberg mechanism, or via
a vev of a hidden sector Higgs field; in the latter case we will assume the corresponding hidden
Higgs boson is heavy enough such that it’s not relevant for the decays of the hidden photon. We
are interested in m̂X ⌧ mZ such that X can have a non-negligible e↵ect on Higgs decays.

To work out model’s phenomenology it is convenient to remove the kinetic mixing by redefining
the hypercharge gauge field: Bµ ! Bµ + cos ✓�1

W X̂µ. The kinetic terms are now diagonal and
canonically normalized, but after the EW breaking the Z and X bosons mix via the mass terms,

Lmass =
1

2
m̂2

ZẐµẐµ +
1

2

�
m̂2

X + ✏2m̂2
Z tan2 ✓W

�
X̂µX̂µ � m̂2

Z✏ tan ✓W X̂µẐµ, (2)

where m̂Z = g2L + g2Y v/2 and we denote gL, gY the SM gauge couplings of SU(2)L ⇥ U(1)Y . To
diagonalize the matrix we need the rotation

Ẑµ = cos↵Zµ+sin↵Xµ, X̂µ = � sin↵Zµ+cos↵Xµ, ↵ ⇡ ✏ tan ✓W
m2

Z

m2
Z �m2

X

+O(✏2) (3)

This kind of mixing is constrained electroweak precision observables. In particular, it shifts the
mass of the Z boson,

m2
Z = m̂2

Z + ✏2
tan2 ✓W m̂4

Z

m2
Z � m̂2

X

+O(✏3), (4)

and the Z boson couplings to matter,

gZ,f = ĝZ,f

✓
1� ✏2

tan2 ✓Wm4
Z

(m2
Z �m2

X)2

◆
� ✏2

q
g2L + g2Y

tan2 ✓Wm2
Z

m2
Z �m2

X

Yf , (5)

where ĝZ,f =
q
g2L + g2Y (T

3
f � sin2 ✓WQf ) is the Z coupling in the SM. Using the constraints from

LEP-1 and SLC [15] and W mass [16] measurements for mX ⌧ mZ we find
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m2
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at 95% C.L., (6)
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Z mass and Z couplings to matter 

Hidden photon in the golden channel

Fitting to LEP-1 and W mass data

2.1 Hidden Photon

The first model we study has cascade decay h ! ZX ! 4` mediated by a new neutral vector
boson. Consider a massive abelian gauge fieldXµ interacting with the SM only via the hypercharge
portal:

L = LSM � 1� ✏2 cos�2 ✓W
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XX̂µX̂µ +
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2 cos ✓W
Bµ⌫X̂µ⌫ (3)

Here ✓W is the Weinberg angle, and the non-standard normalization of the X kinetic term is
introduced for future convenience. We assume ✏ ⌧ 1 and determine the spectrum and couplings
perturbatively in ✏. The mass term m̂X could be generated via the Stückelberg mechanism, or via
a vev of a hidden sector Higgs field; in the latter case we will assume the corresponding hidden
Higgs boson is heavy enough such that it does not a↵ect the hidden photon decays. We are
interested in m̂X ⌧ mZ such that X can have a non-negligible e↵ect on Higgs decays.

To work out model’s phenomenology it is convenient to remove the kinetic mixing by redefining
the hypercharge gauge field: Bµ ! Bµ + cos ✓�1

W X̂µ. The kinetic terms are now diagonal and
canonically normalized, but after the EW breaking the Z and X bosons mix via the mass terms,
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where m̂Z = g2L + g2Y v/2 and we denote gL, gY the SM gauge couplings of SU(2)L ⇥ U(1)Y . To
diagonalize the matrix we need the rotation

Ẑµ = cos↵Zµ+sin↵Xµ, X̂µ = � sin↵Zµ+cos↵Xµ, ↵ ⇡ ✏ tan ✓W
m2

Z

m2
Z �m2
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+O(✏2). (5)

Mixing between the Z and exotic bosons is constrained electroweak precision observables. In
particular, it a↵ects the mass of the Z boson,
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and the Z boson couplings to matter,
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where ĝZ,f =
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g2L + g2Y (T
3
f � sin2 ✓WQf ) is the Z boson coupling in the SM. Using the constraints

from LEP-1 and SLC [24] and W mass [25] measurements for mX ⌧ mZ we find

|✏| . 0.024

s

1� m2
X

m2
Z

at 95% C.L., (8)

in agreement with Ref. [26]. For mX below 9.3 GeV one gets a stronger limit |✏| . 10�3 [16, 27]
based on ⌥(2S, 3S) ! �µ+µ� searches in BaBar [28].

We turn to the couplings of the hidden photon. The couplings to the SM fermion are

gX,f = ✏ e
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perturbatively in ✏. The mass term m̂X could be generated via the Stückelberg mechanism, or via
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in agreement with Ref. [26]. For mX below 9.3 GeV one gets a stronger limit |✏| . 10�3 [16, 27]
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2 Models

In this section we study two scenarios where new light degrees of freedom can modify the Higgs
decays in the golden-channel. One has a new light vector field (the hidden photon) kinetically
mixing with the SM hypercharge. The other has a new vector-like fermion with quantum numbers
of the SM right-handed electron that mixes via a Yukawa coupling with one of the SM charged
leptons. We determine the region of the parameter space of these models allowed by precision
measurements, and we discuss how large branching fraction for exotic Higgs decays is allowed by
these constraints.

2.1 Hidden Photon

The first model we study has cascade decay h ! ZX ! 4` mediated by a new neutral vector
boson. Consider a massive abelian gauge fieldXµ interacting with the SM only via the hypercharge
portal [14]:

L = LSM � 1� ✏2 cos�2 ✓W
4

X̂µ⌫X̂µ⌫ +
1

2
m̂2

XX̂µX̂µ +
✏

2 cos ✓W
Bµ⌫X̂µ⌫ (1)

Here ✓W is the EW Weinberg angle, and the non-standard normalization of the X kinetic term is
introduced for future inconvenience. We assume ✏ ⌧ 1 and determine the spectrum and couplings
perturbatively in ✏. The mass term m̂X could be generated via the Stückelberg mechanism, or via
a vev of a hidden sector Higgs field; in the latter case we will assume the corresponding hidden
Higgs boson is heavy enough such that it’s not relevant for the decays of the hidden photon. We
are interested in m̂X ⌧ mZ such that X can have a non-negligible e↵ect on Higgs decays.

To work out model’s phenomenology it is convenient to remove the kinetic mixing by redefining
the hypercharge gauge field: Bµ ! Bµ + cos ✓�1

W X̂µ. The kinetic terms are now diagonal and
canonically normalized, but after the EW breaking the Z and X bosons mix via the mass terms,
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Z tan2 ✓W

�
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Z✏ tan ✓W X̂µẐµ, (2)

where m̂Z = g2L + g2Y v/2 and we denote gL, gY the SM gauge couplings of SU(2)L ⇥ U(1)Y . To
diagonalize the matrix we need the rotation

Ẑµ = cos↵Zµ+sin↵Xµ, X̂µ = � sin↵Zµ+cos↵Xµ, ↵ ⇡ ✏ tan ✓W
m2

Z

m2
Z �m2

X

+O(✏2) (3)

This kind of mixing is constrained electroweak precision observables. In particular, it shifts the
mass of the Z boson,
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and the Z boson couplings to matter,

gZ,f = ĝZ,f

✓
1� ✏2

tan2 ✓Wm4
Z

(m2
Z �m2

X)2

◆
� ✏2

q
g2L + g2Y

tan2 ✓Wm2
Z

m2
Z �m2

X

Yf , (5)

where ĝZ,f =
q
g2L + g2Y (T

3
f � sin2 ✓WQf ) is the Z coupling in the SM. Using the constraints from

LEP-1 and SLC [15] and W mass [16] measurements for mX ⌧ mZ we find

|✏| . 0.024

s

1� m2
X

m2
Z

at 95% C.L., (6)

2

Electroweak Precision Observables imply 

Hidden photon in the golden channel

Follows the bound on branching fraction h $ Z X 

for 10 GeV < mX < mZ, and stronger bounds below from B-factories
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FIG. 12: Constraints on ✏, mZD for pure kinetic mixing (no additional source of Z-ZD mass

mixing) for mZD ⇠MeV–10 GeV. The black dashed line separates prompt (c⌧ < 1µm) from non-

prompt decays. The three blue lines are contours of Br(h ! ZZD) of 10�4, 10�5, 10�6 respectively.

Shaded regions are existing experimental constraints [137, 149–161, 166–170], see e.g. [131] for a

recent review. The red shaded region “CMS” is a new limit we derived by recasting the CMS

20+5 fb�1 h ! ZZ⇤ analysis [171], as described in §10. (We obtain a similar bound from the

corresponding ATLAS analysis [172].) This new bound can be optimized with a dedicated LHC

measurement, likely improving upon the Electroweak Precision Measurement Bounds (green region

labelled “EWPM” [166]) for some masses.

ZD decays, which requires mZD & 10 MeV given the current constraints shown in Fig. 12.

For mZD > 10 GeV, the most stringent constraints come from precision electroweak

measurements;11 we have verified the results in [166]. These constraints are largely driven

additional Higgs doublets that also carry dark charge. The resulting ZD ! SM decays would be more Z-

like and lead to additional constraints from rare meson decays as well as new parity-violating interactions

[162]. However, we stress that the exotic Higgs phenomenology would not be qualitatively di↵erent.
11 We thank Adam Falkowski for useful correspondence on the electroweak precision bounds shown in the
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in agreement with Ref. [17]. For mX below 10 GeV one gets a stronger limit |✏| . 10�3 [18, 19]
based on ⌥(2S, 3S) ! �µ+µ� searches in BaBar [20].

We turn to the couplings of the hidden photon. The couplings to the SM fermion are

gX,f = ✏ e


Qf

✓
1� tan2 ✓Wm2

X

m2
Z �m2

X

◆
+ T 3

f
m2

X

cos2 ✓W (m2
Z �m2

X)

�
. (7)

The new vector field couples to the electric charge up to O(m2
X/m2

Z) corrections, hence the name
hidden photon. Assuming there’s no other decay channels of X (for example, into other particles
in the hidden sector), for mX ⌧ mZ one finds Br(X ! l+l�) ⇡ 0.15, Br(X ! had) ⇡ 0.55,
while Br(X ! ⌫⌫) is negligible. Due to the mixing with Z, the hidden photons also acquires the
coupling to the Higgs boson:

LhZX = chZX
m2

Z

v
hZµXµ, chZX =

2✏ tan ✓Wm2
X

m2
Z �m2

X

+O(✏2). (8)

Thus, all elements are in place for new contributions to the golden channel via the cascade decay
h ! ZX ! 4`. However, the coupling in Eq. (8) is suppressed not only by ✏ but also by m2

X/m2
Z .

For this reason Br(h ! ZX) can be at most of order 10�4, as can be seen from Fig. 1. As this
represents an order 1% correction to the SM Higgs rate in the golden channel, this model may
give observable corrections in the golden channel only in a small region of its parameter space.

A larger branching fraction can be obtained by a simple modification of the hidden photon
model. We introduce additional couplings between the hidden photon and the SM sector:

�L =
✏2

cos ✓W

✓ |H|2
v2

� 1

2

◆
Bµ⌫X̂µ⌫ +

✏3
cos ✓W

|H|2
v2

B̃µ⌫X̂µ⌫ , (9)

where B̃µ⌫ = ✏µ⌫⇢�@⇢B�. In principle the parameters ✏2 and ✏3 are not constrained by precision
observables, although |✏2| � |✏| would be a fine-tuning. The new terms in�L induce new couplings
of the Higgs boson to the Z boson and the hidden photon:

�LhZX = �h

v
tan ✓W

⇣
✏2Xµ⌫Zµ⌫ + ✏3Xµ⌫Z̃µ⌫

⌘
+O(✏2). (10)

These couplings do not su↵er from the m2
X/m2

Z suppression. From Fig. 1 we can see that even
for ✏2 = 0.02 or ✏3 = 0.02 one can obtain Br(h ! ZX) of order 10�3.

We note that for ✏2,3 6= 0 the model also predicts decays h ! X� via the coupling analogous
to those in Eq. (10). The branching fraction is larger than that for h ! XZ decays because of
the lack of phase space and tan ✓W suppression. For example, for ✏2 = 0.02 or ✏3 = 0.02 one finds
Br(h ! X�) ⇡ 10 %. Therefore this version of the hidden photon model may be more e�ciently
probed in the h ! `+`�� final state, rather than in the golden channel.

2.2 Vector-like Lepton

The other model we study in this paper has h ! El ! Z`+`� ! 4` cascade decay mediated by
a new charged lepton mixing with the SM leptons. Consider the SM extended by a vector-like
fermion E transforming under the SM gauge group as (1, 1)�1, thus having the quantum numbers
of the right-handed electron. We assume E mixes with one of the SM charged leptons via Yukawa
couplings:

L = �y ¯̀RH
†lL �MEĒREL � Y ĒRH

†l + h.c. (11)

3
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channels we expect that, after combining all 4-lepton channels, the sensitivity will correspond
roughly to doubling the number of h ! 2e2µ events. To translate between the number of events
and the LHC luminosity we assume the 27% e�ciency of reconstructing 4-lepton Higgs decays
(the one in CMS in the LHC run-I [18]). Thus, for example, 300 fb�1 at 14 TeV LHC corresponds
to roughly 275 h ! 2e2µ and 600 h ! 4` expected events, where we take �(pp ! h) ⇡ 56 pb,
and Br(h ! 4`) = 1.3⇥ 10�4 [19].

mX ✏ ✏2 ✏3 R

10 0.02 0 0 1.004
15 0.02 0 0 1.006
20 0.02 0 0 1.019
25 0.02 0 0 1.031
30 0.02 0 0 1.039

30 0.02 0.01 0 1.33
30 0.02 0 0.015 1.20

35 0.02 0 0 1.019
40 0.02 0 0 1.019
50 0.02 0 0 1.016
60 0.018 0 0 1.014

mE ↵L R

103 0.015 1.48
110 0.017 1.57
115 0.02 1.08
120 0.02 0.95

Table 1: Left: benchmarks point for the hidden photon model. The 4-lepton event rate relative
to the SM one R = �(h!4`)

�(h!4`)SM
was computed using MadGraph 5 [41] after imposing the standard

CMS cuts: pT,` > 10 GeV, |⌘`| < 2.5, and M1 > 50 GeV, M2 > 12 GeV for opposite-sign, same-
flavor lepton pairs. For the mX = 10 GeV benchmark a weaker cut M2 > 5 GeV is used, as the
standard one cuts away most of the signal. For the benchmarks with non-zero ✏2 or ✏3 the rate
includes the contribution of diagrams with an intermediate o↵-shell photon. Right: the same for
the vector-like lepton mixing with the SM muon.

We start with the vanilla version of the hidden photon model that corresponds to setting
✏2 = ✏3 = 0 in Eq. (11). We fix ✏ = 10�2 for all benchmarks and consider several values of the
hidden photon masses in the range 10-60 GeV. The benchmark points we studied are summarized
in Table 1 and our results concerning the LHC sensitivity are shown in Fig. 4. It is worth noting
that for these points the total h ! 4` rate is enhanced merely by a few percent compared to
the SM. As this is within the uncertainty on the SM Higgs production cross section, the total
rate information is not useful to discriminate between the SM and new physics in this case.
Nevertheless, taking advantage of the full kinematic information contained in the 4-lepton event
leads to a good sensitivity to new physics. We find that the parameter space of the hidden photon
model allowed by electroweak precision observables can be probed already in the coming Run-II
of the LHC. In particular, assuming 300 fb�1 at 14 TeV will be collected, mX in the range 15-
65 GeV can be probed for ✏ near the boundary of the region allowed by precision observables.
Further increase in sensitivity can be obtained in the high-luminosity phase of the LHC (assuming
3000 fb�1 at 14 TeV) or in the future 100 TeV collider. In particular, the reach can be extended3

down to mX = 10 GeV, below which the strong bounds on the kinetic mixing from B-factories
make it di�cult to probe the simplest hidden photon model in high-energy colliders. Note that
the case with mX + mZ > mh, where the strictly 2-body decay h ! ZX is forbidden, can also

3Assuming that the cut on the lepton pair invariant mass can be lowered from the current standard value of
12 GeV.
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in agreement with Ref. [17]. For mX below 10 GeV one gets a stronger limit |✏| . 10�3 [18, 19]
based on ⌥(2S, 3S) ! �µ+µ� searches in BaBar [20].

We turn to the couplings of the hidden photon. The couplings to the SM fermion are

gX,f = ✏ e


Qf

✓
1� tan2 ✓Wm2

X

m2
Z �m2

X

◆
+ T 3

f
m2

X

cos2 ✓W (m2
Z �m2

X)

�
. (7)

The new vector field couples to the electric charge up to O(m2
X/m2

Z) corrections, hence the name
hidden photon. Assuming there’s no other decay channels of X (for example, into other particles
in the hidden sector), for mX ⌧ mZ one finds Br(X ! l+l�) ⇡ 0.15, Br(X ! had) ⇡ 0.55,
while Br(X ! ⌫⌫) is negligible. Due to the mixing with Z, the hidden photons also acquires the
coupling to the Higgs boson:

LhZX = chZX
m2

Z

v
hZµXµ, chZX =

2✏ tan ✓Wm2
X

m2
Z �m2

X

+O(✏2). (8)

Thus, all elements are in place for new contributions to the golden channel via the cascade decay
h ! ZX ! 4`. However, the coupling in Eq. (8) is suppressed not only by ✏ but also by m2

X/m2
Z .

For this reason Br(h ! ZX) can be at most of order 10�4, as can be seen from Fig. 1. As this
represents an order 1% correction to the SM Higgs rate in the golden channel, this model may
give observable corrections in the golden channel only in a small region of its parameter space.

A larger branching fraction can be obtained by a simple modification of the hidden photon
model. We introduce additional couplings between the hidden photon and the SM sector:

�L =
✏2

cos ✓W

✓ |H|2
v2

� 1

2

◆
Bµ⌫X̂µ⌫ +

✏3
cos ✓W

|H|2
v2

B̃µ⌫X̂µ⌫ , (9)

where B̃µ⌫ = ✏µ⌫⇢�@⇢B�. In principle the parameters ✏2 and ✏3 are not constrained by precision
observables, although |✏2| � |✏| would be a fine-tuning. The new terms in�L induce new couplings
of the Higgs boson to the Z boson and the hidden photon:

�LhZX = �h

v
tan ✓W

⇣
✏2Xµ⌫Zµ⌫ + ✏3Xµ⌫Z̃µ⌫

⌘
+O(✏2). (10)

These couplings do not su↵er from the m2
X/m2

Z suppression. From Fig. 1 we can see that even
for ✏2 = 0.02 or ✏3 = 0.02 one can obtain Br(h ! ZX) of order 10�3.

We note that for ✏2,3 6= 0 the model also predicts decays h ! X� via the coupling analogous
to those in Eq. (10). The branching fraction is larger than that for h ! XZ decays because of
the lack of phase space and tan ✓W suppression. For example, for ✏2 = 0.02 or ✏3 = 0.02 one finds
Br(h ! X�) ⇡ 10 %. Therefore this version of the hidden photon model may be more e�ciently
probed in the h ! `+`�� final state, rather than in the golden channel.

2.2 Vector-like Lepton

The other model we study in this paper has h ! El ! Z`+`� ! 4` cascade decay mediated by
a new charged lepton mixing with the SM leptons. Consider the SM extended by a vector-like
fermion E transforming under the SM gauge group as (1, 1)�1, thus having the quantum numbers
of the right-handed electron. We assume E mixes with one of the SM charged leptons via Yukawa
couplings:

L = �y ¯̀RH
†lL �MEĒREL � Y ĒRH

†l + h.c. (11)
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channels we expect that, after combining all 4-lepton channels, the sensitivity will correspond
roughly to doubling the number of h ! 2e2µ events. To translate between the number of events
and the LHC luminosity we assume the 27% e�ciency of reconstructing 4-lepton Higgs decays
(the one in CMS in the LHC run-I [18]). Thus, for example, 300 fb�1 at 14 TeV LHC corresponds
to roughly 275 h ! 2e2µ and 600 h ! 4` expected events, where we take �(pp ! h) ⇡ 56 pb,
and Br(h ! 4`) = 1.3⇥ 10�4 [19].

mX ✏ ✏2 ✏3 R

10 0.02 0 0 1.004
15 0.02 0 0 1.006
20 0.02 0 0 1.019
25 0.02 0 0 1.031
30 0.02 0 0 1.039

30 0.02 0.01 0 1.33
30 0.02 0 0.015 1.20

35 0.02 0 0 1.019
40 0.02 0 0 1.019
50 0.02 0 0 1.016
60 0.018 0 0 1.014

mE ↵L R

103 0.015 1.48
110 0.017 1.57
115 0.02 1.08
120 0.02 0.95

Table 1: Left: benchmarks point for the hidden photon model. The 4-lepton event rate relative
to the SM one R = �(h!4`)

�(h!4`)SM
was computed using MadGraph 5 [41] after imposing the standard

CMS cuts: pT,` > 10 GeV, |⌘`| < 2.5, and M1 > 50 GeV, M2 > 12 GeV for opposite-sign, same-
flavor lepton pairs. For the mX = 10 GeV benchmark a weaker cut M2 > 5 GeV is used, as the
standard one cuts away most of the signal. For the benchmarks with non-zero ✏2 or ✏3 the rate
includes the contribution of diagrams with an intermediate o↵-shell photon. Right: the same for
the vector-like lepton mixing with the SM muon.

We start with the vanilla version of the hidden photon model that corresponds to setting
✏2 = ✏3 = 0 in Eq. (11). We fix ✏ = 10�2 for all benchmarks and consider several values of the
hidden photon masses in the range 10-60 GeV. The benchmark points we studied are summarized
in Table 1 and our results concerning the LHC sensitivity are shown in Fig. 4. It is worth noting
that for these points the total h ! 4` rate is enhanced merely by a few percent compared to
the SM. As this is within the uncertainty on the SM Higgs production cross section, the total
rate information is not useful to discriminate between the SM and new physics in this case.
Nevertheless, taking advantage of the full kinematic information contained in the 4-lepton event
leads to a good sensitivity to new physics. We find that the parameter space of the hidden photon
model allowed by electroweak precision observables can be probed already in the coming Run-II
of the LHC. In particular, assuming 300 fb�1 at 14 TeV will be collected, mX in the range 15-
65 GeV can be probed for ✏ near the boundary of the region allowed by precision observables.
Further increase in sensitivity can be obtained in the high-luminosity phase of the LHC (assuming
3000 fb�1 at 14 TeV) or in the future 100 TeV collider. In particular, the reach can be extended3

down to mX = 10 GeV, below which the strong bounds on the kinetic mixing from B-factories
make it di�cult to probe the simplest hidden photon model in high-energy colliders. Note that
the case with mX + mZ > mh, where the strictly 2-body decay h ! ZX is forbidden, can also

3Assuming that the cut on the lepton pair invariant mass can be lowered from the current standard value of
12 GeV.
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Vector-like lepton E interacting with SM lepton l via Yukawas

One consequence: couplings to Higgs 

Another consequence: couplings to W and Z boson 

in agreement with Ref. [17]. For mX below 10 GeV one gets a stronger limit |✏| . 10�3 [18, 19]
based on ⌥(2S, 3S) ! �µ+µ� searches in BaBar [20].

We turn to the couplings of the hidden photon. The couplings to the SM fermion are

gX,f = ✏ e


Qf

✓
1� tan2 ✓Wm2

X

m2
Z �m2

X

◆
+ T 3

f
m2

X

cos2 ✓W (m2
Z �m2

X)

�
. (7)

The new vector field couples to the electric charge up to O(m2
X/m2

Z) corrections, hence the name
hidden photon. Assuming there’s no other decay channels of X (for example, into other particles
in the hidden sector), for mX ⌧ mZ one finds Br(X ! l+l�) ⇡ 0.15, Br(X ! had) ⇡ 0.55,
while Br(X ! ⌫⌫) is negligible. Due to the mixing with Z, the hidden photons also acquires the
coupling to the Higgs boson:

LhZX = chZX
m2

Z

v
hZµXµ, chZX =

2✏ tan ✓Wm2
X

m2
Z �m2

X

+O(✏2). (8)

Thus, all elements are in place for new contributions to the golden channel via the cascade decay
h ! ZX ! 4`. However, the coupling in Eq. (8) is suppressed not only by ✏ but also by m2

X/m2
Z .

For this reason Br(h ! ZX) can be at most of order 10�4, as can be seen from Fig. 1. As this
represents an order 1% correction to the SM Higgs rate in the golden channel, this model may
give observable corrections in the golden channel only in a small region of its parameter space.

A larger branching fraction can be obtained by a simple modification of the hidden photon
model. We introduce additional couplings between the hidden photon and the SM sector:

�L =
✏2

cos ✓W

✓ |H|2
v2

� 1

2

◆
Bµ⌫X̂µ⌫ +

✏3
cos ✓W

|H|2
v2

B̃µ⌫X̂µ⌫ , (9)

where B̃µ⌫ = ✏µ⌫⇢�@⇢B�. In principle the parameters ✏2 and ✏3 are not constrained by precision
observables, although |✏2| � |✏| would be a fine-tuning. The new terms in�L induce new couplings
of the Higgs boson to the Z boson and the hidden photon:

�LhZX = �h

v
tan ✓W

⇣
✏2Xµ⌫Zµ⌫ + ✏3Xµ⌫Z̃µ⌫

⌘
+O(✏2). (10)

These couplings do not su↵er from the m2
X/m2

Z suppression. From Fig. 1 we can see that even
for ✏2 = 0.02 or ✏3 = 0.02 one can obtain Br(h ! ZX) of order 10�3.

We note that for ✏2,3 6= 0 the model also predicts decays h ! X� via the coupling analogous
to those in Eq. (10). The branching fraction is larger than that for h ! XZ decays because of
the lack of phase space and tan ✓W suppression. For example, for ✏2 = 0.02 or ✏3 = 0.02 one finds
Br(h ! X�) ⇡ 10 %. Therefore this version of the hidden photon model may be more e�ciently
probed in the h ! `+`�� final state, rather than in the golden channel.

2.2 Vector-like Lepton

The other model we study in this paper has h ! El ! Z`+`� ! 4` cascade decay mediated by
a new charged lepton mixing with the SM leptons. Consider the SM extended by a vector-like
fermion E transforming under the SM gauge group as (1, 1)�1, thus having the quantum numbers
of the right-handed electron. We assume E mixes with one of the SM charged leptons via Yukawa
couplings:

L = �y ¯̀RH
†lL �MEĒREL � Y ĒRH

†l + h.c. (11)
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Figure 1: Left: The branching fraction for h ! XZ in the hidden photon model for ✏ = 0.02 and ✏2 = ✏3 = 0

(red), ✏2 = 0.02, ✏3 = 0 (blue), and ✏2 = 0, ✏3 = 0.02 (green). Right: The maximum branching fraction for h ! E`
decays allowed by electroweak precision constraints for ` = e (blue), ` = µ (red), and ` = ⌧ (green).

where lL = (⌫L, `L), and ` could be the electron, muon, or tau lepton. The first term is the usual
SM lepton Yukawa coupling. The second is a vector-like mass ME of the heavy fermion. The last
term leads to a mixing between the vector-like and the SM guys after EW symmetry breaking. We
assume Y v ⌧ ME and yv ⌧ ME , in which case the lepton mass eigenstates of the mass matrix
can be worked out perturbatively in v/M . To diagonalize the mass matrix we make the rotation

`L ! cos↵L`L + sin↵LEL, EL ! � sin↵L`L + cos↵LEL,

`R ! cos↵R`R + sin↵RER, ER ! � sin↵R`R + cos↵RER, (12)

where the mixing angles are

↵L =
Y vp
2ME

�
1 +O(v2/M2

E)
�
, ↵R = O(v2/M2

E). (13)

Thus, at the leading order, only a left-handed charged lepton mix with the vector-like lepton. The
mass of the heavy lepton is approximately ME , and the mass of the SM lepton is approximately
yv/

p
2, up to O(v2/M2

E) corrections.
Because EL and `L have di↵erent quantum numbers under the EW group, the mixing a↵ects

the lepton couplings to W and Z. At the leading order one obtain non-diagonal lepton couplings
to W and Z bosons,

L =
gLp
2
↵LW

+
µ ⌫̄L�µEL �

q
g2L + g2Y

2
↵LZµ

¯̀
L�µEL (14)

This coupling allows the heavy lepton to decay as E ! Z`, and also E ! W⌫, and we assume here
these are the only allowed decays of E. For light E the branching fractions strongly depend on
ME (due to the phase space), and Br(E ! Z`) varies between 10% and 25% for mE between 100
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This coupling allows the heavy lepton to decay as E ! Z`, and also E ! W⌫, and we assume here
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This coupling allows the heavy lepton to decay as E ! Z`, and also E ! W⌫, and we assume here
these are the only allowed decays of E. For light E the branching fractions strongly depend on
ME (due to the phase space), and Br(E ! Z`) varies between 10% and 25% for mE between 100
and 125 GeV. Furthermore the Higgs boson also obtains non-diagonal couplings to the leptons:
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where lL = (⌫L, `L), and ` could be the electron, muon, or tau lepton. The first term is the usual
SM lepton Yukawa coupling. The second is a vector-like mass ME of the heavy fermion. The last
term leads to a mixing between the vector-like and the SM guys after EW symmetry breaking. We
assume Y v ⌧ ME and yv ⌧ ME , in which case the lepton mass eigenstates of the mass matrix
can be worked out perturbatively in v/M . To diagonalize the mass matrix we make the rotation

`L ! cos↵L`L + sin↵LEL, EL ! � sin↵L`L + cos↵LEL,
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Thus, at the leading order, only a left-handed charged lepton mix with the vector-like lepton. The
mass of the heavy lepton is approximately ME , and the mass of the SM lepton is approximately
yv/
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2, up to O(v2/M2

E) corrections.
Because EL and `L have di↵erent quantum numbers under the EW group, the mixing a↵ects
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L =
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This coupling allows the heavy lepton to decay as E ! Z`, and also E ! W⌫, and we assume here
these are the only allowed decays of E. For light E the branching fractions strongly depend on
ME (due to the phase space), and Br(E ! Z`) varies between 10% and 25% for mE between 100
and 125 GeV. Furthermore the Higgs boson also obtains non-diagonal couplings to the leptons:

L = � Yp
2
hĒR`L + h.c.. (15)

All in all, for mZ < ME < mh Higgs can cascade decay as h ! El ! Z`+`� ! 4`.
The mass of the heavy lepton is constrained by LEP-2 searches as ME & 103 GeV [21]. So far

the LHC experiments have not provided new limits on ME , while a recast of generic multilepton
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Searching for Exotic New Particles in Golden Channel

Can also use the golden channel to search for exotic particles
Consider models with exotic vector boson (X) or exotic fermion (E)

These models already strongly constrained by EWPD
Can golden channel probe allowed parameter space of these models?
(In collaboration with A. Falkowski)

Roberto Vega-Morales (LPT) Golden Obsessions LPTHE: March 2014 13 / 86
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where lL = (⌫L, `L), and ` could be the electron, muon, or tau lepton. The first term is the usual
SM lepton Yukawa coupling. The second is a vector-like mass ME of the heavy fermion. The last
term leads to a mixing between the vector-like and the SM guys after EW symmetry breaking. We
assume Y v ⌧ ME and yv ⌧ ME , in which case the lepton mass eigenstates of the mass matrix
can be worked out perturbatively in v/M . To diagonalize the mass matrix we make the rotation

`L ! cos↵L`L + sin↵LEL, EL ! � sin↵L`L + cos↵LEL,

`R ! cos↵R`R + sin↵RER, ER ! � sin↵R`R + cos↵RER, (12)

where the mixing angles are
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Thus, at the leading order, only a left-handed charged lepton mix with the vector-like lepton. The
mass of the heavy lepton is approximately ME , and the mass of the SM lepton is approximately
yv/
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2, up to O(v2/M2

E) corrections.
Because EL and `L have di↵erent quantum numbers under the EW group, the mixing a↵ects
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L =
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This coupling allows the heavy lepton to decay as E ! Z`, and also E ! W⌫, and we assume here
these are the only allowed decays of E. For light E the branching fractions strongly depend on
ME (due to the phase space), and Br(E ! Z`) varies between 10% and 25% for mE between 100
and 125 GeV. Furthermore the Higgs boson also obtains non-diagonal couplings to the leptons:
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hĒR`L + h.c.. (15)

All in all, for mZ < ME < mh Higgs can cascade decay as h ! El ! Z`+`� ! 4`.
The mass of the heavy lepton is constrained by LEP-2 searches as ME & 103 GeV [21]. So far

the LHC experiments have not provided new limits on ME , while a recast of generic multilepton
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Vector-like lepton in the golden channel
Higgs decay channel:

searches [22] concluded that ME in the 100 GeV ballpark is not exclude [23]. Furthermore, the
mixing angle ↵L is constrained by electroweak precision tests. At the second-order in v/ME the
couplings of the SM left-handed charged leptons to W and Z are modified as

L =

✓
1� ↵2

L

2

◆
gLp
2
W+

µ ⌫̄L�µ`L +

0

@ �g2L + g2Y

2
q
g2L + g2Y

+
q
g2L + g2Y

↵2
L

2

1

AZµ
¯̀
L�µ`L (16)

The constraint on ↵L depends on whether E mixes with e, µ, or ⌧ . Using the constraints from
LEP-1 and SLC [15] and W mass [16] measurements we find the 95% CL bounds:

(e) ↵L < 0.017,

(µ) ↵L < 0.030,

(⌧) ↵L < 0.050. (17)

For a given ME this translates into constraints on the Yukawa coupling Y , and in consequence
into constraints on Br(h ! E`). The maximum allowed branching fractions in the electron, muon
and tau channels are shown in Fig. 1. We can see that sizable branching fractions can be easily
obtained. For example, for mE = 110 GeV one finds Br(h ! Ee) . 0.4%, and Br(h ! Eµ) . 1%.

3 Methods

We are interested in estimating the potential of LHC Higgs searches in the 4-lepton final state
to constrain or discover exotic Higgs decays in the models described in Section 2. To distinguish
the SM h ! ZZ⇤ ! 4` decays from those involving a new hidden photon or heavy fermion,
we employ a simplified likelihood analysis following closely the procedure used in Ref. [6] and
described in more detail in [7, 8]. The h ! 4` channel has a good signal-to-background ratio
in the signal region m4` ⇡ mh, and is very well discriminated from the backgrounds due to the
di↵erent shapes in the distributions of the various observables [9]. Of course, ideally one would
include the dominant qq̄ ! 4` background as well in the discriminator if one wants to make precise
statements. However, recent studies [4, 5, 9] indicate that the e↵ects of including the background
should be small enough that for the present purposes considering the signal only is su�cient. For
simplicity, we only study the h ! 2e2µ final state. We will assume the sensitivity to the exotic
signal in the h ! 4e and h ! 4µ channels is the same, and we will scale our results accordingly.

The starting point for our analysis is an analytic expression for the fully di↵erential h ! 2e2µ
decay width. In the models we consider the decay amplitude receive interfering contributions from
the h ! ZZ⇤ ! 2e2µ diagram and from diagram(s) with an intermediate hidden photon or a
vector-like charged fermion. We use it to build the probability density (pdf ) function

PS(m
2
h,M1,M2, ~⌦|~�) =

d�h!4`

dM2
1dM

2
2d

~⌦
. (18)

Here M1, M2 are the invariant masses of the opposite-sign same-flavor lepton pairs, and the decay
angles ~⌦ = (⇥, cos ✓1, cos ✓2,�1,�) are defined in [5]. The ~� represent the parameters of the
models to be considered. To compute the matrix element in the hidden photon model we modify
the results of [9] to include the new gauge boson contribution. The matrix element in the vector-
like lepton model is computed in the FeynArts/FormCalc framework [12] using a custom model
exported from Feynrules [11]. In all cases the interference between the new physics process and
the SM is included. Throughout we fix the Higgs boson mass as mh = 125.6 GeV.
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Hidden photon in the golden channel
Comparable discrimination power from shape and rate analyses

Shape

RateShape+Rate

50 100 150 200 250 300
0

1

2

3

4

5

N

s

Shape vs Rate: mE = 103 GeV, aL=0.015

Operators m
X

(✏, ✏2, ✏3) Ratio (No Cuts) Ratio (CMS) �(N) fit
SM + ZV1 10 (0.02, 0, 0) 1.004 1.009 0.683 + 0.000384

p
N

SM + ZV1 10 (M2 > 5) (0.02, 0, 0) 1.004 1.004 0.603 + 0.0201
p
N

SM + ZV1 20 (0.02, 0, 0) 1.019 1.019 0.103 + 0.116
p
N

SM + ZV1 25 (0.02, 0, 0) 1.031 1.031 �0.0426 + 0.184
p
N

SM + ZV1 30 (0.02, 0, 0) 1.039 1.039 0.0213 + 0.243
p
N

SM + ZV1 35 (0.02, 0, 0) 1.019 1.019 �0.0497 + 0.199
p
N

Table 2: Table of ‘vanilla hidden photon’ results.

Operators m
X

(✏, ✏2, ✏3) Ratio (No Cuts) Ratio (CMS) �(N) fit
SM + ZV1 + ZV2 10 (0.02, -0.018, 0) 1.55 1.008 0.686 + 0.0000725

p
N

SM + ZV1 + ZV2 + AV2 10 (0.02, -0.018, 0) NA 1 0.690 � 0.000104
p
N

SM + ZV1 + ZV2 30 (0.02, -0.02, 0) 1.55 1.68 0.254 + 0.743
p
N

SM + ZV1 + ZV2 + AV2 30 (0.02, -0.02, 0) NA 2.65 0.274 + 0.804
p
N

SM + ZV1 + ZV3 10 (0.02, 0, 0.02) 1.58 1.13 0.684 + 0.00145
p
N

SM + ZV1 + ZV3 + AV3 10 (0.02, 0, 0.02) NA 1 0.682 + 0.000428
p
N

SM + ZV1 + ZV3 30 (0.02, 0, 0.05) 1.62 1.70 0.178 + 0.772
p
N

SM + ZV1 + ZV3 + AV3 30 (0.02, 0, 0.05) NA 7.38 0.325 + 0.995
p
N

Table 3: Table of ‘steroid hidden photon’ results.

M
E

(↵) Ratio (No Cuts) Ratio (CMS) �(N) fit
103 0.015 1.45 1.48 0.646 + 0.0279

p
N

103 0.017 1.57 1.70 0.679 + 0.0199
p
N

110 0.017 1.42 1.57 0.684 + 0.0140
p
N

115 0.02 1.34 1.08 0.685 + 0.00231
p
N

120 0.02 1.26 0.95 0.686 � 0.0000241
p
N

Table 4: Table of ‘vector-like lepton’ results.
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Exotic Higgs decays may be the portal  
to new physics

Large exotic decay rates readily 
possible if there exists a light BSM 
degree of freedom coupled to Higgs 

Exotic decays could show up in 
standard Higgs analyses, e.g. in the 
golden channel

If no light degrees of freedom then 
stringent constrains within EFT, but 
a few window of opportunities remain

Summary



Exotic Higgs Decays
from composite Higgs

Backup



LFV decays from composite leptons

Partial compositeness: SM leptons mix 
with heavy vector-like leptons

Flavor violation in composite sector 
feeds through this mixing to SM 

H
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LFV decays from composite leptons
But generically correlation 
between Higgs LFV decays and 
radiative LFV lepton decays  

where FZ�
SM

⇡ 4.8 and, neglecting composite-elementary mixings,

FZ�
H ⇡ (1� 4s2w)

1

3

v2

M2

Y Ỹ +O

✓
(CL � CE)2

(CL + CE)2

◆
. (12)

Compared to h ! ��, this contribution is accidentally suppressed by 1 � 4s2w ⇡ 0.08. In the
three-generation case, the correlation between h ! �� and h ! Z� depends additionally on O(1)
factors that depend on the flavour structure of the Y and Ỹ , so we do not expect a clear-cut
correlation.

4.2 Low-energy observables

Radiative lepton decay

Normalizing the branching ratio of the radiative LFV decay to the semileptonic decay, one has

BR(ei ! ej�)

BR(ei ! ej⌫i⌫̄j)
=

3↵

4⇡G2

F

⇣
|Aij

L |2 + |Aij
R|2

⌘
, (13)

where

Aij
L =

v2

2M2

1p
2meiv

⇣
�lC

�1

L Y C�1

R Ỹ C�1

L Y C�1

R �e

⌘

ij
, (14)

Aij
R =

v2

2M2

1p
2meiv

⇣
�lC

�1

L Y C�1

R Ỹ C�1

L Y C�1

R �e

⌘

ji
. (15)

By comparison to (4), one sees that these expressions are proportional to the e↵ective flavour-
violating Higgs couplings and one can write

Aij
L =

cij
e↵

2
p
2meiv

, Aij
R =

cji
e↵

2
p
2meiv

. (16)

Eqs. (6), (16) leads to a perfect correlation between the LFV Higgs decays h ! eiej and the
radiative ei ! ej� decays,

BR(h ! eiej)

BR(ei ! ej�)
=

BR(h ! eiei)SM
BR(ei ! ej⌫i⌫̄j)

4⇡

3↵
(17)

Inserting numbers, one obtains

BR(h ! ⌧µ) < 8.6⇥ 10�6


BR(⌧ ! µ�)

4.4⇥ 10�8

�
, (18)

BR(h ! ⌧e) < 6.2⇥ 10�6


BR(⌧ ! e�)

3.3⇥ 10�8

�
, (19)

BR(h ! µe) < 6.7⇥ 10�14


BR(µ ! e�)

5.7⇥ 10�13

�
, (20)

where the branching ratios in square brackets are normalized to the current upper bounds. We
conclude that LFV Higgs decay branching ratios are at least three orders of magnitude smaller
than the Higgs decays to tau pairs and are thus most probably unobservable.
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where FZ�
SM
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FZ�
H ⇡ (1� 4s2w)

1

3

v2

M2

Y Ỹ +O

✓
(CL � CE)2

(CL + CE)2

◆
. (12)
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BR(ei ! ej⌫i⌫̄j)
=

3↵

4⇡G2

F

⇣
|Aij

L |2 + |Aij
R|2

⌘
, (13)

where

Aij
L =

v2

2M2

1p
2meiv

⇣
�lC

�1

L Y C�1

R Ỹ C�1

L Y C�1

R �e

⌘

ij
, (14)

Aij
R =

v2

2M2

1p
2meiv

⇣
�lC

�1

L Y C�1

R Ỹ C�1

L Y C�1

R �e

⌘

ji
. (15)
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L =

cij
e↵

2
p
2meiv

, Aij
R =

cji
e↵

2
p
2meiv

. (16)
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where the branching ratios in square brackets are normalized to the current upper bounds. We
conclude that LFV Higgs decay branching ratios are at least three orders of magnitude smaller
than the Higgs decays to tau pairs and are thus most probably unobservable.
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