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Motivation: The Need for Direct Probes of CP Violation

Many indirect constraints on CPV:

I Constraints from EWPD
I Measurements of h ! SM decay rates
I The most severe constraints come from EDMs

But all of these are indirect and rely on model dependent assumptions

(Slide stolen from Joe Lykken Madrid Higgs Workshop Talk)

What can the data tell us without making theory assumptions?
We need a direct probe of CPV without these assumptions
A number direct probes to measure CPV (h ! VV , Wh, VBF , etc .)
(see C. Delaunay talk from last week for a nice summary of various proposals)
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Motivation: The Need for Direct Probes of CP Violation

Many indirect constraints on CPV:
I Constraints from EWPD
I Measurements of h ! SM decay rates
I The most severe constraints come from EDMs

But all of these are indirect and rely on model dependent assumptions

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):

�LCP =
ic̃HW g

m2
W

(DµH)†�i(D�H)W̃ i
µ� +

ic̃HB g0

m2
W

(DµH)†(D�H)B̃µ�

+
c̃� g02

m2
W

H†HBµ�B̃
µ� +

c̃g g2
S

m2
W

H†HGa
µ�G̃

aµ�

+
c̃3W g3

m2
W

�ijkW i �
µ W j �

� W̃ k µ
� +

c̃3G g3
S

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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⇠ 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.
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�ỸS
v

m�
sin(2✓)

�
g(m2

�/m2
h) � g(m2

�/m2
S)

�
,

(13)
where the loop function is given by
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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
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S) ! 1

2 ln(m2
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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� Q2
�Fµ� F̃µ� . This leads to the following iden-

tification:
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; �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/m2
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
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and the EDM becomes

df = d(2l)
f � Q2

�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
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. (19)
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�
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and �ĥ��� ⇠ �Ŝ��� then R�� simplifies to a ✓-
independent expression,

Re�
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. (21)

The rate for the weak eigenstate Ŝ to decay to two pho-
tons via its pseudoscalar coupling to the VL fermions is
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�2Q4

�Ỹ 2
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� 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

(Slide stolen from Joe Lykken Madrid Higgs Workshop Talk)
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A number direct probes to measure CPV (h ! VV , Wh, VBF , etc .)
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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.
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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-
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Motivation: The Need for Direct Probes of CP Violation

Many indirect constraints on CPV:
I Constraints from EWPD
I Measurements of h ! SM decay rates
I The most severe constraints come from EDMs

But all of these are indirect and rely on model dependent assumptions

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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(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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⇠ 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.
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where the loop function is given by
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�
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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

�/m2
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�/m2
S) ! 1

2 ln(m2
min/m2

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�+ �
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�Fµ� F̃µ� . This leads to the following iden-

tification:
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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/m2
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
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h) ! 2Av, (16)

and the EDM becomes
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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
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and �ĥ��� ⇠ �Ŝ��� then R�� simplifies to a ✓-
independent expression,
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The rate for the weak eigenstate Ŝ to decay to two pho-
tons via its pseudoscalar coupling to the VL fermions is
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Motivation: The Need for Direct Probes of CP Violation

Many indirect constraints on CPV:
I Constraints from EWPD
I Measurements of h ! SM decay rates
I The most severe constraints come from EDMs

But all of these are indirect and rely on model dependent assumptions

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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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.
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�ỸS
v

m�
sin(2✓)

�
g(m2

�/m2
h) � g(m2

�/m2
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-
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(13). When mh � m�, mS , to logarithmic accuracy
g(m2

�/m2
h) � g(m2

�/m2
S) ! 1

2 ln(m2
min/m2

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� Q2
�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/m2
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
�/m2

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���

BrSM
h���

+ sin2 ✓ � BrS���

BrSM
h���

. (19)

If ✓ is in the range
�

�Ŝ���

�ĥ���

BrSM
h��� ⇠< ✓ ⇠<

�
�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 m3

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

(Slide stolen from Joe Lykken Madrid Higgs Workshop Talk)

What can the data tell us without making theory assumptions?
We need a direct probe of CPV without these assumptions
A number direct probes to measure CPV (h ! VV , Wh, VBF , etc .)
(see C. Delaunay talk from last week for a nice summary of various proposals)
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Many Recent Studies Dedicated to the Golden Channel

Q. Cao, C. Jackson, W.Y. Keung, I. Low: 0911.3398
Y. Gao, A. V. Gritsan, Z. Guo, K. Melnikov, M. Schulze, et. al: 1001.3396
A. De Rujula, J. Lykken, M. Pierini, C. Rogan, M. Spiropulu: 1001.5300
J. Gainer, K. Kumar, I. Low, RVM: 1108.2274
S. Bolognesi, Y. Gao, A. V. Gritsan, K. Melnikov, et. al: 1208.4018
D. Stolarski, RVM: 1208.4840
R. Boughezal, T. LeCompte, F. Petriello: 1208.4311
Avery, Bourilkov, Chen, Cheng, Drozdetskiy, et. al: 1210.0896
J.M. Cambell, W.T. Giele, C. Williams: 1205.3434
J.M. Cambell, W.T. Giele, C. Williams: 1204.4424
Sun, Yi and Wang, Xian-Fu and Gao, Dao-Neng: 1309.4171
J. Gainer, J. Lykken, et. al.: 1304.4936
P. Artoisenet, P. de Aquino, F. Demartin, F. Maltoni, et. al: 1306.6464
T. Chen, J. Gainer, et. al.: 1310.1397
J. Gainer, J. Lykken, et. al.: 1208.4018
Gonzales-Alonso, Isidori: 1403.2648
+ many others...

Roberto Vega-Morales (LPT) Probing CPV Benasque: April 2014 3 / 25



Golden Channel as Direct Probe of CPV in hVV 0 Couplings

Consists of the h ! VV 0 ! 4` decay where 4` = 2e2µ, 4e, 4µ and
VV 0 = ZZ , Z�, �� (where Z , � are in general off-shell)

h

V 0

V

`

¯̀

¯̀0

`0

Can parametrize the hVV 0 couplings with following Lagrangian

(For SM at tree level we have AZZ

1 = 2 and all others zero)
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plings to photons with current experimental technology
and without theoretical assumptions.

Using a maximum likelihood analysis based on an an-
alytic framework developed in [31], we perform a simul-
taneous parameter extraction of the loop induced ZZ,
Z�, and �� e�ective Higgs couplings allowing for gen-
eral CP odd/even mixtures. We perform these fits for
a range of numbers of events assuming a pure SM data
set. We find that for values of couplings close to those
predicted by the SM, the golden channel has excellent
prospects to begin directly probing the Higgs couplings
to photons during LHC running with ⇠ 100 � 400fb�1

of luminosity (depending on detector performance and
production uncertainties) with less optimistic prospects
for the Z� and even less so for the loop induced ZZ cou-
plings. Our analysis is done at generator level neglecting
any detector e�ects as well as any backgrounds but as
we discuss further below, this is not expected to a�ect
our results dramatically or change our conclusions qual-
itatively [31, 32].

The results presented here motivate a detailed loop
analysis in order to make more precise quantitative
statements about the ability to extract these parame-
ters. They also suggest exciting potential for the golden
channel to discover new physics which may enter in the
loops that generate these e�ective couplings. We leave
a careful study of these issues to ongoing and future
work [32, 39]. For now we simply demonstrate qualita-
tively that the LHC has excellent prospects to establish
the CP nature of the Higgs couplings to photons, includ-
ing the overall sign, well before the end of high luminosity

LHC running. (⇠ 3 ab�1).
This paper is organized as follows: In Secs. II we dis-

cuss the parameterization of the various tensor couplings
which we will be fitting for as well as other aspects of
searching for anomalous couplings with the golden chan-
nel. In Sec. III we present our results where we estimate
the expected sensitivity of the golden channel to each
of the loop induced e�ective Higgs couplings to ZZ, Z�,
and �� pairs. Finally in Sec. IV we discuss briefly ongoing
and future work before concluding.

II. EXAMINING THE GOLDEN CHANNEL

In this section we examine various aspects of the
golden channel. We begin by parametrizing the Higgs
couplings to ZZ, Z�, and �� pairs. We then discuss some
of the observables which enable us to have sensitivity to
these couplings and the di�erent terms which contribute
to the di�erential cross section. We also examine the
magnitude of the e�ects of loop induced couplings and
discuss the interference e�ects.

A. Higgs Couplings to EW Bosons

We consider the leading contributions to the Higgs cou-
plings to neutral electroweak gauge bosons allowing for
general CP odd/even mixtures as well as for ZZ, Z�
and �� to contribute simultaneously. These couplings are
parametrized by the following Lagrangian,

L � h

4v

�
2AZZ

1 m2
ZZµZµ + AZZ

2 Zµ�Zµ� + AZZ
3 Zµ� �Zµ�

+ 2AZ�
2 Fµ�Zµ� + 2AZ�

3 Fµ� �Zµ� + A��
2 Fµ�Fµ� + A��

3 Fµ� �Fµ�

�
, (1)

where we have taken h real. We consider only up to di-
mension five operators and Zµ is the Z field while Vµ� =
�µV� � ��Vµ is the usual bosonic field strengths. The

dual field strengths are defined as �Vµ� = 1
2�µ���V ��. All

of the couplings are taken to be real1, dimensionless, and
constant. In principal they are form factors whose loop
functions have potentially strong momentum dependence
due to the highly o�-shell nature of the intermediate vec-
tor bosons. This is true even in the SM where at tree level
the only contribution is AZZ

1 , but at one loop momentum
dependent form factors of O(10�2 � 10�3) are generated
for the AZZ,Z�,��

2 operators [40, 41] by loops of SM par-

1 Our framework can easily accommodate complex couplings, but
we expect any phases to be small [35] and their inclusion is not
necessary in order to make our point.

ticles (AZZ,Z�,��
3 are also generated at higher loop order,

but these are totally negligible in comparison).

However, since we only aim to give a qualitative pic-
ture of the sensitivity and not a precise extraction of
these parameters, for the purposes of this study we work
within Higgs e�ective theory and approximate the cou-
plings as constant, as is done in other similar analy-
ses [13, 17, 21, 24, 28, 31, 32, 42]. Once sensitivity of
O(10�2 � 10�3) is achieved a more precise quantifica-
tion will require accounting for the full momentum de-
pendence, but we leave this to future work. Thus for
the remainder of this study we define as the SM point
AZZ

1 = 2 and take all other couplings ⇠ 0. The pur-
pose of this study is then to estimate at what point the
golden channel will reach sensitivities of O(10�2 � 10�3)
to the loop induced couplings assuming the ‘true’ value
of these couplings is that predicted by the SM (or close to
it). Achieving this level of sensitivity is exciting not only

(For SM at tree level we have AZZ

1 = 2 and all others zero)
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The Punch Line(s)

Since this is the last talk of the day, in order to prevent sleeping in audience
before I show results, I’ll give punch line(s) now (and then you can sleep)...

The h ! 4` ‘golden channel’ can in principal probe the CP
nature of all Higgs couplings to ZZ , Z�, and �� pairs
simultaneously including correlations between couplings

LHC will begin directly probing the CP nature (including
the overall sign) of the Higgs couplings to photons in the
golden channel well before the end of running!

More generally, golden channel useful for directly measuring
tensor structure of Higgs couplings even if no CP violation

What do all these words this mean???
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Constructing ‘Sensitivity Curves’

Let us start by examining ‘sensitivity curves’ for the loop induced
couplings as a function of number of events (or luminosity)

A reminder of the parametrization (where we will fix AZZ
1 = 2):

We perform a 6D parameter fit to the 6 loop induced couplings:

(In SM Ai

2 generated at 1-loop and O(10�2 � 10�3) while Ai

3 only appear at 3-loop)

All couplings floated simultaneously to keep all correlations
We plot the ‘average error’ as function of number of events:

(Â is best fit point, ~A
o

is‘true’ value, and average taken over large set of PE)
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plings to photons with current experimental technology
and without theoretical assumptions.

Using a maximum likelihood analysis based on an an-
alytic framework developed in [31], we perform a simul-
taneous parameter extraction of the loop induced ZZ,
Z�, and �� e�ective Higgs couplings allowing for gen-
eral CP odd/even mixtures. We perform these fits for
a range of numbers of events assuming a pure SM data
set. We find that for values of couplings close to those
predicted by the SM, the golden channel has excellent
prospects to begin directly probing the Higgs couplings
to photons during LHC running with ⇠ 100 � 400fb�1

of luminosity (depending on detector performance and
production uncertainties) with less optimistic prospects
for the Z� and even less so for the loop induced ZZ cou-
plings. Our analysis is done at generator level neglecting
any detector e�ects as well as any backgrounds but as
we discuss further below, this is not expected to a�ect
our results dramatically or change our conclusions qual-
itatively [31, 32].

The results presented here motivate a detailed loop
analysis in order to make more precise quantitative
statements about the ability to extract these parame-
ters. They also suggest exciting potential for the golden
channel to discover new physics which may enter in the
loops that generate these e�ective couplings. We leave
a careful study of these issues to ongoing and future
work [32, 39]. For now we simply demonstrate qualita-
tively that the LHC has excellent prospects to establish
the CP nature of the Higgs couplings to photons, includ-
ing the overall sign, well before the end of high luminosity

LHC running. (⇠ 3 ab�1).
This paper is organized as follows: In Secs. II we dis-

cuss the parameterization of the various tensor couplings
which we will be fitting for as well as other aspects of
searching for anomalous couplings with the golden chan-
nel. In Sec. III we present our results where we estimate
the expected sensitivity of the golden channel to each
of the loop induced e�ective Higgs couplings to ZZ, Z�,
and �� pairs. Finally in Sec. IV we discuss briefly ongoing
and future work before concluding.

II. EXAMINING THE GOLDEN CHANNEL

In this section we examine various aspects of the
golden channel. We begin by parametrizing the Higgs
couplings to ZZ, Z�, and �� pairs. We then discuss some
of the observables which enable us to have sensitivity to
these couplings and the di�erent terms which contribute
to the di�erential cross section. We also examine the
magnitude of the e�ects of loop induced couplings and
discuss the interference e�ects.

A. Higgs Couplings to EW Bosons

We consider the leading contributions to the Higgs cou-
plings to neutral electroweak gauge bosons allowing for
general CP odd/even mixtures as well as for ZZ, Z�
and �� to contribute simultaneously. These couplings are
parametrized by the following Lagrangian,

L � h

4v

�
2AZZ

1 m2
ZZµZµ + AZZ

2 Zµ�Zµ� + AZZ
3 Zµ� �Zµ�

+ 2AZ�
2 Fµ�Zµ� + 2AZ�

3 Fµ� �Zµ� + A��
2 Fµ�Fµ� + A��

3 Fµ� �Fµ�

�
, (1)

where we have taken h real. We consider only up to di-
mension five operators and Zµ is the Z field while Vµ� =
�µV� � ��Vµ is the usual bosonic field strengths. The

dual field strengths are defined as �Vµ� = 1
2�µ���V ��. All

of the couplings are taken to be real1, dimensionless, and
constant. In principal they are form factors whose loop
functions have potentially strong momentum dependence
due to the highly o�-shell nature of the intermediate vec-
tor bosons. This is true even in the SM where at tree level
the only contribution is AZZ

1 , but at one loop momentum
dependent form factors of O(10�2 � 10�3) are generated
for the AZZ,Z�,��

2 operators [40, 41] by loops of SM par-

1 Our framework can easily accommodate complex couplings, but
we expect any phases to be small [35] and their inclusion is not
necessary in order to make our point.

ticles (AZZ,Z�,��
3 are also generated at higher loop order,

but these are totally negligible in comparison).

However, since we only aim to give a qualitative pic-
ture of the sensitivity and not a precise extraction of
these parameters, for the purposes of this study we work
within Higgs e�ective theory and approximate the cou-
plings as constant, as is done in other similar analy-
ses [13, 17, 21, 24, 28, 31, 32, 42]. Once sensitivity of
O(10�2 � 10�3) is achieved a more precise quantifica-
tion will require accounting for the full momentum de-
pendence, but we leave this to future work. Thus for
the remainder of this study we define as the SM point
AZZ

1 = 2 and take all other couplings ⇠ 0. The pur-
pose of this study is then to estimate at what point the
golden channel will reach sensitivities of O(10�2 � 10�3)
to the loop induced couplings assuming the ‘true’ value
of these couplings is that predicted by the SM (or close to
it). Achieving this level of sensitivity is exciting not only

We perform a 6D parameter fit to the 6 loop induced couplings:

(In SM Ai

2 generated at 1-loop and O(10�2 � 10�3) while Ai

3 only appear at 3-loop)
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FIG. 4. The same as Fig. 3, but with AZZ
1 = 2 and all

other couplings to � 0.008. These values are useful to estimate
the sensitivities of the various terms at late stages of LHC
running. We see that interference terms with the SM (first
row) dominate over squared terms for all Ai

2,3.

terference terms between the signal operators and AZZ
1

dominate, with integrated magnitudes of ⇠ 10�2 � 10�3,
and much smaller magnitudes for terms that involve two
loop operators. These small magnitudes may give the im-
pression that there is no sensitivity in the golden channel
to couplings other than AZZ

1 for parameter points ‘close
to’ the SM. However as the discussion in previous sec-
tions indicates, one has much more information in the
h ! 4` fully di�erential decay width than just the inte-
grated magnitudes.

From our discussions of the integrated magnitudes and
di�erential spectra we naively expect that we should have
the strongest sensitivity to the �� couplings followed by
the Z� couplings and the weakest sensitivity to the loop
induced ZZ couplings. As we will show below, this indeed
turns out to be the case.

III. RESULTS

To obtain our results we use the machinery devel-
oped and described in detail in [31]. We will take the
SM tree level prediction of AZZ

1 = 2 as input and fit
to the remaining six couplings simultaneously. Floating
all parameters simultaneously ensures that we account
for potentially important correlations between the vari-
ous couplings [31]. Note also that by fixing AZZ

1 = 2 we
are implicitly fitting to ratios of couplings and taking the
overall normalization as input since it can be obtained
from measurements of the total rate. This also serves to
minimize the dependence of our results on any produc-
tion e�ects we have neglected.

For all of our results we combine the 2e2µ, 4e, and
4µ channels by computing the fully di�erential decay
width for each final state [24, 31] (including identical fi-
nal state interference for 4e and 4µ) and combining them
into one likelihood. The data sets which we fit to are gen-
erated from these expressions and contain a mixture of
all three final states whose proportions are determined
by the overall normalization of the di�erential widths for
each channel. Though we do not examine this issue here,
we note that the three channels do not possess the same
sensitivity. We leave a detailed examination of this inter-
esting point to an ongoing followup study [43].

A. Fit and Phase Space Definition

We define our six dimensional parameter space as,

~A = (AZZ
2 , AZZ

3 , AZ�
2 , AZ�

3 , A��
2 , A��

3 ). (6)

To estimate the sensitivity we obtain what we call an
‘e�ective’ � or average error defined as [44],

� =

�
�

2
�|Â � ~Ao|�, (7)

where Â is the value of the best fit parameter point ob-
tained by maximization of the likelihood with respect
to ~A. Here ~Ao represents the ‘true’ value with which our
data sets are generated. The average error is then found
by conducting a large number of pseudoexperiments with
a fixed number of events and obtaining a distribution for
Â which will have some spread centered around the av-
erage value. We then translate the width of this distri-
bution into our e�ective � which converges to the usual
interpretation of � when the distribution for Â is per-
fectly gaussian. We repeat this procedure for a range of
fixed number of signal events to obtain � as a function
of number of signal events NS .

We take the Higgs mass to be mh = 125 GeV and limit
our phase space to approximate the cuts used by CMS
as indicated by following cuts and reconstruction:

• pT � > 20, 10, 7, 7 GeV for lepton pT ordering,

• |��| < 2.4 for the lepton rapidity,

• 40 GeV � M1 and 12 GeV � M2.

Here M1 and M2 are the reconstructed masses of the two
lepton pairs. In reconstructing M1 and M2 we always
impose M1 > M2 and take M1 to be the reconstructed
invariant mass for a particle and anti-particle pair which
is closer to the Z mass. Note however that two other
lepton pairings are possible and equally valid, but we
leave an exploration of these alternate reconstructions
to ongoing work [43]. For further details on the fitting
(maximization) procedure and on the statistical analysis
see [31, 32].

(In SM Ai

2 generated at 1-loop and O(10�2 � 10�3) while Ai

3 only appear at 3-loop)

All couplings floated simultaneously to keep all correlations

We plot the ‘average error’ as function of number of events:

(Â is best fit point, ~A
o

is‘true’ value, and average taken over large set of PE)
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Constructing ‘Sensitivity Curves’

Let us start by examining ‘sensitivity curves’ for the loop induced
couplings as a function of number of events (or luminosity)
A reminder of the parametrization (where we will fix AZZ

1 = 2):

2

plings to photons with current experimental technology
and without theoretical assumptions.

Using a maximum likelihood analysis based on an an-
alytic framework developed in [31], we perform a simul-
taneous parameter extraction of the loop induced ZZ,
Z�, and �� e�ective Higgs couplings allowing for gen-
eral CP odd/even mixtures. We perform these fits for
a range of numbers of events assuming a pure SM data
set. We find that for values of couplings close to those
predicted by the SM, the golden channel has excellent
prospects to begin directly probing the Higgs couplings
to photons during LHC running with ⇠ 100 � 400fb�1

of luminosity (depending on detector performance and
production uncertainties) with less optimistic prospects
for the Z� and even less so for the loop induced ZZ cou-
plings. Our analysis is done at generator level neglecting
any detector e�ects as well as any backgrounds but as
we discuss further below, this is not expected to a�ect
our results dramatically or change our conclusions qual-
itatively [31, 32].

The results presented here motivate a detailed loop
analysis in order to make more precise quantitative
statements about the ability to extract these parame-
ters. They also suggest exciting potential for the golden
channel to discover new physics which may enter in the
loops that generate these e�ective couplings. We leave
a careful study of these issues to ongoing and future
work [32, 39]. For now we simply demonstrate qualita-
tively that the LHC has excellent prospects to establish
the CP nature of the Higgs couplings to photons, includ-
ing the overall sign, well before the end of high luminosity

LHC running. (⇠ 3 ab�1).
This paper is organized as follows: In Secs. II we dis-

cuss the parameterization of the various tensor couplings
which we will be fitting for as well as other aspects of
searching for anomalous couplings with the golden chan-
nel. In Sec. III we present our results where we estimate
the expected sensitivity of the golden channel to each
of the loop induced e�ective Higgs couplings to ZZ, Z�,
and �� pairs. Finally in Sec. IV we discuss briefly ongoing
and future work before concluding.

II. EXAMINING THE GOLDEN CHANNEL

In this section we examine various aspects of the
golden channel. We begin by parametrizing the Higgs
couplings to ZZ, Z�, and �� pairs. We then discuss some
of the observables which enable us to have sensitivity to
these couplings and the di�erent terms which contribute
to the di�erential cross section. We also examine the
magnitude of the e�ects of loop induced couplings and
discuss the interference e�ects.

A. Higgs Couplings to EW Bosons

We consider the leading contributions to the Higgs cou-
plings to neutral electroweak gauge bosons allowing for
general CP odd/even mixtures as well as for ZZ, Z�
and �� to contribute simultaneously. These couplings are
parametrized by the following Lagrangian,

L � h

4v

�
2AZZ

1 m2
ZZµZµ + AZZ

2 Zµ�Zµ� + AZZ
3 Zµ� �Zµ�

+ 2AZ�
2 Fµ�Zµ� + 2AZ�

3 Fµ� �Zµ� + A��
2 Fµ�Fµ� + A��

3 Fµ� �Fµ�

�
, (1)

where we have taken h real. We consider only up to di-
mension five operators and Zµ is the Z field while Vµ� =
�µV� � ��Vµ is the usual bosonic field strengths. The

dual field strengths are defined as �Vµ� = 1
2�µ���V ��. All

of the couplings are taken to be real1, dimensionless, and
constant. In principal they are form factors whose loop
functions have potentially strong momentum dependence
due to the highly o�-shell nature of the intermediate vec-
tor bosons. This is true even in the SM where at tree level
the only contribution is AZZ

1 , but at one loop momentum
dependent form factors of O(10�2 � 10�3) are generated
for the AZZ,Z�,��

2 operators [40, 41] by loops of SM par-

1 Our framework can easily accommodate complex couplings, but
we expect any phases to be small [35] and their inclusion is not
necessary in order to make our point.

ticles (AZZ,Z�,��
3 are also generated at higher loop order,

but these are totally negligible in comparison).

However, since we only aim to give a qualitative pic-
ture of the sensitivity and not a precise extraction of
these parameters, for the purposes of this study we work
within Higgs e�ective theory and approximate the cou-
plings as constant, as is done in other similar analy-
ses [13, 17, 21, 24, 28, 31, 32, 42]. Once sensitivity of
O(10�2 � 10�3) is achieved a more precise quantifica-
tion will require accounting for the full momentum de-
pendence, but we leave this to future work. Thus for
the remainder of this study we define as the SM point
AZZ

1 = 2 and take all other couplings ⇠ 0. The pur-
pose of this study is then to estimate at what point the
golden channel will reach sensitivities of O(10�2 � 10�3)
to the loop induced couplings assuming the ‘true’ value
of these couplings is that predicted by the SM (or close to
it). Achieving this level of sensitivity is exciting not only

We perform a 6D parameter fit to the 6 loop induced couplings:
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FIG. 4. The same as Fig. 3, but with AZZ
1 = 2 and all

other couplings to � 0.008. These values are useful to estimate
the sensitivities of the various terms at late stages of LHC
running. We see that interference terms with the SM (first
row) dominate over squared terms for all Ai

2,3.

terference terms between the signal operators and AZZ
1

dominate, with integrated magnitudes of ⇠ 10�2 � 10�3,
and much smaller magnitudes for terms that involve two
loop operators. These small magnitudes may give the im-
pression that there is no sensitivity in the golden channel
to couplings other than AZZ

1 for parameter points ‘close
to’ the SM. However as the discussion in previous sec-
tions indicates, one has much more information in the
h ! 4` fully di�erential decay width than just the inte-
grated magnitudes.

From our discussions of the integrated magnitudes and
di�erential spectra we naively expect that we should have
the strongest sensitivity to the �� couplings followed by
the Z� couplings and the weakest sensitivity to the loop
induced ZZ couplings. As we will show below, this indeed
turns out to be the case.

III. RESULTS

To obtain our results we use the machinery devel-
oped and described in detail in [31]. We will take the
SM tree level prediction of AZZ

1 = 2 as input and fit
to the remaining six couplings simultaneously. Floating
all parameters simultaneously ensures that we account
for potentially important correlations between the vari-
ous couplings [31]. Note also that by fixing AZZ

1 = 2 we
are implicitly fitting to ratios of couplings and taking the
overall normalization as input since it can be obtained
from measurements of the total rate. This also serves to
minimize the dependence of our results on any produc-
tion e�ects we have neglected.

For all of our results we combine the 2e2µ, 4e, and
4µ channels by computing the fully di�erential decay
width for each final state [24, 31] (including identical fi-
nal state interference for 4e and 4µ) and combining them
into one likelihood. The data sets which we fit to are gen-
erated from these expressions and contain a mixture of
all three final states whose proportions are determined
by the overall normalization of the di�erential widths for
each channel. Though we do not examine this issue here,
we note that the three channels do not possess the same
sensitivity. We leave a detailed examination of this inter-
esting point to an ongoing followup study [43].

A. Fit and Phase Space Definition

We define our six dimensional parameter space as,

~A = (AZZ
2 , AZZ

3 , AZ�
2 , AZ�

3 , A��
2 , A��

3 ). (6)

To estimate the sensitivity we obtain what we call an
‘e�ective’ � or average error defined as [44],

� =

�
�

2
�|Â � ~Ao|�, (7)

where Â is the value of the best fit parameter point ob-
tained by maximization of the likelihood with respect
to ~A. Here ~Ao represents the ‘true’ value with which our
data sets are generated. The average error is then found
by conducting a large number of pseudoexperiments with
a fixed number of events and obtaining a distribution for
Â which will have some spread centered around the av-
erage value. We then translate the width of this distri-
bution into our e�ective � which converges to the usual
interpretation of � when the distribution for Â is per-
fectly gaussian. We repeat this procedure for a range of
fixed number of signal events to obtain � as a function
of number of signal events NS .

We take the Higgs mass to be mh = 125 GeV and limit
our phase space to approximate the cuts used by CMS
as indicated by following cuts and reconstruction:

• pT � > 20, 10, 7, 7 GeV for lepton pT ordering,

• |��| < 2.4 for the lepton rapidity,

• 40 GeV � M1 and 12 GeV � M2.

Here M1 and M2 are the reconstructed masses of the two
lepton pairs. In reconstructing M1 and M2 we always
impose M1 > M2 and take M1 to be the reconstructed
invariant mass for a particle and anti-particle pair which
is closer to the Z mass. Note however that two other
lepton pairings are possible and equally valid, but we
leave an exploration of these alternate reconstructions
to ongoing work [43]. For further details on the fitting
(maximization) procedure and on the statistical analysis
see [31, 32].

(In SM Ai

2 generated at 1-loop and O(10�2 � 10�3) while Ai

3 only appear at 3-loop)

All couplings floated simultaneously to keep all correlations
We plot the ‘average error’ as function of number of events:
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2,3.

terference terms between the signal operators and AZZ
1

dominate, with integrated magnitudes of ⇠ 10�2 � 10�3,
and much smaller magnitudes for terms that involve two
loop operators. These small magnitudes may give the im-
pression that there is no sensitivity in the golden channel
to couplings other than AZZ

1 for parameter points ‘close
to’ the SM. However as the discussion in previous sec-
tions indicates, one has much more information in the
h ! 4` fully di�erential decay width than just the inte-
grated magnitudes.

From our discussions of the integrated magnitudes and
di�erential spectra we naively expect that we should have
the strongest sensitivity to the �� couplings followed by
the Z� couplings and the weakest sensitivity to the loop
induced ZZ couplings. As we will show below, this indeed
turns out to be the case.

III. RESULTS

To obtain our results we use the machinery devel-
oped and described in detail in [31]. We will take the
SM tree level prediction of AZZ

1 = 2 as input and fit
to the remaining six couplings simultaneously. Floating
all parameters simultaneously ensures that we account
for potentially important correlations between the vari-
ous couplings [31]. Note also that by fixing AZZ

1 = 2 we
are implicitly fitting to ratios of couplings and taking the
overall normalization as input since it can be obtained
from measurements of the total rate. This also serves to
minimize the dependence of our results on any produc-
tion e�ects we have neglected.

For all of our results we combine the 2e2µ, 4e, and
4µ channels by computing the fully di�erential decay
width for each final state [24, 31] (including identical fi-
nal state interference for 4e and 4µ) and combining them
into one likelihood. The data sets which we fit to are gen-
erated from these expressions and contain a mixture of
all three final states whose proportions are determined
by the overall normalization of the di�erential widths for
each channel. Though we do not examine this issue here,
we note that the three channels do not possess the same
sensitivity. We leave a detailed examination of this inter-
esting point to an ongoing followup study [43].

A. Fit and Phase Space Definition

We define our six dimensional parameter space as,

~A = (AZZ
2 , AZZ

3 , AZ�
2 , AZ�

3 , A��
2 , A��

3 ). (6)

To estimate the sensitivity we obtain what we call an
‘e�ective’ � or average error defined as [44],

� =

�
�

2
�|Â � ~Ao|�, (7)

where Â is the value of the best fit parameter point ob-
tained by maximization of the likelihood with respect
to ~A. Here ~Ao represents the ‘true’ value with which our
data sets are generated. The average error is then found
by conducting a large number of pseudoexperiments with
a fixed number of events and obtaining a distribution for
Â which will have some spread centered around the av-
erage value. We then translate the width of this distri-
bution into our e�ective � which converges to the usual
interpretation of � when the distribution for Â is per-
fectly gaussian. We repeat this procedure for a range of
fixed number of signal events to obtain � as a function
of number of signal events NS .

We take the Higgs mass to be mh = 125 GeV and limit
our phase space to approximate the cuts used by CMS
as indicated by following cuts and reconstruction:

• pT � > 20, 10, 7, 7 GeV for lepton pT ordering,

• |��| < 2.4 for the lepton rapidity,

• 40 GeV � M1 and 12 GeV � M2.

Here M1 and M2 are the reconstructed masses of the two
lepton pairs. In reconstructing M1 and M2 we always
impose M1 > M2 and take M1 to be the reconstructed
invariant mass for a particle and anti-particle pair which
is closer to the Z mass. Note however that two other
lepton pairings are possible and equally valid, but we
leave an exploration of these alternate reconstructions
to ongoing work [43]. For further details on the fitting
(maximization) procedure and on the statistical analysis
see [31, 32].

(Â is best fit point, ~A
o

is‘true’ value, and average taken over large set of PE)
Roberto Vega-Morales (LPT) Probing CPV Benasque: April 2014 6 / 25



Sensitivity Projections for Couplings: ~A
o

= (0, 0, 0, 0, 0, 0)

(Y. Chen, R. Harnick, RVM: arXiv:1404.1336)
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Comments on Sensitivity Curves

Curves show sensitivity as function of NS for ‘true’ point near SM
There is a ‘hierarchy of sensitivity’ for ZZ , Z�, �� couplings
For points ‘close to’ SM the hierarchy follows �� > Z� > ZZ

Sensitivity to �� is strong enough that LHC will probe couplings
. O(10�2) with ⇠ 100 � 400fb�1 depending on detector efficiency
This is of the order the SM prediction for |A��

2 | ⇠ 0.008
Gives LHC a chance to uncover possible CP violation in the form of
A��

3 6= 0 (or other new physics which might generate A��
2 )

We emphasize that the current LHC analysis of golden channel only
include ZZ couplings and do not include Z� or ��

We see from sensitivity curves that if we are near SM point, then we
will be sensitive to Z� and �� well before ZZ loop induced copings
This will be true in general unless for some reason AZZ

2,3 >> AZ�,��
2,3
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Why This Hierarchy of Sensitivity?

So the question becomes:
Why do we see this hierarchy of sensitivity and in particular
why is there such strong sensitivity to the �� couplings ??

Roberto Vega-Morales (LPT) Probing CPV Benasque: April 2014 9 / 25



The Golden Channel Decay Observables
At fixed ŝ there are 7 ‘decay observables’ in CM frame
O ⌘ (M1, M2,⇥, ✓1, ✓2,�1,�) (N. Cabibbo, A. Maksymowicz, Phys. Rev. 137 (1968))

(Y. Gao, A. V. Gritsan, et. al: 1001.3396)

Θ

Also ‘production variables’ ŝ, ~pT , and Y as well as ‘off-set angle �
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The Fully Differential Decay Width

Parametrize Higgs couplings to Z , � pairs as the following,

2

plings to photons with current experimental technology
and without theoretical assumptions.

Using a maximum likelihood analysis based on an an-
alytic framework developed in [31], we perform a simul-
taneous parameter extraction of the loop induced ZZ,
Z�, and �� e�ective Higgs couplings allowing for gen-
eral CP odd/even mixtures. We perform these fits for
a range of numbers of events assuming a pure SM data
set. We find that for values of couplings close to those
predicted by the SM, the golden channel has excellent
prospects to begin directly probing the Higgs couplings
to photons during LHC running with ⇠ 100 � 400fb�1

of luminosity (depending on detector performance and
production uncertainties) with less optimistic prospects
for the Z� and even less so for the loop induced ZZ cou-
plings. Our analysis is done at generator level neglecting
any detector e�ects as well as any backgrounds but as
we discuss further below, this is not expected to a�ect
our results dramatically or change our conclusions qual-
itatively [31, 32].

The results presented here motivate a detailed loop
analysis in order to make more precise quantitative
statements about the ability to extract these parame-
ters. They also suggest exciting potential for the golden
channel to discover new physics which may enter in the
loops that generate these e�ective couplings. We leave
a careful study of these issues to ongoing and future
work [32, 39]. For now we simply demonstrate qualita-
tively that the LHC has excellent prospects to establish
the CP nature of the Higgs couplings to photons, includ-
ing the overall sign, well before the end of high luminosity

LHC running. (⇠ 3 ab�1).
This paper is organized as follows: In Secs. II we dis-

cuss the parameterization of the various tensor couplings
which we will be fitting for as well as other aspects of
searching for anomalous couplings with the golden chan-
nel. In Sec. III we present our results where we estimate
the expected sensitivity of the golden channel to each
of the loop induced e�ective Higgs couplings to ZZ, Z�,
and �� pairs. Finally in Sec. IV we discuss briefly ongoing
and future work before concluding.

II. EXAMINING THE GOLDEN CHANNEL

In this section we examine various aspects of the
golden channel. We begin by parametrizing the Higgs
couplings to ZZ, Z�, and �� pairs. We then discuss some
of the observables which enable us to have sensitivity to
these couplings and the di�erent terms which contribute
to the di�erential cross section. We also examine the
magnitude of the e�ects of loop induced couplings and
discuss the interference e�ects.

A. Higgs Couplings to EW Bosons

We consider the leading contributions to the Higgs cou-
plings to neutral electroweak gauge bosons allowing for
general CP odd/even mixtures as well as for ZZ, Z�
and �� to contribute simultaneously. These couplings are
parametrized by the following Lagrangian,

L � h

4v

�
2AZZ

1 m2
ZZµZµ + AZZ

2 Zµ�Zµ� + AZZ
3 Zµ� �Zµ�

+ 2AZ�
2 Fµ�Zµ� + 2AZ�

3 Fµ� �Zµ� + A��
2 Fµ�Fµ� + A��

3 Fµ� �Fµ�

�
, (1)

where we have taken h real. We consider only up to di-
mension five operators and Zµ is the Z field while Vµ� =
�µV� � ��Vµ is the usual bosonic field strengths. The

dual field strengths are defined as �Vµ� = 1
2�µ���V ��. All

of the couplings are taken to be real1, dimensionless, and
constant. In principal they are form factors whose loop
functions have potentially strong momentum dependence
due to the highly o�-shell nature of the intermediate vec-
tor bosons. This is true even in the SM where at tree level
the only contribution is AZZ

1 , but at one loop momentum
dependent form factors of O(10�2 � 10�3) are generated
for the AZZ,Z�,��

2 operators [40, 41] by loops of SM par-

1 Our framework can easily accommodate complex couplings, but
we expect any phases to be small [35] and their inclusion is not
necessary in order to make our point.

ticles (AZZ,Z�,��
3 are also generated at higher loop order,

but these are totally negligible in comparison).

However, since we only aim to give a qualitative pic-
ture of the sensitivity and not a precise extraction of
these parameters, for the purposes of this study we work
within Higgs e�ective theory and approximate the cou-
plings as constant, as is done in other similar analy-
ses [13, 17, 21, 24, 28, 31, 32, 42]. Once sensitivity of
O(10�2 � 10�3) is achieved a more precise quantifica-
tion will require accounting for the full momentum de-
pendence, but we leave this to future work. Thus for
the remainder of this study we define as the SM point
AZZ

1 = 2 and take all other couplings ⇠ 0. The pur-
pose of this study is then to estimate at what point the
golden channel will reach sensitivities of O(10�2 � 10�3)
to the loop induced couplings assuming the ‘true’ value
of these couplings is that predicted by the SM (or close to
it). Achieving this level of sensitivity is exciting not only

(Framework can easily incorporate different parametrizations and complex couplings)

The Ai
n in general momentum dependent, but we approximate as

constant (sufficient for the level of precision we need for now)

The h ! 4` fully differential decay width is written schematically as

(Where i , j = ZZ , Z�, �� and n, m = 1, 2, 3 and treated at fixed ŝ = m2
h

)

Various projections and total width obtained by integration over O
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plings to photons with current experimental technology
and without theoretical assumptions.

Using a maximum likelihood analysis based on an an-
alytic framework developed in [31], we perform a simul-
taneous parameter extraction of the loop induced ZZ,
Z�, and �� e�ective Higgs couplings allowing for gen-
eral CP odd/even mixtures. We perform these fits for
a range of numbers of events assuming a pure SM data
set. We find that for values of couplings close to those
predicted by the SM, the golden channel has excellent
prospects to begin directly probing the Higgs couplings
to photons during LHC running with ⇠ 100 � 400fb�1

of luminosity (depending on detector performance and
production uncertainties) with less optimistic prospects
for the Z� and even less so for the loop induced ZZ cou-
plings. Our analysis is done at generator level neglecting
any detector e�ects as well as any backgrounds but as
we discuss further below, this is not expected to a�ect
our results dramatically or change our conclusions qual-
itatively [31, 32].

The results presented here motivate a detailed loop
analysis in order to make more precise quantitative
statements about the ability to extract these parame-
ters. They also suggest exciting potential for the golden
channel to discover new physics which may enter in the
loops that generate these e�ective couplings. We leave
a careful study of these issues to ongoing and future
work [32, 39]. For now we simply demonstrate qualita-
tively that the LHC has excellent prospects to establish
the CP nature of the Higgs couplings to photons, includ-
ing the overall sign, well before the end of high luminosity

LHC running. (⇠ 3 ab�1).
This paper is organized as follows: In Secs. II we dis-

cuss the parameterization of the various tensor couplings
which we will be fitting for as well as other aspects of
searching for anomalous couplings with the golden chan-
nel. In Sec. III we present our results where we estimate
the expected sensitivity of the golden channel to each
of the loop induced e�ective Higgs couplings to ZZ, Z�,
and �� pairs. Finally in Sec. IV we discuss briefly ongoing
and future work before concluding.
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of the observables which enable us to have sensitivity to
these couplings and the di�erent terms which contribute
to the di�erential cross section. We also examine the
magnitude of the e�ects of loop induced couplings and
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of the couplings are taken to be real1, dimensionless, and
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tor bosons. This is true even in the SM where at tree level
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but these are totally negligible in comparison).
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1 = 2 and take all other couplings ⇠ 0. The pur-
pose of this study is then to estimate at what point the
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because one would begin probing SM loop e�ects, but
also because of the potential for discovering new physics
in deviations from the SM expectation including the pos-
sibility of observing CP violation.

B. The Fully Di�erential Decay Rate

We have analytically computed and validated the fully
di�erential decay width for h ! 4` for the 2e2µ [24], 4e,
and 4µ [31] final states assuming on-shell decay of the
Higgs. All interference e�ects between the operators in
Eq.(1) as well as identical final state interference in the
case of 4e and 4µ have been included.

For the purpose of our analysis it is useful to note that
the fully di�erential decay width for h ! 4` is a sum
over terms quadratic in the couplings which we can write
schematically as,

d�h�4�

dO ⇠
�

Ai
nAj�

m � d�̂ij
nm

dO , (2)

where the sum is over n, m = 1, 2, 3 and i, j = ZZ, Z�, ��
(note AZ�

1 = A��
1 = 0). We also define dO = dM2

1 dM2
2 d~�

which represents the di�erential volume element, or
phase space, in terms of two invariant masses correspond-
ing to the two lepton pairs (M1, M2) and five angles
(~�) [31, 32] (two of the angles correspond to an overall ro-
tation in the Higgs frame and are not useful for resolving
Higgs couplings). It will also be useful to define,

d�ij
nm

dO ⌘ Ai
nAj�

m � d�̂ij
nm

dO . (3)

These di�erential distributions are going to be helpful in
the following discussion and it will be convenient to give
them names. As they sum up to give the di�erential rate,
we will call d�ij

nm/dO a di�erential sub-rate.
It is further useful to note that sub-rates fall into two

categories - squared terms for which n = m and i =
j, and the interference terms for which this is not the
case. The squared terms are positive definite, while the
interference terms may be both positive and negative. In
fact, the interference terms between CP odd and CP even
operators must integrate to zero over all of phase space
and thus must take on both signs.

C. Sub-leading Couplings in h � 4�:
Yesterday’s Signal = Today’s Background

In this work we focus on the question - to what de-
gree is h ! 4` sensitive to the small higher-dimensional
couplings AZZ

2,3 , AZ�
2,3, and A��

2,3 in Eq.(1)? For the pur-
pose of this question we can think of the dominant decay
h ! ZZ ! 4` via AZZ

1 as the background.2 The small

2 Of course, there are also true SM backgrounds contributing to
pp � 4l, but these are relatively small and will not change our

deviations in the fully di�erential cross-section caused by
the presence of higher dimensional operators Ai

2,3 are our
signal. The various signal sub-rates are correlated in the
sense that turning on a squared sub-rate inevitably leads
to the presence of an interference term, and vice versa.

There are a few qualitative factors that are important
in determining whether the di�erential h ! 4` rate is
sensitive to the loop induced couplings, i.e. our signal:

• Shapes: To what degree do the multi-dimensional
distributions d�ij

nm/dO in equation (3) for our sig-
nal di�er from the distribution predicted by the
AZZ

1 background? A bigger di�erence in shape will
lead to better sensitivity.

• The total sub-rates: Irrespective of the size of the
couplings Ai

n, what are the sizes of the di�erential
sub-rates d�̂ij

nm/dO which contribute to the total
h ! 4` di�erential decay rate? Sensitivity will be
enhanced to couplings with larger sub-rates.

• Interference: Given particular values for the loop
induced Ai

n couplings, are the dominant signal sub-
rates coming from one of the squared terms or from
interference? This will determine the progression of
the sensitivity with the growing luminosity since
the former is quadratic in the coupling while the
latter is linear.

In the next subsections we will consider these factors in
more detail. First we examine the shapes of the di�eren-
tial sub-rate with respect to the invariant masses. Then
we will examine the size of the various sub-rates before
discussing the interference e�ects. These studies will help
us understand the results of our full likelihood analysis
and the progression of sensitivity with luminosity which
will be shown in Sec III.

D. The Di�erential Mass Spectra

The power of the golden channel comes from the large
number of observables available in the 4` final state and
their correlations which provide a vast amount of in-
formation. Focusing on only decay observables and tak-
ing the Higgs mass as input, we have the two invariant
masses, corresponding to the two lepton pairs, and three
angles of relevance as discussed above (see [31, 32] for
more details). The shapes of the distributions, d�ij

nm/dO
in Eq.(3), are in general quite di�erent for the various
ZZ, Z� and �� contributions allowing for strong dis-
criminating power between the di�erent possible opera-
tors. This means that even if the overall h ! 4` rate
is consistent with the SM prediction one can still have
contributions from new physics which can be uncovered

results qualitatively [24, 31, 32]. They are henceforth ignored in
this work but should be part of a more complete analysis.

(Where i , j = ZZ , Z�, �� and n, m = 1, 2, 3 and treated at fixed ŝ = m2
h

)

Various projections and total width obtained by integration over O
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Using a maximum likelihood analysis based on an an-
alytic framework developed in [31], we perform a simul-
taneous parameter extraction of the loop induced ZZ,
Z�, and �� e�ective Higgs couplings allowing for gen-
eral CP odd/even mixtures. We perform these fits for
a range of numbers of events assuming a pure SM data
set. We find that for values of couplings close to those
predicted by the SM, the golden channel has excellent
prospects to begin directly probing the Higgs couplings
to photons during LHC running with ⇠ 100 � 400fb�1

of luminosity (depending on detector performance and
production uncertainties) with less optimistic prospects
for the Z� and even less so for the loop induced ZZ cou-
plings. Our analysis is done at generator level neglecting
any detector e�ects as well as any backgrounds but as
we discuss further below, this is not expected to a�ect
our results dramatically or change our conclusions qual-
itatively [31, 32].

The results presented here motivate a detailed loop
analysis in order to make more precise quantitative
statements about the ability to extract these parame-
ters. They also suggest exciting potential for the golden
channel to discover new physics which may enter in the
loops that generate these e�ective couplings. We leave
a careful study of these issues to ongoing and future
work [32, 39]. For now we simply demonstrate qualita-
tively that the LHC has excellent prospects to establish
the CP nature of the Higgs couplings to photons, includ-
ing the overall sign, well before the end of high luminosity
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This paper is organized as follows: In Secs. II we dis-

cuss the parameterization of the various tensor couplings
which we will be fitting for as well as other aspects of
searching for anomalous couplings with the golden chan-
nel. In Sec. III we present our results where we estimate
the expected sensitivity of the golden channel to each
of the loop induced e�ective Higgs couplings to ZZ, Z�,
and �� pairs. Finally in Sec. IV we discuss briefly ongoing
and future work before concluding.

II. EXAMINING THE GOLDEN CHANNEL

In this section we examine various aspects of the
golden channel. We begin by parametrizing the Higgs
couplings to ZZ, Z�, and �� pairs. We then discuss some
of the observables which enable us to have sensitivity to
these couplings and the di�erent terms which contribute
to the di�erential cross section. We also examine the
magnitude of the e�ects of loop induced couplings and
discuss the interference e�ects.

A. Higgs Couplings to EW Bosons

We consider the leading contributions to the Higgs cou-
plings to neutral electroweak gauge bosons allowing for
general CP odd/even mixtures as well as for ZZ, Z�
and �� to contribute simultaneously. These couplings are
parametrized by the following Lagrangian,

L � h
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3 Zµ� �Zµ�

+ 2AZ�
2 Fµ�Zµ� + 2AZ�

3 Fµ� �Zµ� + A��
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where we have taken h real. We consider only up to di-
mension five operators and Zµ is the Z field while Vµ� =
�µV� � ��Vµ is the usual bosonic field strengths. The

dual field strengths are defined as �Vµ� = 1
2�µ���V ��. All

of the couplings are taken to be real1, dimensionless, and
constant. In principal they are form factors whose loop
functions have potentially strong momentum dependence
due to the highly o�-shell nature of the intermediate vec-
tor bosons. This is true even in the SM where at tree level
the only contribution is AZZ

1 , but at one loop momentum
dependent form factors of O(10�2 � 10�3) are generated
for the AZZ,Z�,��

2 operators [40, 41] by loops of SM par-

1 Our framework can easily accommodate complex couplings, but
we expect any phases to be small [35] and their inclusion is not
necessary in order to make our point.
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3 are also generated at higher loop order,

but these are totally negligible in comparison).

However, since we only aim to give a qualitative pic-
ture of the sensitivity and not a precise extraction of
these parameters, for the purposes of this study we work
within Higgs e�ective theory and approximate the cou-
plings as constant, as is done in other similar analy-
ses [13, 17, 21, 24, 28, 31, 32, 42]. Once sensitivity of
O(10�2 � 10�3) is achieved a more precise quantifica-
tion will require accounting for the full momentum de-
pendence, but we leave this to future work. Thus for
the remainder of this study we define as the SM point
AZZ

1 = 2 and take all other couplings ⇠ 0. The pur-
pose of this study is then to estimate at what point the
golden channel will reach sensitivities of O(10�2 � 10�3)
to the loop induced couplings assuming the ‘true’ value
of these couplings is that predicted by the SM (or close to
it). Achieving this level of sensitivity is exciting not only

(Framework can easily incorporate different parametrizations and complex couplings)

The Ai
n in general momentum dependent, but we approximate as

constant (sufficient for the level of precision we need for now)
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because one would begin probing SM loop e�ects, but
also because of the potential for discovering new physics
in deviations from the SM expectation including the pos-
sibility of observing CP violation.

B. The Fully Di�erential Decay Rate

We have analytically computed and validated the fully
di�erential decay width for h ! 4` for the 2e2µ [24], 4e,
and 4µ [31] final states assuming on-shell decay of the
Higgs. All interference e�ects between the operators in
Eq.(1) as well as identical final state interference in the
case of 4e and 4µ have been included.

For the purpose of our analysis it is useful to note that
the fully di�erential decay width for h ! 4` is a sum
over terms quadratic in the couplings which we can write
schematically as,

d�h�4�
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Ai
nAj�

m � d�̂ij
nm

dO , (2)

where the sum is over n, m = 1, 2, 3 and i, j = ZZ, Z�, ��
(note AZ�

1 = A��
1 = 0). We also define dO = dM2

1 dM2
2 d~�

which represents the di�erential volume element, or
phase space, in terms of two invariant masses correspond-
ing to the two lepton pairs (M1, M2) and five angles
(~�) [31, 32] (two of the angles correspond to an overall ro-
tation in the Higgs frame and are not useful for resolving
Higgs couplings). It will also be useful to define,
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m � d�̂ij
nm

dO . (3)

These di�erential distributions are going to be helpful in
the following discussion and it will be convenient to give
them names. As they sum up to give the di�erential rate,
we will call d�ij

nm/dO a di�erential sub-rate.
It is further useful to note that sub-rates fall into two

categories - squared terms for which n = m and i =
j, and the interference terms for which this is not the
case. The squared terms are positive definite, while the
interference terms may be both positive and negative. In
fact, the interference terms between CP odd and CP even
operators must integrate to zero over all of phase space
and thus must take on both signs.

C. Sub-leading Couplings in h � 4�:
Yesterday’s Signal = Today’s Background

In this work we focus on the question - to what de-
gree is h ! 4` sensitive to the small higher-dimensional
couplings AZZ

2,3 , AZ�
2,3, and A��

2,3 in Eq.(1)? For the pur-
pose of this question we can think of the dominant decay
h ! ZZ ! 4` via AZZ

1 as the background.2 The small

2 Of course, there are also true SM backgrounds contributing to
pp � 4l, but these are relatively small and will not change our

deviations in the fully di�erential cross-section caused by
the presence of higher dimensional operators Ai

2,3 are our
signal. The various signal sub-rates are correlated in the
sense that turning on a squared sub-rate inevitably leads
to the presence of an interference term, and vice versa.

There are a few qualitative factors that are important
in determining whether the di�erential h ! 4` rate is
sensitive to the loop induced couplings, i.e. our signal:

• Shapes: To what degree do the multi-dimensional
distributions d�ij

nm/dO in equation (3) for our sig-
nal di�er from the distribution predicted by the
AZZ

1 background? A bigger di�erence in shape will
lead to better sensitivity.

• The total sub-rates: Irrespective of the size of the
couplings Ai

n, what are the sizes of the di�erential
sub-rates d�̂ij

nm/dO which contribute to the total
h ! 4` di�erential decay rate? Sensitivity will be
enhanced to couplings with larger sub-rates.

• Interference: Given particular values for the loop
induced Ai

n couplings, are the dominant signal sub-
rates coming from one of the squared terms or from
interference? This will determine the progression of
the sensitivity with the growing luminosity since
the former is quadratic in the coupling while the
latter is linear.

In the next subsections we will consider these factors in
more detail. First we examine the shapes of the di�eren-
tial sub-rate with respect to the invariant masses. Then
we will examine the size of the various sub-rates before
discussing the interference e�ects. These studies will help
us understand the results of our full likelihood analysis
and the progression of sensitivity with luminosity which
will be shown in Sec III.

D. The Di�erential Mass Spectra

The power of the golden channel comes from the large
number of observables available in the 4` final state and
their correlations which provide a vast amount of in-
formation. Focusing on only decay observables and tak-
ing the Higgs mass as input, we have the two invariant
masses, corresponding to the two lepton pairs, and three
angles of relevance as discussed above (see [31, 32] for
more details). The shapes of the distributions, d�ij

nm/dO
in Eq.(3), are in general quite di�erent for the various
ZZ, Z� and �� contributions allowing for strong dis-
criminating power between the di�erent possible opera-
tors. This means that even if the overall h ! 4` rate
is consistent with the SM prediction one can still have
contributions from new physics which can be uncovered

results qualitatively [24, 31, 32]. They are henceforth ignored in
this work but should be part of a more complete analysis.

(Where i , j = ZZ , Z�, �� and n, m = 1, 2, 3 and treated at fixed ŝ = m2
h
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SM Tree Level h ! ZZ ! 4` Decay as the ‘Background’

In order to try and understand our ‘hierarchy of sensitivity’ we can
treat tree level SM operator as ‘background’ (corresponds to AZZ

1 )

Question becomes: How well can we distinguish the Ai
n operators?

Or...how well can differential ‘sub-widths’ be distinguished from SM?

We can integrate these over O to find 1D projections or total
‘sub-widths’ for each combination of operators
These 1D projections and total ‘sub-widths’ can give us insight into
relative sensitivity to the loop induced operators
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because one would begin probing SM loop e�ects, but
also because of the potential for discovering new physics
in deviations from the SM expectation including the pos-
sibility of observing CP violation.

B. The Fully Di�erential Decay Rate

We have analytically computed and validated the fully
di�erential decay width for h ! 4` for the 2e2µ [24], 4e,
and 4µ [32] final states assuming on-shell decay of the
Higgs. All interference e�ects between the operators in
Eq.(1) as well as identical final state interference in the
case of 4e and 4µ have been included.

For the purpose of our analysis it is useful to note that
the fully di�erential decay width for h ! 4` is a sum
over terms quadratic in the couplings which we can write
schematically as,
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(note AZ�
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which represents the di�erential volume element, or
phase space, in terms of two invariant masses correspond-
ing to the two lepton pairs (M1, M2) and five angles
(~�) [32, 33] (two of the angles correspond to an overall ro-
tation in the Higgs frame and are not useful for resolving
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These di�erential distributions are going to be helpful in
the following discussion and it will be convenient to give
them names. As they sum up to give the di�erential rate,
we will call d�ij

nm/dO a di�erential sub-rate.
It is further useful to note that sub-rates fall into two

categories - squared terms for which n = m and i =
j, and the interference terms for which this is not the
case. The squared terms are positive definite, while the
interference terms may be both positive and negative. In
fact, the interference terms between CP odd and CP even
operators must integrate to zero over all of phase space
and thus must take on both signs.

C. Sub-leading Couplings in h � 4�:
Yesterday’s Signal = Today’s Background

In this work we focus on the question - to what de-
gree is h ! 4` sensitive to the small higher-dimensional
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2,3 in Eq.(1)? For the pur-
pose of this question we can think of the dominant decay
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1 as the background.2 The small

2 Of course, there are also true SM backgrounds contributing to
pp � 4l, but these are relatively small and will not change our

deviations in the fully di�erential cross-section caused by
the presence of higher dimensional operators Ai

2,3 are our
signal. The various signal sub-rates are correlated in the
sense that turning on a squared sub-rate inevitably leads
to the presence of an interference term, and vice versa.

There are a few qualitative factors that are important
in determining whether the di�erential h ! 4` rate is
sensitive to the loop induced couplings, i.e. our signal:

• Shapes: To what degree do the multi-dimensional
distributions d�ij

nm/dO in equation (3) for our sig-
nal di�er from the distribution predicted by the
AZZ

1 background? A bigger di�erence in shape will
lead to better sensitivity.

• The total sub-rates: Irrespective of the size of the
couplings Ai

n, what are the sizes of the di�erential
sub-rates d�̂ij

nm/dO which contribute to the total
h ! 4` di�erential decay rate? Sensitivity will be
enhanced to couplings with larger sub-rates.

• Interference: Given particular values for the loop
induced Ai

n couplings, are the dominant signal sub-
rates coming from one of the squared terms or from
interference? This will determine the progression of
the sensitivity with the growing luminosity since
the former is quadratic in the coupling while the
latter is linear.

In the next subsections we will consider these factors in
more detail. First we examine the shapes of the di�eren-
tial sub-rate with respect to the invariant masses. Then
we will examine the size of the various sub-rates before
discussing the interference e�ects. These studies will help
us understand the results of our full likelihood analysis
and the progression of sensitivity with luminosity which
will be shown in Sec III.

D. The Di�erential Mass Spectra

The power of the golden channel comes from the large
number of observables available in the 4` final state and
their correlations which provide a vast amount of in-
formation. Focusing on only decay observables and tak-
ing the Higgs mass as input, we have the two invariant
masses, corresponding to the two lepton pairs, and three
angles of relevance as discussed above (see [32, 33] for
more details). The shapes of the distributions, d�ij

nm/dO
in Eq.(3), are in general quite di�erent for the various
ZZ, Z� and �� contributions allowing for strong dis-
criminating power between the di�erent possible opera-
tors. This means that even if the overall h ! 4` rate
is consistent with the SM prediction one can still have
contributions from new physics which can be uncovered

results qualitatively [24, 32, 33]. They are henceforth ignored in
this work but should be part of a more complete analysis.

We can integrate these over O to find 1D projections or total
‘sub-widths’ for each combination of operators
These 1D projections and total ‘sub-widths’ can give us insight into
relative sensitivity to the loop induced operators
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the former is quadratic in the coupling while the
latter is linear.
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and the progression of sensitivity with luminosity which
will be shown in Sec III.

D. The Di�erential Mass Spectra

The power of the golden channel comes from the large
number of observables available in the 4` final state and
their correlations which provide a vast amount of in-
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Total ‘Sub-Widths’ for Each Combination Operators

Lets first look at total ‘sub-widths’ for each combination of Ai
nA

j⇤
m

4

in the di�erential distributions. In terms of the SM this
translates to saying that even though Ai

2,3 contribute
negligibly to the overall rate in principal the golden chan-
nel still can have sensitivity to these loop induced cou-
plings.

We can get a sense for the shape di�erences in these
distributions by examining the di�erential spectra for
the two invariant masses obtained via integration of
Eq.(3) over all angles and one invariant mass. The in-
variant masses serve as the most strongly discriminating
variables between the di�erent operators. By examining
their distributions we can thus get a good qualitative
picture of the relative sensitivity to the various oper-
ators. These are presented in Fig. 1 for the 2e2µ final
state where we show the distributions for the invariant
mass which reconstructs closest to the Z mass which we
call M1 and the ‘o�-shell’ invariant mass which we call
M2. We show the distributions (all normalized to one)
for the four CP even operators squared corresponding to
|AZZ

1 |2, |AZZ
2 |2, |AZ�

2 |2, and |A��
2 |2. One can see that for

both the M1 and M2 distributions, the shape of |A��
2 |2

(green) is the operator most easily distinguished from
the |AZZ

1 |2 ‘background’ (black). The next most distin-
guishable operator, mostly in M2, is |AZ�

2 |2 (orange) fol-
lowed by |AZZ

2 |2 (blue) which as expected most closely
resembles the |AZZ

1 |2 background. The shapes for the CP
odd squared terms follow a similar pattern and are thus
not shown. Though we do no show it here, we note that
the relative azimuthal angle between the lepton decay
planes is useful for resolving CP even and CP odd oper-
ators [12, 24] (as is M2 [19, 24]).

E. Interference in the Golden Channel

A second advantage of the golden channel is its sen-
sitivity to interference which means that we are probing
e�ects which are linear in Ai

2,3 in addition to the squared
terms |Ai

2,3|2. This makes the golden channel sensitive to
the CP properties of the couplings as well as their overall
sign. This is a feature not present, for example, in h ! ��
rate measurements which are sensitive only to the com-
bination |A��

2 |2 + |A��
3 |2 [35]. We can get a feel for the

e�ects of this interference by again examining the M1 and
M2 distributions, but this time for the interference be-
tween the higher dimensional operators Ai

2,3 and the tree
level operator AZZ

1 . These are shown in Fig. 2. As men-
tioned previously these distributions can take on both
positive and negative values. For those shown in Fig. 2
we have normalized them such that when integrated over
the invariant mass we obtain positive one. Again we have
plotted on top of the |AZZ

1 |2 background (black). We see
a similar pattern of discrimination as that found for the
squared terms in the sense that �� is most easily distin-
guished from the background followed by Z� and then
ZZ.

We note that it is not just interference with the SM
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FIG. 1. Top: The di�erential mass spectrum for M1 in the
2e2µ final state for the CP even terms squared plotted on
top of the SM ‘background’ shown in black. Bottom: The
di�erential mass spectrum for M2 in the 2e2µ final state for
the same combination of operators. To obtain the spectra we
have performed the integration over the full angular phase
space analytically and restricted to the range 50 � M1 �
120 GeV and 12 � M2 � 60 GeV with no other cuts and
normalized them to one.

that is important to consider if one is to avoid a bias
during the parameter extraction procedure. The di�er-
ent squared terms as well as all other possible interference
terms among the loop induced operators are also impor-
tant to include. This is especially true with small data
sets where fluctuations in the data can be mistaken for
large anomalous Higgs interactions including subtle in-
terference e�ects between the various operators. We can
gain further insight of this behavior and the possible in-
terference e�ects by examining the total size of each pos-
sible combination of operators which we now discuss.

F. The Integrated Magnitudes

Upon integration of Eq.(3) over the full phase space
we can obtain the total sub rates for each combination
of Ai

nAj�
m couplings as follows,

�ij
nm = Ai

nAj�
m �

�
d�̂ij

nm

dO dO (4)

Note that some of these can be negative for destructive interference
In case of CPV they are exactly zero ) rate not sensitive to CPV
Relative size of ‘widths’ gives an indication of the sensitivity to a
particular combination of operators corresponding to Ai

nA
j⇤
m

They of course also depend on phase space chosen (cuts etc.)
Lets look at sizes for a ‘CMS-like’ phase space for all Ai

n = 1
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not shown. Though we do no show it here, we note that
the relative azimuthal angle between the lepton decay
planes is useful for resolving CP even and CP odd oper-
ators [12, 24] (as is M2 [19, 24]).

E. Interference in the Golden Channel

A second advantage of the golden channel is its sen-
sitivity to interference which means that we are probing
e�ects which are linear in Ai

2,3 in addition to the squared
terms |Ai

2,3|2. This makes the golden channel sensitive to
the CP properties of the couplings as well as their overall
sign. This is a feature not present, for example, in h ! ��
rate measurements which are sensitive only to the com-
bination |A��
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e�ects of this interference by again examining the M1 and
M2 distributions, but this time for the interference be-
tween the higher dimensional operators Ai

2,3 and the tree
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1 . These are shown in Fig. 2. As men-
tioned previously these distributions can take on both
positive and negative values. For those shown in Fig. 2
we have normalized them such that when integrated over
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FIG. 1. Top: The di�erential mass spectrum for M1 in the
2e2µ final state for the CP even terms squared plotted on
top of the SM ‘background’ shown in black. Bottom: The
di�erential mass spectrum for M2 in the 2e2µ final state for
the same combination of operators. To obtain the spectra we
have performed the integration over the full angular phase
space analytically and restricted to the range 50 � M1 �
120 GeV and 12 � M2 � 60 GeV with no other cuts and
normalized them to one.

that is important to consider if one is to avoid a bias
during the parameter extraction procedure. The di�er-
ent squared terms as well as all other possible interference
terms among the loop induced operators are also impor-
tant to include. This is especially true with small data
sets where fluctuations in the data can be mistaken for
large anomalous Higgs interactions including subtle in-
terference e�ects between the various operators. We can
gain further insight of this behavior and the possible in-
terference e�ects by examining the total size of each pos-
sible combination of operators which we now discuss.

F. The Integrated Magnitudes

Upon integration of Eq.(3) over the full phase space
we can obtain the total sub rates for each combination
of Ai

nAj�
m couplings as follows,

�ij
nm = Ai

nAj�
m �

�
d�̂ij

nm

dO dO (4)

Note that some of these can be negative for destructive interference
In case of CPV they are exactly zero ) rate not sensitive to CPV

Relative size of ‘widths’ gives an indication of the sensitivity to a
particular combination of operators corresponding to Ai

nA
j⇤
m

They of course also depend on phase space chosen (cuts etc.)
Lets look at sizes for a ‘CMS-like’ phase space for all Ai

n = 1
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FIG. 1. Top: The di�erential mass spectrum for M1 in the
2e2µ final state for the CP even terms squared plotted on
top of the SM ‘background’ shown in black. Bottom: The
di�erential mass spectrum for M2 in the 2e2µ final state for
the same combination of operators. To obtain the spectra we
have performed the integration over the full angular phase
space analytically and restricted to the range 50 � M1 �
120 GeV and 12 � M2 � 60 GeV with no other cuts and
normalized them to one.

that is important to consider if one is to avoid a bias
during the parameter extraction procedure. The di�er-
ent squared terms as well as all other possible interference
terms among the loop induced operators are also impor-
tant to include. This is especially true with small data
sets where fluctuations in the data can be mistaken for
large anomalous Higgs interactions including subtle in-
terference e�ects between the various operators. We can
gain further insight of this behavior and the possible in-
terference e�ects by examining the total size of each pos-
sible combination of operators which we now discuss.

F. The Integrated Magnitudes
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we can obtain the total sub rates for each combination
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FIG. 1. Top: The di�erential mass spectrum for M1 in the
2e2µ final state for the CP even terms squared plotted on
top of the SM ‘background’ shown in black. Bottom: The
di�erential mass spectrum for M2 in the 2e2µ final state for
the same combination of operators. To obtain the spectra we
have performed the integration over the full angular phase
space analytically and restricted to the range 50 � M1 �
120 GeV and 12 � M2 � 60 GeV with no other cuts and
normalized them to one.

that is important to consider if one is to avoid a bias
during the parameter extraction procedure. The di�er-
ent squared terms as well as all other possible interference
terms among the loop induced operators are also impor-
tant to include. This is especially true with small data
sets where fluctuations in the data can be mistaken for
large anomalous Higgs interactions including subtle in-
terference e�ects between the various operators. We can
gain further insight of this behavior and the possible in-
terference e�ects by examining the total size of each pos-
sible combination of operators which we now discuss.

F. The Integrated Magnitudes

Upon integration of Eq.(3) over the full phase space
we can obtain the total sub rates for each combination
of Ai

nAj�
m couplings as follows,

�ij
nm = Ai

nAj�
m �

�
d�̂ij

nm

dO dO (4)

Note that some of these can be negative for destructive interference
In case of CPV they are exactly zero ) rate not sensitive to CPV
Relative size of ‘widths’ gives an indication of the sensitivity to a
particular combination of operators corresponding to Ai

nA
j⇤
m

They of course also depend on phase space chosen (cuts etc.)
Lets look at sizes for a ‘CMS-like’ phase space for all Ai

n = 1
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Total ‘Sub-Widths‘: ‘CMS-like’ Cuts at 125 GeV, All Ai

n

= 1

Integrating over variables we find each ‘sub-width’ (normalized to SM)
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We see �� and (especially) Z� dominate the phase space over ZZ
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The Total Integrated Magnitudes

A better indicator of relative sensitivity is to look at ‘integrated
magnitudes’ which we define as the following:

5

40 50 60 70 80 90 100 110

0.00

0.05

0.10

0.15

0.20

0.25

M1

1
G
dG
dM1 AZZ1*Agg2

AZZ1*AZg2

AZZ1*AZZ2

»AZZ1 2

20 30 40 50 60
0.00

0.01

0.02

0.03

0.04

0.05

0.06

M2

1
G
dG
dM2 AZZ1*Agg2

AZZ1*AZg2

AZZ1*AZZ2

»AZZ1 2

FIG. 2. Top: The di�erential mass spectrum for M1 in the
2e2µ final state for the CP even interference with the SM oper-
ator AZZ

1 . The SM ‘background’ is again shown in black. Bot-
tom: The di�erential mass spectrum for M2 in the 2e2µ final
state for the same combination of operators. The cuts are
identical to those in Fig. 1 and we have normalized the dis-
tributions to positive one.

Thus we can think of �ij
nm as the total ‘decay width’ for

the corresponding pair of operators, though again these
can be negative for certain combinations of operators and
so are not strictly speaking total decay widths. Some of
these interference terms are exactly zero in the case where
one has a CP even operator mixing with a CP odd oper-
ator, i.e. CP violation. This is just representative of the
fact that the overall h ! 4` rate is not sensitive to CP
violation though of course this does not mean that the
golden channel is not sensitive to this e�ect.

It is therefore more illuminating to show what we call
the integrated magnitude of the various combination of
operators defined for each pair of couplings as,

�ij
nm = Ai

nAj�
m �

� �����
d�̂ij

nm

dO

����� dO, (5)

where the �ij
nm are strictly non-zero even in the case of

CP violation. We show in Fig. 3 all possible combina-
tions of �ij

nm for AZZ
1 = 2 and all loop induced couplings

set to one. We have normalized to the (tree level) SM
value for the h ! 4` decay width (�SM

4� ) which cor-
responds to AZZ

1 = 2 and all other couplings set to
zero. The values shown are for �ij

nm/�SM
4� in the 2e2µ
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FIG. 3. The total integrated magnitudes, �ij
nm, defined in

Eq.(5), which correspond to the pairs of couplings Ai
nAj�

m . To
obtain the values here we have set AZZ

1 = 2 and all other cou-
plings to one. We have normalized to the (tree level) SM value
for the h � 4� decay width. The values shown are for the 2e2µ
final state [31] for a ‘CMS-like’ phase space which is defined
in Sec. III A. These magnitudes are useful for estimating the
sensitivity in early stages of the analysis.

final state [31] with cuts and reconstruction correspond-
ing to a ‘CMS-like’ phase space [2] which we have defined
in Sec. IIIA. These integrated magnitudes contain infor-
mation not only about the total phase space contribution
of each combination of operators, but also about the dif-
ferences in shape. It is for this reason that one can have
non-zero values even for combinations of operators which
lead to CP violation.

We can see by examining the diagonal terms that the
largest integrated magnitudes are for the Z� and �� con-
tributions while the SM combination |AZZ

1 |2 is equal to
one. This is due to a combination of the fact that in these
cases both gauge bosons can be more closely on-shell, as
well as the larger coupling of photons to leptons relative
to the Z couplings. These features contribute to the en-
hanced sensitivity to the Z� and �� couplings as we will
see in our results in Sec. III. In particular, this implies
that generically we expect a greater sensitivity to the Z�
and �� couplings than for the AZZ

2,3 couplings, unless the
ZZ e�ective Higgs couplings, for some reason, are sub-
stantially larger than the Z� and �� couplings.

The values in Fig. 3 were obtained for all loop induced
couplings set equal to one. Of course in the SM and in
most new physics models we expect these couplings to be
. O(10�2 � 10�3) or much smaller. We therefore again
show �ij

nm/�SM
4� for the 2e2µ final state in Fig. 4, but

now with AZZ
1 = 2 and all loop induced couplings set to

⇠ 0.008. We see again that the SM combination |AZZ
1 |2

is equal to one (by definition). Of the others, the in-

These are strictly non-zero even in case of CP violation
Contain some information about shapes of differential spectra
Give better indication of size of various possible interference effects
These interference effects give h ! 4` sensitivity to CP and phases
Lets examine for ‘CMS-like’ cuts setting AZZ

1 = 2 and other Ai
n = 1

Again we will normalize to tree level SM where AZZ

1 = 2 and all others zero
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The Total Integrated Magnitudes

A better indicator of relative sensitivity is to look at ‘integrated
magnitudes’ which we define as the following:
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FIG. 2. Top: The di�erential mass spectrum for M1 in the
2e2µ final state for the CP even interference with the SM oper-
ator AZZ

1 . The SM ‘background’ is again shown in black. Bot-
tom: The di�erential mass spectrum for M2 in the 2e2µ final
state for the same combination of operators. The cuts are
identical to those in Fig. 1 and we have normalized the dis-
tributions to positive one.

Thus we can think of �ij
nm as the total ‘decay width’ for

the corresponding pair of operators, though again these
can be negative for certain combinations of operators and
so are not strictly speaking total decay widths. Some of
these interference terms are exactly zero in the case where
one has a CP even operator mixing with a CP odd oper-
ator, i.e. CP violation. This is just representative of the
fact that the overall h ! 4` rate is not sensitive to CP
violation though of course this does not mean that the
golden channel is not sensitive to this e�ect.

It is therefore more illuminating to show what we call
the integrated magnitude of the various combination of
operators defined for each pair of couplings as,

�ij
nm = Ai

nAj�
m �

� �����
d�̂ij

nm

dO

����� dO, (5)

where the �ij
nm are strictly non-zero even in the case of

CP violation. We show in Fig. 3 all possible combina-
tions of �ij

nm for AZZ
1 = 2 and all loop induced couplings

set to one. We have normalized to the (tree level) SM
value for the h ! 4` decay width (�SM

4� ) which cor-
responds to AZZ

1 = 2 and all other couplings set to
zero. The values shown are for �ij

nm/�SM
4� in the 2e2µ
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FIG. 3. The total integrated magnitudes, �ij
nm, defined in

Eq.(5), which correspond to the pairs of couplings Ai
nAj�

m . To
obtain the values here we have set AZZ

1 = 2 and all other cou-
plings to one. We have normalized to the (tree level) SM value
for the h � 4� decay width. The values shown are for the 2e2µ
final state [31] for a ‘CMS-like’ phase space which is defined
in Sec. III A. These magnitudes are useful for estimating the
sensitivity in early stages of the analysis.

final state [31] with cuts and reconstruction correspond-
ing to a ‘CMS-like’ phase space [2] which we have defined
in Sec. IIIA. These integrated magnitudes contain infor-
mation not only about the total phase space contribution
of each combination of operators, but also about the dif-
ferences in shape. It is for this reason that one can have
non-zero values even for combinations of operators which
lead to CP violation.

We can see by examining the diagonal terms that the
largest integrated magnitudes are for the Z� and �� con-
tributions while the SM combination |AZZ

1 |2 is equal to
one. This is due to a combination of the fact that in these
cases both gauge bosons can be more closely on-shell, as
well as the larger coupling of photons to leptons relative
to the Z couplings. These features contribute to the en-
hanced sensitivity to the Z� and �� couplings as we will
see in our results in Sec. III. In particular, this implies
that generically we expect a greater sensitivity to the Z�
and �� couplings than for the AZZ

2,3 couplings, unless the
ZZ e�ective Higgs couplings, for some reason, are sub-
stantially larger than the Z� and �� couplings.

The values in Fig. 3 were obtained for all loop induced
couplings set equal to one. Of course in the SM and in
most new physics models we expect these couplings to be
. O(10�2 � 10�3) or much smaller. We therefore again
show �ij

nm/�SM
4� for the 2e2µ final state in Fig. 4, but

now with AZZ
1 = 2 and all loop induced couplings set to

⇠ 0.008. We see again that the SM combination |AZZ
1 |2

is equal to one (by definition). Of the others, the in-

These are strictly non-zero even in case of CP violation
Contain some information about shapes of differential spectra
Give better indication of size of various possible interference effects
These interference effects give h ! 4` sensitivity to CP and phases

Lets examine for ‘CMS-like’ cuts setting AZZ
1 = 2 and other Ai

n = 1
Again we will normalize to tree level SM where AZZ

1 = 2 and all others zero
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The Total Integrated Magnitudes

A better indicator of relative sensitivity is to look at ‘integrated
magnitudes’ which we define as the following:
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FIG. 2. Top: The di�erential mass spectrum for M1 in the
2e2µ final state for the CP even interference with the SM oper-
ator AZZ

1 . The SM ‘background’ is again shown in black. Bot-
tom: The di�erential mass spectrum for M2 in the 2e2µ final
state for the same combination of operators. The cuts are
identical to those in Fig. 1 and we have normalized the dis-
tributions to positive one.

Thus we can think of �ij
nm as the total ‘decay width’ for

the corresponding pair of operators, though again these
can be negative for certain combinations of operators and
so are not strictly speaking total decay widths. Some of
these interference terms are exactly zero in the case where
one has a CP even operator mixing with a CP odd oper-
ator, i.e. CP violation. This is just representative of the
fact that the overall h ! 4` rate is not sensitive to CP
violation though of course this does not mean that the
golden channel is not sensitive to this e�ect.

It is therefore more illuminating to show what we call
the integrated magnitude of the various combination of
operators defined for each pair of couplings as,

�ij
nm = Ai

nAj�
m �

� �����
d�̂ij

nm

dO

����� dO, (5)

where the �ij
nm are strictly non-zero even in the case of

CP violation. We show in Fig. 3 all possible combina-
tions of �ij

nm for AZZ
1 = 2 and all loop induced couplings

set to one. We have normalized to the (tree level) SM
value for the h ! 4` decay width (�SM

4� ) which cor-
responds to AZZ

1 = 2 and all other couplings set to
zero. The values shown are for �ij

nm/�SM
4� in the 2e2µ
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FIG. 3. The total integrated magnitudes, �ij
nm, defined in

Eq.(5), which correspond to the pairs of couplings Ai
nAj�

m . To
obtain the values here we have set AZZ

1 = 2 and all other cou-
plings to one. We have normalized to the (tree level) SM value
for the h � 4� decay width. The values shown are for the 2e2µ
final state [31] for a ‘CMS-like’ phase space which is defined
in Sec. III A. These magnitudes are useful for estimating the
sensitivity in early stages of the analysis.

final state [31] with cuts and reconstruction correspond-
ing to a ‘CMS-like’ phase space [2] which we have defined
in Sec. IIIA. These integrated magnitudes contain infor-
mation not only about the total phase space contribution
of each combination of operators, but also about the dif-
ferences in shape. It is for this reason that one can have
non-zero values even for combinations of operators which
lead to CP violation.

We can see by examining the diagonal terms that the
largest integrated magnitudes are for the Z� and �� con-
tributions while the SM combination |AZZ

1 |2 is equal to
one. This is due to a combination of the fact that in these
cases both gauge bosons can be more closely on-shell, as
well as the larger coupling of photons to leptons relative
to the Z couplings. These features contribute to the en-
hanced sensitivity to the Z� and �� couplings as we will
see in our results in Sec. III. In particular, this implies
that generically we expect a greater sensitivity to the Z�
and �� couplings than for the AZZ

2,3 couplings, unless the
ZZ e�ective Higgs couplings, for some reason, are sub-
stantially larger than the Z� and �� couplings.

The values in Fig. 3 were obtained for all loop induced
couplings set equal to one. Of course in the SM and in
most new physics models we expect these couplings to be
. O(10�2 � 10�3) or much smaller. We therefore again
show �ij

nm/�SM
4� for the 2e2µ final state in Fig. 4, but

now with AZZ
1 = 2 and all loop induced couplings set to

⇠ 0.008. We see again that the SM combination |AZZ
1 |2

is equal to one (by definition). Of the others, the in-

These are strictly non-zero even in case of CP violation
Contain some information about shapes of differential spectra
Give better indication of size of various possible interference effects
These interference effects give h ! 4` sensitivity to CP and phases
Lets examine for ‘CMS-like’ cuts setting AZZ

1 = 2 and other Ai
n = 1

Again we will normalize to tree level SM where AZZ

1 = 2 and all others zero
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Integrated Magnitudes: AZZ

1 = 2 (‘BG’), Ai

n

= 1 (signal)

Integrating over variables we find all the integrated magnitudes
(Y. Chen, R. Harnick, RVM: arXiv:1404.1336)
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We see many of the interference terms give sizable contribution
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Integrated Magnitudes: AZZ

1 = 2 and all other Ai

n

= 0.008

Of course in SM and most BSM we expect Ai
n . O(10�2)

(Y. Chen, R. Harnick, RVM: arXiv:1404.1336)
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For points near SM, interference with AZZ
1 give largest contributions

Roberto Vega-Morales (LPT) Probing CPV Benasque: April 2014 17 / 25

Roberto
This is representative
of the situation if we 
are `close to' the SM

Roberto


Roberto
Note that even though
interference with SM
dominates, still important
to keep all term when
performing parameter
extraction to avoid bias

Roberto


Roberto




The M1, M2 Differential Mass Spectra

Most discriminating projections are M1 and M2 differential spectra
All distributions normalized to positive one

(Y. Chen, R. Harnick, RVM: arXiv:1404.1336)
4

in the di�erential distributions. In terms of the SM this
translates to saying that even though Ai

2,3 contribute
negligibly to the overall rate in principal the golden chan-
nel still can have sensitivity to these loop induced cou-
plings.

We can get a sense for the shape di�erences in these
distributions by examining the di�erential spectra for
the two invariant masses obtained via integration of
Eq.(3) over all angles and one invariant mass. The in-
variant masses serve as the most strongly discriminating
variables between the di�erent operators. By examining
their distributions we can thus get a good qualitative
picture of the relative sensitivity to the various oper-
ators. These are presented in Fig. 1 for the 2e2µ final
state where we show the distributions for the invariant
mass which reconstructs closest to the Z mass which we
call M1 and the ‘o�-shell’ invariant mass which we call
M2. We show the distributions (all normalized to one)
for the four CP even operators squared corresponding to
|AZZ

1 |2, |AZZ
2 |2, |AZ�

2 |2, and |A��
2 |2. One can see that for

both the M1 and M2 distributions, the shape of |A��
2 |2

(green) is the operator most easily distinguished from
the |AZZ

1 |2 ‘background’ (black). The next most distin-
guishable operator, mostly in M2, is |AZ�

2 |2 (orange) fol-
lowed by |AZZ

2 |2 (blue) which as expected most closely
resembles the |AZZ

1 |2 background. The shapes for the CP
odd squared terms follow a similar pattern and are thus
not shown. Though we do no show it here, we note that
the relative azimuthal angle between the lepton decay
planes is useful for resolving CP even and CP odd oper-
ators [12, 24] (as is M2 [19, 24]).

E. Interference in the Golden Channel

A second advantage of the golden channel is its sen-
sitivity to interference which means that we are probing
e�ects which are linear in Ai

2,3 in addition to the squared
terms |Ai

2,3|2. This makes the golden channel sensitive to
the CP properties of the couplings as well as their overall
sign. This is a feature not present, for example, in h ! ��
rate measurements which are sensitive only to the com-
bination |A��

2 |2 + |A��
3 |2 [35]. We can get a feel for the

e�ects of this interference by again examining the M1 and
M2 distributions, but this time for the interference be-
tween the higher dimensional operators Ai

2,3 and the tree
level operator AZZ

1 . These are shown in Fig. 2. As men-
tioned previously these distributions can take on both
positive and negative values. For those shown in Fig. 2
we have normalized them such that when integrated over
the invariant mass we obtain positive one. Again we have
plotted on top of the |AZZ

1 |2 background (black). We see
a similar pattern of discrimination as that found for the
squared terms in the sense that �� is most easily distin-
guished from the background followed by Z� and then
ZZ.

We note that it is not just interference with the SM
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FIG. 1. Top: The di�erential mass spectrum for M1 in the
2e2µ final state for the CP even terms squared plotted on
top of the SM ‘background’ shown in black. Bottom: The
di�erential mass spectrum for M2 in the 2e2µ final state for
the same combination of operators. To obtain the spectra we
have performed the integration over the full angular phase
space analytically and restricted to the range 50 � M1 �
120 GeV and 12 � M2 � 60 GeV with no other cuts and
normalized them to one.

that is important to consider if one is to avoid a bias
during the parameter extraction procedure. The di�er-
ent squared terms as well as all other possible interference
terms among the loop induced operators are also impor-
tant to include. This is especially true with small data
sets where fluctuations in the data can be mistaken for
large anomalous Higgs interactions including subtle in-
terference e�ects between the various operators. We can
gain further insight of this behavior and the possible in-
terference e�ects by examining the total size of each pos-
sible combination of operators which we now discuss.

F. The Integrated Magnitudes

Upon integration of Eq.(3) over the full phase space
we can obtain the total sub rates for each combination
of Ai

nAj�
m couplings as follows,

�ij
nm = Ai

nAj�
m �

�
d�̂ij

nm

dO dO (4)
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FIG. 2. Top: The di�erential mass spectrum for M1 in the
2e2µ final state for the CP even interference with the SM oper-
ator AZZ

1 . The SM ‘background’ is again shown in black. Bot-
tom: The di�erential mass spectrum for M2 in the 2e2µ final
state for the same combination of operators. The cuts are
identical to those in Fig. 1 and we have normalized the dis-
tributions to positive one.

Thus we can think of �ij
nm as the total ‘decay width’ for

the corresponding pair of operators, though again these
can be negative for certain combinations of operators and
so are not strictly speaking total decay widths. Some of
these interference terms are exactly zero in the case where
one has a CP even operator mixing with a CP odd oper-
ator, i.e. CP violation. This is just representative of the
fact that the overall h ! 4` rate is not sensitive to CP
violation though of course this does not mean that the
golden channel is not sensitive to this e�ect.

It is therefore more illuminating to show what we call
the integrated magnitude of the various combination of
operators defined for each pair of couplings as,

�ij
nm = Ai

nAj�
m �

� �����
d�̂ij

nm

dO

����� dO, (5)

where the �ij
nm are strictly non-zero even in the case of

CP violation. We show in Fig. 3 all possible combina-
tions of �ij

nm for AZZ
1 = 2 and all loop induced couplings

set to one. We have normalized to the (tree level) SM
value for the h ! 4` decay width (�SM

4� ) which cor-
responds to AZZ

1 = 2 and all other couplings set to
zero. The values shown are for �ij

nm/�SM
4� in the 2e2µ

A1ZZ A2ZZ A3ZZ A2ZA A3ZA A2AA A3AA
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FIG. 3. The total integrated magnitudes, �ij
nm, defined in

Eq.(5), which correspond to the pairs of couplings Ai
nAj�

m . To
obtain the values here we have set AZZ

1 = 2 and all other cou-
plings to one. We have normalized to the (tree level) SM value
for the h � 4� decay width. The values shown are for the 2e2µ
final state [31] for a ‘CMS-like’ phase space which is defined
in Sec. III A. These magnitudes are useful for estimating the
sensitivity in early stages of the analysis.

final state [31] with cuts and reconstruction correspond-
ing to a ‘CMS-like’ phase space [2] which we have defined
in Sec. IIIA. These integrated magnitudes contain infor-
mation not only about the total phase space contribution
of each combination of operators, but also about the dif-
ferences in shape. It is for this reason that one can have
non-zero values even for combinations of operators which
lead to CP violation.

We can see by examining the diagonal terms that the
largest integrated magnitudes are for the Z� and �� con-
tributions while the SM combination |AZZ

1 |2 is equal to
one. This is due to a combination of the fact that in these
cases both gauge bosons can be more closely on-shell, as
well as the larger coupling of photons to leptons relative
to the Z couplings. These features contribute to the en-
hanced sensitivity to the Z� and �� couplings as we will
see in our results in Sec. III. In particular, this implies
that generically we expect a greater sensitivity to the Z�
and �� couplings than for the AZZ

2,3 couplings, unless the
ZZ e�ective Higgs couplings, for some reason, are sub-
stantially larger than the Z� and �� couplings.

The values in Fig. 3 were obtained for all loop induced
couplings set equal to one. Of course in the SM and in
most new physics models we expect these couplings to be
. O(10�2 � 10�3) or much smaller. We therefore again
show �ij

nm/�SM
4� for the 2e2µ final state in Fig. 4, but

now with AZZ
1 = 2 and all loop induced couplings set to

⇠ 0.008. We see again that the SM combination |AZZ
1 |2

is equal to one (by definition). Of the others, the in-

Easy to see �� most easily distinguished from AZZ
1 ‘background’
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We show the
shapes for the
CP even couplings
squared on the left
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Roberto
CP even operators
interfering with 
tree level SM `BG'
on the right
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Roberto
Angles of course
help in discrimination!



A Second Look at Sensitivity Curves: ~A
o

= (0, 0, 0, 0, 0, 0)

From �ij
nm, ⇧ij

nm, and M1, M2 spectra we now have intuition for � curves

(Y. Chen, R. Harnick, RVM: arXiv:1404.1336)
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From total `sub-widths',
integrated magnitudes,
and M1, M2 shapes, we
can understand why we
see this hierarchy of 
sensitivity for couplings

Roberto

Roberto
Note these curves
use ALL information
contained in the 
golden channel and
include all of the
correlations between
the various couplings

Roberto

Roberto

Roberto
LHC has excellent
prospects of directly
probing CP nature
of Higgs couplings
to photons before
end of running!
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A��
2 as Function of N

S

: ~A
o

= (0, 0, 0, 0, �0.008, 0)

Assuming (roughly) SM value of A��
2 = �0.008 can we pick out sign?

(Y. Chen, R. Harnick, RVM: arXiv:1404.1336)
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`true' value
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Roberto
color represents density
of pseudo experiments
returning best fit value
for effective coupling
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We see sensitivity to 
overall sign of the CP
even photon coupling



Golden Channel vs. h ! �� and EDMs: ~
A

o

= (0, 0, 0, 0, �0.008, 0)

What can be done with ⇠ 3000fb�1 in golden channel vs. h ! ��?
(Y. Chen, R. Harnick, RVM: arXiv:1404.1336)
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LHC should directly establish CP nature of Higgs couplings to ��!
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EDM constraint
assuming SM Higgs couplings to 1st gen fermions and 1TeV NP scale
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The 1 sigma confidence interval from
Higgs to di-photon decay
(projected)
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68% and 95% confidence interval from golden channel
(projected)

Roberto

Roberto

Roberto

Roberto

Roberto

Roberto



Golden Channel vs. h ! �� and EDMs: ~
A

o

= (0, 0, 0, 0, �0.008, 0)

What can be done with ⇠ 3000fb�1 in golden channel vs. h ! ��?
(Y. Chen, R. Harnick, RVM: arXiv:1404.1336)
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LHC should directly establish CP nature of Higgs couplings to ��!
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Roberto
We see here that only
the golden channel can
unambiguously establish
both the CP nature and 
overall sign of the Higgs 
couplings to photons!



The 6D Fit at Detector Level: ~A
o

= (0, 0, 0, 0, 0, 0)

We have built a framework to do all of this at detector level as well!
(see Y. Chen, E. DiMarco, J. Lykken, M. Spiropulu, RVM, S. Xie: arXiv:1401.2077)

Framework includes detector, background, and production effects

We see very similar sensitivity to ‘generator level’ analysis
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The 6D Fit at Detector Level: ~A
o

= (0, 0, 0, 0, 0, 0)

We have built a framework to do all of this at detector level as well!
(see Y. Chen, E. DiMarco, J. Lykken, M. Spiropulu, RVM, S. Xie: arXiv:1401.2077)

Framework includes detector, background, and production effects

Detector Level Fits: Error Projections For SM Point

Rough'projec*ons'

•  All'ra*os'are'fimed'simultaneously'

Oct.'11,'2013' Yi'Chen'@'HZZ'Mee*ng' 15'

Disclaimer:'systema*cs'not'included'

ggZZ/ZX'parts'needs'to'be'finalized!'

Absolute'scale'is'

related'to'the'pure'

term'cross'sec*on.'

Will'be'clearer'

once'we'convert'

to'fa3Glike'quan*tes'

Very'preliminary!'

(Y. Chen, E. DiMarco, J. Lykken, M. Spiropulu, RVM, S. Xie: Preliminary)
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We see very similar sensitivity to ‘generator level’ analysis
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Almost finished
optimizing this
framework!
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Ongoing Work and Future Work

For studies of Higgs Couplings in the Golden Channel:
(Ongoing work with Y. Chen + others)

I Exploring different cuts/reconstructions to enhance sensitivity
I Performing detailed comparison of 2e2µ vs 4e/4µ channels
I Finish optimizing detector level framework (very close)

I Eventually perform detailed loop analysis of the Higgs couplings

Other related ongoing studies:
I We are looking at h ! 2`� as well (Y. Chen, RVM: To Appear Soon)
I Exploring exotic Higgs decays in golden channel involving Z 0s or

vector-like leptons (A. Falkowski, RVM: To Appear Soon)
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Conclusion

The h ! 4` ‘golden channel’ can in principal probe the CP
nature of all Higgs couplings to ZZ , Z�, and �� pairs
simultaneously including correlations between couplings

LHC will begin directly probing the CP nature (including
the overall sign) of the Higgs couplings to photons in the
golden channel well before the end of running!

More generally, golden channel useful for directly measuring
tensor structure of Higgs couplings even if no CP violation
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Thank You

to the

Organizers!
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