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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 125.5 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

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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to SM fixed
Higgs coupling 
to bees floating

Higgs coupling 
to gluons floating

Allowing some Higgs couplings to SM to float

Limits on exotic Higgs branching fraction

Br(h→exotic) ≲ 30% at 95% CL



- 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% 

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 in the golden 
channel in the hidden photon model

Exotic Higgs Decays
This talk:

AA,Vega-Morales, 1405.1095

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

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


Hidden Photon
in the golden channel 



Model with a new light exotic gauge 
boson decaying to leptons 

Originally motivated by astrophysical 
anomalies (PAMELA/FERMI/AMS cosmic 
ray positron excess)

Now, a popular benchmark model for 
hidden sector searches

Hidden photon model



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)
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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)
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For small mass it mili-couples to electric current 
(hence hidden photon) 
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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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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]:
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are interested in m̂X ⌧ mZ such that X can have a non-negligible e↵ect on Higgs decays.
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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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Hidden photon in the golden channel
Simple modification of hidden photon model

Larger 
branching 

fractions for 
h$ZX now 
allowed 

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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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].
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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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Some of these operators violate CP, either via CP violating tensor structures, 
or via CP violating complex couplings  

X3 ϕ6 and ϕ4D2 ψ2ϕ3

QG fABCGAν
µ GBρ

ν GCµ
ρ Qϕ (ϕ†ϕ)3 Qeϕ (ϕ†ϕ)(l̄perϕ)

QG̃ fABCG̃Aν
µ GBρ

ν GCµ
ρ Qϕ! (ϕ†ϕ)!(ϕ†ϕ) Quϕ (ϕ†ϕ)(q̄purϕ̃)

QW εIJKW Iν
µ W Jρ

ν WKµ
ρ QϕD

(
ϕ†Dµϕ

)$ (
ϕ†Dµϕ

)
Qdϕ (ϕ†ϕ)(q̄pdrϕ)

QW̃ εIJKW̃ Iν
µ W Jρ

ν WKµ
ρ

X2ϕ2 ψ2Xϕ ψ2ϕ2D

QϕG ϕ†ϕGA
µνG

Aµν QeW (l̄pσµνer)τ IϕW I
µν Q(1)

ϕl (ϕ†i
↔

Dµ ϕ)(l̄pγµlr)

QϕG̃ ϕ†ϕ G̃A
µνG

Aµν QeB (l̄pσµνer)ϕBµν Q(3)
ϕl (ϕ†i

↔

D I
µ ϕ)(l̄pτ

Iγµlr)

QϕW ϕ†ϕW I
µνW

Iµν QuG (q̄pσµνTAur)ϕ̃GA
µν Qϕe (ϕ†i

↔

Dµ ϕ)(ēpγµer)

QϕW̃ ϕ†ϕ W̃ I
µνW

Iµν QuW (q̄pσµνur)τ I ϕ̃W I
µν Q(1)

ϕq (ϕ†i
↔

Dµ ϕ)(q̄pγµqr)

QϕB ϕ†ϕBµνBµν QuB (q̄pσµνur)ϕ̃Bµν Q(3)
ϕq (ϕ†i

↔

D I
µ ϕ)(q̄pτ

Iγµqr)

QϕB̃ ϕ†ϕ B̃µνBµν QdG (q̄pσµνTAdr)ϕGA
µν Qϕu (ϕ†i

↔

Dµ ϕ)(ūpγµur)

QϕWB ϕ†τ IϕW I
µνB

µν QdW (q̄pσµνdr)τ IϕW I
µν Qϕd (ϕ†i

↔

Dµ ϕ)(d̄pγµdr)

QϕW̃B ϕ†τ Iϕ W̃ I
µνB

µν QdB (q̄pσµνdr)ϕBµν Qϕud i(ϕ̃†Dµϕ)(ūpγµdr)

Table 2: Dimension-six operators other than the four-fermion ones.

3 The complete set of dimension-five and -six operators

This Section is devoted to presenting our final results (derived in Secs. 5, 6 and 7) for the basis

of independent operators Q(5)
n and Q(6)

n . Their independence means that no linear combination
of them and their Hermitian conjugates is EOM-vanishing up to total derivatives.

Imposing the SM gauge symmetry constraints on Q(5)
n leaves out just a single operator [20],

up to Hermitian conjugation and flavour assignments. It reads

Qνν = εjkεmnϕ
jϕm(lkp)

TClnr ≡ (ϕ̃†lp)
TC(ϕ̃†lr), (3.1)

where C is the charge conjugation matrix.2 Qνν violates the lepton number L. After the
electroweak symmetry breaking, it generates neutrino masses and mixings. Neither L(4)

SM nor
the dimension-six terms can do the job. Thus, consistency of the SM (as defined by Eq. (1.1)
and Tab. 1) with observations crucially depends on this dimension-five term.

All the independent dimension-six operators that are allowed by the SM gauge symmetries
are listed in Tabs. 2 and 3. Their names in the left column of each block should be supplemented
with generation indices of the fermion fields whenever necessary, e.g., Q(1)

lq → Q(1)prst
lq . Dirac

indices are always contracted within the brackets, and not displayed. The same is true for the

2 In the Dirac representation C = iγ2γ0, with Bjorken and Drell [21] phase conventions.
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Extending SM by higher dimensional operators modifies Higgs couplings existing in SM,  
and leads to new Higgs couplings with new tensor structures  
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Among the 59 irrelevant directions, 3 of them induce CP Higgs couplings in the EW bosonic sector

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 g�

m2
W

(DµH)†(D⇥H)B̃µ⇥

+
c̃� g�

2
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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.
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3

� hFF̃ �

h

S

FIG. 1. Left: the diagram that gives rise to fermionic EDMs via the insertion of the operator hF F̃ from Eq. (2). Right: the
two-loop diagram that leads to fermion EDMs in the model involving a VL lepton, �, coupled to a singlet, S, that mixes with
the Higgs. The cross on the scalar line indicates that this contribution is proportional to the mixing term, A, in the scalar
potential.

of ỸS , ⇤, and m⇧:

df = d(2l)f ⇥Q2
⇧ỸS

v

m⇧
sin(2⇤)

�
g(m2

⇧/m
2
h)� g(m2

⇧/m
2
S)
⇥
,

(13)
where the loop function is given by

g(z) =
z

2

⌃ 1

0
dx

1

x(1� x)� z
ln

⌅
x(1� x)

z

⇧
, (14)

which satisfies g(1) ⇤ 1.17 and g ⇤ 1
2 ln z for large z. We

show the Feynman diagram responsible for this contribu-
tion on the right of Fig. 1.

It is instructive to consider di⇤erent limits of
(13). When mh ⌅ m⇧,mS , to logarithmic accuracy
g(m2

⇧/m
2
h)� g(m2

⇧/m
2
S) ⇧ 1

2 ln(m
2
min/m

2
h), where mmin

is the smaller of mS and m⇧. In this limit, the heavy
fields can be integrated out sequentially, with S and ⇧
first, and h second. The first step is simplified by the
use of the chiral anomaly equation for ⇧, ⌃µ⇧̄⇥µ⇥5⇧ =
2i⇧̄⇥5⇧+ �

8⌅Q
2
⇧Fµ⇤ F̃µ⇤ . This leads to the following iden-

tification:

c̃h

⇥̃2
=

�Q2
⇧

4⌅

ỸSA

m2
Sm⇧

; ⇥UV ⌃ min(mS ,m⇧). (15)

Apart from a smaller value for the logarithmic cuto⇤,
the result in this limit di⇤ers little from the contact op-
erator case above. Even if the value of the logarithm is
not enhanced, ln(m2

min/m
2
h) ⇤ O(1), the corrections to

the Higgs diphoton rate will be limited to at most the
sub-percent level unless a fine-tuned cancellation of de is
arranged with some other CP -odd source.

We now consider a di⇤erent near-degenerate limit,
|mh � mS | ⌅ mh, which turns out to be more inter-
esting as it allows the EDM constraints to be bypassed.
If the di⇤erence between the masses is small, we can ap-
proximate

sin(2⇤)(m2
S �m2

h) ⇧ 2Av, (16)

and the EDM becomes

df = d(2l)f ⇥Q2
⇧ỸS

2Av2m⇧

m4
h

g⇤(m2
⇧/m

2
h) (17)

�⇧ d(2l)f ⇥Q2
⇧ỸS

Av2

m2
hm⇧

, (18)

where in the final step we made use of the large m⇧ limit.
The limiting case (17) receives no logarithmic enhance-

ment. Moreover, the value of the A parameter can be
very small, comparable to the mass splitting between h
and S or less. An O(1 GeV) mass splitting would nat-
urally place Av2/(m2

hm⇧) in the O(10�2 � 10�3) range,
suppressing the EDM safely below the bound.
At the same time, as explicitly shown in Ref. [5], mod-

ifications to the h ⇧ ⇥⇥ rate can be significant, and
enhancement can come from the Fµ⇤ F̃µ⇤ amplitude. Un-
like corrections to the Fµ⇤Fµ⇤ amplitudes that can en-
hance or suppress the e⇤ective rate, the CP -odd chan-
nel always adds to R⇥⇥ . Assuming that the mass di⇤er-
ence between the singlet and the Higgs is small enough
that they cannot be separately resolved (which requires
|mS �mh| ⇤< 3 GeV with current statistics [5]), the ap-
parent increase in the diphoton rate in this model is

Re�
⇥⇥(ỸS) = cos2 ⇤ ⇥ Brh⇥⇥⇥

BrSMh⇥⇥⇥

+ sin2 ⇤ ⇥ BrS⇥⇥⇥

BrSMh⇥⇥⇥

. (19)

If ⇤ is in the range
⌥

�Ŝ⇥⇥⇥

�ĥ⇥⇥⇥

BrSMh⇥⇥⇥ ⇤< ⇤ ⇤<
⌥

�ĥ⇥⇥⇥

�Ŝ⇥⇥⇥

(20)

and �ĥ⇥⇥⇥ ⇤ �Ŝ⇥⇥⇥ then R⇥⇥ simplifies to a ⇤-
independent expression,

Re�
⇥⇥(ỸS) ⌃ 1 +

�Ŝ⇥⇥⇥

�ĥ⇥⇥⇥

. (21)

The rate for the weak eigenstate Ŝ to decay to two pho-
tons via its pseudoscalar coupling to the VL fermions is

�Ŝ⇥⇥⇥ =
�2Q4

⇧Ỹ
2
s m

3
S

256⌅3m2
⇧

⇤⇤⇤⇤A
P
1/2

⌅
m2

S

4m⇧

⇧⇤⇤⇤⇤
2

, (22)
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Indirect: CP violating effects in 
low energy precision 
experiments 

Semi-direct: kinematic 
distributions sensitive to 
different momentum 
dependence of CP violating 
Higgs couplings 

Direct: genuinely CP violating 
observables in Higgs production 
and decay

How to search for CP violating Higgs couplings

h        ZZ*(4l) decays

● Use observables to 
discriminate between the 
various vertex structures

● CMS & ATLAS use a 
likelihood constructed 
out of these.

Choi, Miller, Muhlleitner, Zerwas (2007)   for    spinspin determination.,  AND  Godbole, 
Miller, Muhlleitner, 2007  for anomalous, CPC and CPV vertices. 

CMS-HIG-12-041
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Figure 2: The azimuthal distributions, dΓ/dϕ, for the Standard Model Higgs boson and a
pseudoscalar boson, with a Higgs mass of 280 GeV. The histogram for the Standard Model
shows the expected result from 900 signal events corresponding to an integrated luminosity of
∫

L dt = 300 fb−1 at LHC [with efficiencies and cuts included according to the experimental
simulation Ref.[10]]. The curves show the exact theoretical dependences for the scalar and
pseudoscalar, appropriately normalised.

independently of the parity of the decaying particle.

For a CP invariant theory the polar–angle distributions can be written in the form
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while the general azimuthal angular distribution reads
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For Higgs decay, simple 
asymmetry for decays 
into CP conjugate states 
F and Fbar requires 
interference of 2 
amplitudes with different 
weak AND strong phases

In absence of strong 
phases, one needs to 
resort to triple product 
asymmetries, which 
require 4 visible momenta 
in final state 

CP violation and strong phases



New CP violating observable in certain 3-body Higgs 
decays that requires only 3 reconstructed momenta

Analogous observables discussed to death in flavor 
physics, in context of BSM decay studied by 
Berger,Blanke,Grossman 1105.0672, but afaik no 
discussion in context of Higgs physics  

In Higgs decays, strong phase provided by the Breit-
Wigner propagator of the Z boson, while weak 
phases may arise due to  CP violating Higgs 
couplings

Example: forward-backward asymmetry of lepton in  
h→(Z/γ)γ→l-l+γ decays

CP violation in 3-body Higgs decays



In SM, loop level 
decays with branching 
fraction 0.16% 

Current limits order of 
magnitude larger

Room for large CP 
violating Higgs coupling 
to Zγ from BSM 

Higgs  decays to Zγ in SM



Higgs  decays to Zγ in BSM

h

!−

!+

γ

Z, γ

Asymmetric part manifestly CP odd

rest frame of the l+l- system



CP violation is proportional to CP odd Higgs 
couplings to Zγ or γγ who provide weak phases

CP violation is proportional to the width of Z  
who provides the strong phase

It leads to forward-backward asymmetry of 
lepton direction in rest frame of l+l- system 

CP violation in h→l-l+γ decays



CP violation in h→l-l+γ decays

rest frame of the l+l- 

CP CP

C

C
P

θ→π-θ

θ→π-θ θ→π-θ

θ→π-θ

CP conserved ⇒

Asymmetry in cosθ implies C and CP violation



CP violation in h→l-l+γ decays

CP CP

C

C
P

θ→π-θ

θ→π-θ θ→π-θ

θ→π-θ

Two interfering diagrams 
with intermediate Z or γ

rest frame of the l+l- system

Each diagram has different strong and weak phase



Both symmetric and 
anti-symmetric peak 
at the Z pole -> one 
can use narrow width 
approximation for both 

Dependence on axial 
coupling to Z is 
because C needs to be 
violated as well

CP violation in h→l-l+γ decays
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Integrated asymmetry 
suppressed by Γz/mZ, but 
otherwise no parametric 
suppression

5% asymmetry possible if 
CP violating Higgs couplings 
of the same order as 
conserving ones

Larger asymmetry possible 
if effective Higgs coupling 
to Zγ smaller than in SM

CP violation in h→l-l+γ decays
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h→Zγ with leptonic Z decay routinely searched for

For CP violation, one has to  fight not only symmetric 
Higgs background, but also symmetric non-Higgs SM   
background

Standard cut-based analysis in h→Zγ  channel has 
signal to background of order 1/100. Then sensitivity 
estimated as 

CP violation in h→l-l+γ decays in LHC

Better signal to background using matrix 
element methods implies better sensitivity

Chen, Vega-Morales; work in progress



h→l-l+Z:  asymmetry more 
suppressed because of 
symmetric part profiting from 
tree-level hZZ coupling cV 

e-e+→ h Z: asymmetry more 
suppressed in by additional  
mZ/E 

e-e+→ h γ: large asymmetry 
but small rate

Related CP violating Higgs processes

h
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γ

Z, γ

Z



A new class of CP violating observables in Higgs physics 
not relying on triple product asymmetries

Can be applied to Higgs decay involving 3 observable 
particle: a pair of CP conjugate + 1 neutral particle

Also relevant for 2-to-2 scattering processes with a 
pair of CP conjugate + Higgs + 1 other neutral particle

Can be studied at  hadron or lepton colliders

New handle on CP violating Higgs couplings to Z and γ

Summary of part 2


