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Couplings to 
EW gauge 
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Self-
Couplings

Couplings to 
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No Higgs
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 VV->VV scattering
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 VV->ff  scattering
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 VV->hh scattering
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 VV->VVVV... scattering

SM Higgs couplings
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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

Q!! = #jk#mn!
j!m(lkp)

TClnr ! (!!†lp)
TC(!!†lr), (3.1)

where C is the charge conjugation matrix.2 Q!! 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 = i!2!0, 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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BSM Higgs couplings

Grządkowski et al.
 1008.4884

Some of these operators violate CP, either via CP violating tensor structures, 
or via CP violating complex couplings  
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Not present in SM at tree level; induced in 
effective action  at 3-loop level, thus SM 
predicts they are zero for all practical purpose

Very weak experimental constraints so far 

Higgs inclusive rates in given channel depends 
on squares of CP violating couplings, so 
corrections expected very small

We should look at exclusive observables 

CP violating Higgs couplings to EW bosons

see e.g.
Belusca-Maito
 1404.5343

http://arxiv.org/abs/arXiv:1404.5343
http://arxiv.org/abs/arXiv:1404.5343


Only tells that pure SM 
coupling to ZZ preferred 
over pure CP violating 
coupling to ZZ   

Useless at this point

LHC constraints on CP violating Higgs couplings

A step in the right direction  

Should be marginalized over 
other Higgs couplings to give a 
useful bound



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

Christophe Grojean Higgs coupling puzzles Madrid, 25th Sept. 2o1311

The relevant (and difficult) CP question about the Higgs
A 0+ Higgs can have CP violating couplings

fermionic sector marginal operators (dim-4) phase of VCKM matrix!

bosonic sector irrelevant operators (dim-6) only
!

!

!

edm’s
Higgs signal strengths 
Higgs kinematical distribution

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):
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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⇤)
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⇧/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
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⇧ỸS
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, (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⇥⇥⇥
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If ⇤ is in the range
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BrSMh⇥⇥⇥ ⇤< ⇤ ⇤<
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�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)

! operator: 
already severely constrained 

by e and q EDMs
McKeen, Pospelov, Ritz ’12

Higgs rates? 
poor constraints 

since no interference with SM 
effects !  dim-8 CP-even operators

!

!!

need to look for CP-odd observables 
that are linear in the CP Wilson coeffs. 

Z operator(s):
studied in the kinematical distributions 

for h " ZZ " 4l

see the fa3 CMS study

already bounded by flavor physics

Higgs CP violation?

21

Joseph Lykken                                                                      Workshop On Why M_H = 126 GeV?, IFT Madrid, September 25-27, 2013

Even here you need to 
close the circle, since 
EDM constraints 
assume 1st gen Higgs 
couplings that you 
can’t measure



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
Kinematics of associated production

AP is very sensitive to the Lorentz 
structure of the vertex
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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

ϕ
1/
Γ

 d
Γ

/d
ϕ

H → ZZ → (f1f
–
1)(f2f

–
2)

MH = 280 GeV

SM
pseudoscalar

0.1
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0.14

0.16

0.18
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0.22

0 π/2 π 3π/2 2π

Figure 2: The azimuthal distributions, d!/d!, 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 e!ciencies 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

!!

!+

"

Z, "

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

!!

!+

"

Z, "
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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

To take out


