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FIG. 1. Left: M1,M2 doubly di↵erential distribution assuming only the AZZ
2 operator defined in Eq.(3) is ‘turned on’ for the

2e2µ final state (top) and the 4e final state (bottom). Middle: Same as left figures, but now for AZ�
2 couplings. Right: Same

as left figures, but now for the A��
2 couplings. For all distributions standard CMS lepton pairings are applied (see text) and

the pink lines indicate the M1 > 40 GeV and M2 > 12 GeV cuts used by CMS [5]. “Wrong pairing” e↵ects are important in
the bottom right distribution and discussed more in text.

Index Nickname Lepton Pairing Lepton Selection Mass Selection
A

0

CMS - tight (e�e+)(µ�µ+), (e�e+)(e��e�+) pT > (20, 10, 7, 7), |⌘| < 2.4 M
1

> 40, M
2

> 12, M`` > 4
A CMS - loose (e�e+)(µ�µ+), (e�e+)(e��e�+) pT > (20, 10, 5, 5), |⌘| < 2.4 M

1

> 40, M
2

> 12, M`` > 4
B Opposite (e�µ+)(µ�e+), (e�e�+)(e��e+) pT > (20, 10, 5, 5), |⌘| < 2.4 M

1

> 40, M
2

> 12, M`` > 4
C Same (e�µ�)(e+µ+), (e�e��)(e+e�+) pT > (20, 10, 5, 5), |⌘| < 2.4 M

1

> 40, M
2

> 12, M`` > 4
D All Pairings all 3 pairings combined pT > (20, 10, 5, 5), |⌘| < 2.4 M

1

> 40, M
2

> 12, M`` > 4
E Relaxed (e�e+)(µ�µ+), (e�e+)(e��e�+) pT > (20, 10, 5, 5), |⌘| < 2.4 M`` > 4
F Relaxed �⌥ (e�e+)(µ�µ+), (e�e+)(e��e�+) pT > (20, 10, 5, 5), |⌘| < 2.4 M`` > 4, M`` /� (8.8, 10.8)

Name Lepton Pairing Lepton Selection Mass Selection S/B (2e2µ, 4e)
CMS - tight (e�e+)(µ�µ+), (e�e+)(e��e�+) pT > (20, 10, 7, 7), |⌘| < 2.4 M

1

> 40, M
2

> 12, M`` > 4 (1.2, 1.2)
CMS - loose (e�e+)(µ�µ+), (e�e+)(e��e�+) pT > (20, 10, 5, 5), |⌘| < 2.4 M

1

> 40, M
2

> 12, M`` > 4 (1.0, 1.0)
Opposite (e�µ+)(µ�e+), (e�e�+)(e��e+) pT > (20, 10, 5, 5), |⌘| < 2.4 M

1

> 40, M
2

> 12, M`` > 4 (0.52, 0.56)
Same (e�µ�)(e+µ+), (e�e��)(e+e�+) pT > (20, 10, 5, 5), |⌘| < 2.4 M

1

> 40, M
2

> 12, M`` > 4 (0.53, 0.57)
Combined all 3 pairings combined pT > (20, 10, 5, 5), |⌘| < 2.4 M

1

> 40, M
2

> 12, M`` > 4 (0.60, 0.63)
Relaxed (e�e+)(µ�µ+), (e�e+)(e��e�+) pT > (20, 10, 5, 5), |⌘| < 2.4 M`` > 4 (0.53, 0.56)

Relaxed �⌥ (e�e+)(µ�µ+), (e�e+)(e��e�+) pT > (20, 10, 5, 5), |⌘| < 2.4 M`` > 4, M`` /� (8.8, 10.8) (0.58, 0.61)

2

TABLE I. The various cuts and lepton pairings which are explored for a four lepton invariant mass range of 115�135 GeV. The
first column gives the name of the cuts/pairings. The second column indicates the paring chosen for the case of 2e2µ and
4e. The third column indicates the cuts on M1 and M2 as well as any lepton pair M``. Finally the last column gives the signal
to background ratio for the 2e2µ and 4e final states (see text for further information).

However, relaxing the cuts on M1 and M2 this much
introduces contamination from ⌥ decays. To avoid the ⌥
we also consider ‘Relaxed - ⌥’ cuts where again we require
M1,2 > 4 GeV, but remove events with 8.8 GeV < M1,2 <
10.8 GeV. This will of course reduce the e�ciency in the
Z� and more so �� components, though not dramatically
(⇠ 3 � 5%). Furthermore, by always requiring M1,2 >
4 GeV, we also avoid other QCD resonances and large
Z � � mixing e↵ects [57] which distort the spectrum in
the very low M1,2 region. However, these ⌥ e↵ects can
be computed [57] and in principle incorporated into the
present framework to enhance the sensitivity further still,

but we do not explore that here.

We note that there is no clear roadblock to relaxing
the cuts even further, going below M1,2 of 4 GeV, par-
ticularly in the 4µ channel. As an example we refer to
a CMS search for the decay of the Higgs to two ‘dark
photons’ [58] in which the the search region for M1,2 is
between about 0.25 and 3.5 GeV. QCD regions in this re-
gion were accounted for using a data driven method. In
fact it is interesting to consider recasting this search in
order to place a constraint on the Higgs couplings to pho-
tons, but we leave this for a future study.
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FIG. 1. Left: M1,M2 doubly di↵erential distribution assuming only the AZZ
2 operator defined in Eq.(3) is ‘turned on’ for the

2e2µ final state (top) and the 4e final state (bottom). Middle: Same as left figures, but now for AZ�
2 couplings. Right: Same

as left figures, but now for the A��
2 couplings. For all distributions standard CMS lepton pairings are applied (see text) and

the pink lines indicate the M1 > 40 GeV and M2 > 12 GeV cuts used by CMS [5]. “Wrong pairing” e↵ects are important in
the bottom right distribution and discussed more in text.

Index Nickname Lepton Pairing Lepton Selection Mass Selection
A

0

CMS - tight (e�e+)(µ�µ+), (e�e+)(e��e�+) pT > (20, 10, 7, 7), |⌘| < 2.4 M
1

> 40, M
2

> 12, M`` > 4
A CMS - loose (e�e+)(µ�µ+), (e�e+)(e��e�+) pT > (20, 10, 5, 5), |⌘| < 2.4 M

1

> 40, M
2

> 12, M`` > 4
B Opposite (e�µ+)(µ�e+), (e�e�+)(e��e+) pT > (20, 10, 5, 5), |⌘| < 2.4 M

1

> 40, M
2

> 12, M`` > 4
C Same (e�µ�)(e+µ+), (e�e��)(e+e�+) pT > (20, 10, 5, 5), |⌘| < 2.4 M

1

> 40, M
2

> 12, M`` > 4
D All Pairings all 3 pairings combined pT > (20, 10, 5, 5), |⌘| < 2.4 M

1

> 40, M
2

> 12, M`` > 4
E Relaxed (e�e+)(µ�µ+), (e�e+)(e��e�+) pT > (20, 10, 5, 5), |⌘| < 2.4 M`` > 4
F Relaxed �⌥ (e�e+)(µ�µ+), (e�e+)(e��e�+) pT > (20, 10, 5, 5), |⌘| < 2.4 M`` > 4, M`` /� (8.8, 10.8)

Name Lepton Pairing Lepton Selection Mass Selection S/B (2e2µ, 4e)
CMS - tight (e�e+)(µ�µ+), (e�e+)(e��e�+) pT > (20, 10, 7, 7), |⌘| < 2.4 M

1

> 40, M
2

> 12, M`` > 4 (1.2, 1.2)
CMS - loose (e�e+)(µ�µ+), (e�e+)(e��e�+) pT > (20, 10, 5, 5), |⌘| < 2.4 M

1

> 40, M
2

> 12, M`` > 4 (1.0, 1.0)
Opposite (e�µ+)(µ�e+), (e�e�+)(e��e+) pT > (20, 10, 5, 5), |⌘| < 2.4 M

1

> 40, M
2

> 12, M`` > 4 (0.52, 0.56)
Same (e�µ�)(e+µ+), (e�e��)(e+e�+) pT > (20, 10, 5, 5), |⌘| < 2.4 M

1

> 40, M
2

> 12, M`` > 4 (0.53, 0.57)
Combined all 3 pairings combined pT > (20, 10, 5, 5), |⌘| < 2.4 M

1

> 40, M
2

> 12, M`` > 4 (0.60, 0.63)
Relaxed (e�e+)(µ�µ+), (e�e+)(e��e�+) pT > (20, 10, 5, 5), |⌘| < 2.4 M`` > 4 (0.53, 0.56)

Relaxed �⌥ (e�e+)(µ�µ+), (e�e+)(e��e�+) pT > (20, 10, 5, 5), |⌘| < 2.4 M`` > 4, M`` /� (8.8, 10.8) (0.58, 0.61)

2

TABLE I. The various cuts and lepton pairings which are explored for a four lepton invariant mass range of 115�135 GeV. The
first column gives the name of the cuts/pairings. The second column indicates the paring chosen for the case of 2e2µ and
4e. The third column indicates the cuts on M1 and M2 as well as any lepton pair M``. Finally the last column gives the signal
to background ratio for the 2e2µ and 4e final states (see text for further information).

However, relaxing the cuts on M1 and M2 this much
introduces contamination from ⌥ decays. To avoid the ⌥
we also consider ‘Relaxed - ⌥’ cuts where again we require
M1,2 > 4 GeV, but remove events with 8.8 GeV < M1,2 <
10.8 GeV. This will of course reduce the e�ciency in the
Z� and more so �� components, though not dramatically
(⇠ 3 � 5%). Furthermore, by always requiring M1,2 >
4 GeV, we also avoid other QCD resonances and large
Z � � mixing e↵ects [57] which distort the spectrum in
the very low M1,2 region. However, these ⌥ e↵ects can
be computed [57] and in principle incorporated into the
present framework to enhance the sensitivity further still,

but we do not explore that here.

We note that there is no clear roadblock to relaxing
the cuts even further, going below M1,2 of 4 GeV, par-
ticularly in the 4µ channel. As an example we refer to
a CMS search for the decay of the Higgs to two ‘dark
photons’ [58] in which the the search region for M1,2 is
between about 0.25 and 3.5 GeV. QCD regions in this re-
gion were accounted for using a data driven method. In
fact it is interesting to consider recasting this search in
order to place a constraint on the Higgs couplings to pho-
tons, but we leave this for a future study.
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FIG. 1. Left: M1,M2 doubly di↵erential distribution assuming only the AZZ
2 operator defined in Eq.(3) is ‘turned on’ for the

2e2µ final state (top) and the 4e final state (bottom). Middle: Same as left figures, but now for AZ�
2 couplings. Right: Same

as left figures, but now for the A��
2 couplings. For all distributions standard CMS lepton pairings are applied (see text) and

the pink lines indicate the M1 > 40 GeV and M2 > 12 GeV cuts used by CMS [5]. “Wrong pairing” e↵ects are important in
the bottom right distribution and discussed more in text.

Index Nickname Lepton Pairing Lepton Selection Mass Selection
A

0

CMS - tight (e�e+)(µ�µ+), (e�e+)(e��e�+) pT > (20, 10, 7, 7), |⌘| < 2.4 M
1

> 40, M
2

> 12, M`` > 4
A CMS - loose (e�e+)(µ�µ+), (e�e+)(e��e�+) pT > (20, 10, 5, 5), |⌘| < 2.4 M

1

> 40, M
2

> 12, M`` > 4
B Opposite (e�µ+)(µ�e+), (e�e�+)(e��e+) pT > (20, 10, 5, 5), |⌘| < 2.4 M

1

> 40, M
2

> 12, M`` > 4
C Same (e�µ�)(e+µ+), (e�e��)(e+e�+) pT > (20, 10, 5, 5), |⌘| < 2.4 M

1

> 40, M
2

> 12, M`` > 4
D All Pairings all 3 pairings combined pT > (20, 10, 5, 5), |⌘| < 2.4 M

1

> 40, M
2

> 12, M`` > 4
E Relaxed (e�e+)(µ�µ+), (e�e+)(e��e�+) pT > (20, 10, 5, 5), |⌘| < 2.4 M`` > 4
F Relaxed �⌥ (e�e+)(µ�µ+), (e�e+)(e��e�+) pT > (20, 10, 5, 5), |⌘| < 2.4 M`` > 4, M`` /� (8.8, 10.8)

Name Lepton Pairing Lepton Selection Mass Selection S/B (2e2µ, 4e)
CMS - tight (e�e+)(µ�µ+), (e�e+)(e��e�+) pT > (20, 10, 7, 7), |⌘| < 2.4 M

1

> 40, M
2

> 12, M`` > 4 (1.2, 1.2)
CMS - loose (e�e+)(µ�µ+), (e�e+)(e��e�+) pT > (20, 10, 5, 5), |⌘| < 2.4 M

1

> 40, M
2

> 12, M`` > 4 (1.0, 1.0)
Opposite (e�µ+)(µ�e+), (e�e�+)(e��e+) pT > (20, 10, 5, 5), |⌘| < 2.4 M

1

> 40, M
2

> 12, M`` > 4 (0.52, 0.56)
Same (e�µ�)(e+µ+), (e�e��)(e+e�+) pT > (20, 10, 5, 5), |⌘| < 2.4 M

1

> 40, M
2

> 12, M`` > 4 (0.53, 0.57)
Combined all 3 pairings combined pT > (20, 10, 5, 5), |⌘| < 2.4 M

1

> 40, M
2

> 12, M`` > 4 (0.60, 0.63)
Relaxed (e�e+)(µ�µ+), (e�e+)(e��e�+) pT > (20, 10, 5, 5), |⌘| < 2.4 M`` > 4 (0.53, 0.56)

Relaxed �⌥ (e�e+)(µ�µ+), (e�e+)(e��e�+) pT > (20, 10, 5, 5), |⌘| < 2.4 M`` > 4, M`` /� (8.8, 10.8) (0.58, 0.61)

2

TABLE I. The various cuts and lepton pairings which are explored for a four lepton invariant mass range of 115�135 GeV. The
first column gives the name of the cuts/pairings. The second column indicates the paring chosen for the case of 2e2µ and
4e. The third column indicates the cuts on M1 and M2 as well as any lepton pair M``. Finally the last column gives the signal
to background ratio for the 2e2µ and 4e final states (see text for further information).

However, relaxing the cuts on M1 and M2 this much
introduces contamination from ⌥ decays. To avoid the ⌥
we also consider ‘Relaxed - ⌥’ cuts where again we require
M1,2 > 4 GeV, but remove events with 8.8 GeV < M1,2 <
10.8 GeV. This will of course reduce the e�ciency in the
Z� and more so �� components, though not dramatically
(⇠ 3 � 5%). Furthermore, by always requiring M1,2 >
4 GeV, we also avoid other QCD resonances and large
Z � � mixing e↵ects [57] which distort the spectrum in
the very low M1,2 region. However, these ⌥ e↵ects can
be computed [57] and in principle incorporated into the
present framework to enhance the sensitivity further still,

but we do not explore that here.

We note that there is no clear roadblock to relaxing
the cuts even further, going below M1,2 of 4 GeV, par-
ticularly in the 4µ channel. As an example we refer to
a CMS search for the decay of the Higgs to two ‘dark
photons’ [58] in which the the search region for M1,2 is
between about 0.25 and 3.5 GeV. QCD regions in this re-
gion were accounted for using a data driven method. In
fact it is interesting to consider recasting this search in
order to place a constraint on the Higgs couplings to pho-
tons, but we leave this for a future study.
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to 3000fb�1 [63, 64]. For comparison and as a demonstra-
tion of the ideal case, we also show in the red ellipses the
1� interval obtained assuming a pure signal sample.

Probing CP properties of hZ�: In Fig. 9 we first show

results for AZ�

2 vs. AZ�

3 . We also indicate by the
pink rings the projected 1� interval from the on-shell
h ! Z� decay rate for 3000fb�1 respectively [39]. Our
true point is represented by the star at (AZ�

2 , AZ�

3 ) =
(0.014, 0). In Fig. 9 one can see clearly the improvement
in sensitivity one obtains using the Relaxed-⌥ cuts ver-
sus standard CMS-tight cuts. Qualitatively we see that
in the case of Relaxed-⌥ cuts almost the entire 1� region
lies on the positive side of zero for AZ�

2 indicating that
with these cuts the LHC has a better chance to establish
the overall sign of the AZ�

2 coupling than with the stan-
dard CMS cuts and something which can not be done in
h ! Z� on-shell two body decays. One can quantify this
further by taking the ratio of the area corresponding to
the CMS-tight 1� ellipse over the corresponding one for
Relaxed-⌥ cuts. For the ellipses in Fig. 9 corresponding
to ⇠ 3000fb�1 we find this ratio to be ⇠ 2.2 implying
a ⇠ 120% improvement. We also notice the asymmetric
nature of the ellipses indicating a somewhat stronger sen-
sitivity to the CP even coupling than for the CP odd as
already implied by the sensitivity curves in Fig. 8. As a
reference, the ideal case of pure signal is also shown in
red and gives a clear indication of the degrading e↵ects
due to detector resolution which introduces non-Higgs
background into the signal region.

Probing CP properties of h��: In Fig. 10 we show re-
sults for the A��

2 vs. A��

3 couplings. Here we also include
a thin green line showing the severe, but model depen-
dent constraint coming from the electron EDM in a min-
imal model where the mass of the states which gener-
ate these operators is a TeV and that the Higgs cou-
plings to first generation fermions are of order their SM
value [52, 53]. The true point is again represented by
the star, but now at (A��

2 , A��

3 ) = (�0.008, 0). We see
clearly that the overall sensitivity is much stronger for
the �� couplings than for Z� making it clear that the
overall sign of the A��

2 should be established at the LHC
regardless of cuts used. However again we see a signifi-
cant improvement in sensitivity is found when utilizing
Relaxed�⌥ versus CMS-tight cuts although it is not as
drastic as for the Z� couplings. Taking the ratio of the
areas again we find ⇠ 1.4 indicating ⇠ 40% improve-
ment. We also note the symmetric nature of the ellipses
now further exemplifying the equal sensitivity to both the
CP odd and even couplings. The ideal case of pure signal
is shown in red where we see once again that background
e↵ects degrade the sensitivity though not as drastically
as for the hZ� couplings.

We also note once again that the sensitivities obtained
here may be enhanced further by including the regions
around the ⌥ mass and below M1,2 ⇠ 4 GeV which would
require proper treatment of the various QCD resonances
as well as large Z�� mixing e↵ects [57]. Due to the strong
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FIG. 9. Results for the for AZ�
2 vs. AZ�

3 assuming 4000 events
corresponding to roughly 3000fb�1 [63, 64] (after accounting
for e�ciencies). The same fit as in Fig. 8 is performed only

we fit to a true point of ~A = (0, 0, 0.014, 0,�0.008, 0) repre-
sented by the star and corresponding to the SM values for AZ�

2

and A��
2 at 125 GeV [50]. The turquoise ellipses correspond

to the 1� confidence interval obtained in the golden channel
for CMS-tight (large, light turquoise) and Relaxed�⌥ (small,
dark turquoise). The pink ring indicates the projected 1� con-
fidence interval which will be achieved on the h ! Z� [39] rate
for the same luminosity. We also show in the red ellipse the
projected sensitivity assuming a pure signal sample.

discriminating power in these regions, their inclusion may
bring the luminosities needed to probe the �� couplings
to well within reach of Run-II and the Z� couplings to
well within reach of a high luminosity LHC. However we
leave an investigation of this to future work.

C. Beyond the LHC

A future hadron collider operating at higher energies
will have the advantage over the LHC of much larger
h ! 4` event rates due to the large production cross
sections and in particular for gg ! h. To get an idea of
what can be achieved with these larger data sets we show
in Fig. 11 the same plots as in Fig. 9 and Fig. 10, but for
20k events which should be well within reach of a future
hadron collider operating at 33 or 100 TeV. For the 1�
projections on the h ! Z� and h ! �� rates we assume
the progression is purely statistical and simply rescale the
projections for 3000 fb�1 by

p
N

S

. These results imply
a future machine will drastically improve the sensitivity
and the potential to discover new physics such as CP
violation in these couplings, but a precise quantification
of the projected sensitivity is left to future work.
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FIG. 10. Same as in Fig. 9, but for A��
2 vs. A��

3 . We also
include a thin green line showing the severe, but model de-
pendent constraint coming from the electron EDM in a mini-
mal model where the mass of the states which generate these
operators is a TeV and that the Higgs couplings to first gen-
eration fermions are of order their SM value [52, 53]. We also
show in the red ellipse the projected sensitivity assuming a
pure signal sample.

VIII. CONCLUSIONS

We have performed an analysis of the expected sensi-
tivity in the h ! 4` channel to the higher dimensional
Higgs couplings to ZZ, Z�, and �� pairs. To do this
we have utilized a framework based on analytic expres-
sions for the h ! 4` signal and dominant qq̄ ! 4` back-
ground fully di↵erential cross sections in order to perform
a multi-dimensional parameter extraction.

We have demonstrated that utilizing relaxed cuts or
alternative lepton pairings during event selection can sig-
nificantly enhance the sensitivity of the h ! 4` channel
to the Higgs couplings to Z� and �� pairs relative to

that found utilizing current CMS event selection crite-
ria. In particular we have proposed a set of relaxed cuts
which give a & 100% enhancements in sensitivity to the
CP properties of the hZ� couplings and & 40% enhance-
ments for the h�� couplings.

With this enhancement we estimate that the sensitivity
to the h�� couplings begins to reach the levels necessary
to probe values of order the Standard Model prediction
with ⇠ 200� 500fb�1 depending on detector e�ciencies,
perhaps within reach of a Run-II LHC and certainly a
high luminosity LHC. For the Higgs couplings to Z� we
estimate that ⇠ 2000�5000fb�1 will be needed allowing
them to perhaps be probed at a high luminosity LHC and
certainly at a future high energy hadron collider. We have
also discussed the fact that the results obtained here can
in principle be improved upon by relaxing the cuts even
further and/or improving detector energy resolution, but
have left an exploration of this to future work.

These direct measurements of the h�� and hZ� CP
properties can not be made in the h ! �� and h ! Z�
on-shell two body decay channels or in other indirect
approaches without making model dependent assump-
tions. This makes the h ! 4` golden channel the unique
method capable of determining these properties in the
foreseeable future and we encourage experimentalists at
the LHC to carry out these measurements.
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to 3000fb�1 [63, 64]. For comparison and as a demonstra-
tion of the ideal case, we also show in the red ellipses the
1� interval obtained assuming a pure signal sample.

Probing CP properties of hZ�: In Fig. 9 we first show

results for AZ�

2 vs. AZ�

3 . We also indicate by the
pink rings the projected 1� interval from the on-shell
h ! Z� decay rate for 3000fb�1 respectively [39]. Our
true point is represented by the star at (AZ�

2 , AZ�

3 ) =
(0.014, 0). In Fig. 9 one can see clearly the improvement
in sensitivity one obtains using the Relaxed-⌥ cuts ver-
sus standard CMS-tight cuts. Qualitatively we see that
in the case of Relaxed-⌥ cuts almost the entire 1� region
lies on the positive side of zero for AZ�

2 indicating that
with these cuts the LHC has a better chance to establish
the overall sign of the AZ�

2 coupling than with the stan-
dard CMS cuts and something which can not be done in
h ! Z� on-shell two body decays. One can quantify this
further by taking the ratio of the area corresponding to
the CMS-tight 1� ellipse over the corresponding one for
Relaxed-⌥ cuts. For the ellipses in Fig. 9 corresponding
to ⇠ 3000fb�1 we find this ratio to be ⇠ 2.2 implying
a ⇠ 120% improvement. We also notice the asymmetric
nature of the ellipses indicating a somewhat stronger sen-
sitivity to the CP even coupling than for the CP odd as
already implied by the sensitivity curves in Fig. 8. As a
reference, the ideal case of pure signal is also shown in
red and gives a clear indication of the degrading e↵ects
due to detector resolution which introduces non-Higgs
background into the signal region.

Probing CP properties of h��: In Fig. 10 we show re-
sults for the A��

2 vs. A��

3 couplings. Here we also include
a thin green line showing the severe, but model depen-
dent constraint coming from the electron EDM in a min-
imal model where the mass of the states which gener-
ate these operators is a TeV and that the Higgs cou-
plings to first generation fermions are of order their SM
value [52, 53]. The true point is again represented by
the star, but now at (A��

2 , A��

3 ) = (�0.008, 0). We see
clearly that the overall sensitivity is much stronger for
the �� couplings than for Z� making it clear that the
overall sign of the A��

2 should be established at the LHC
regardless of cuts used. However again we see a signifi-
cant improvement in sensitivity is found when utilizing
Relaxed�⌥ versus CMS-tight cuts although it is not as
drastic as for the Z� couplings. Taking the ratio of the
areas again we find ⇠ 1.4 indicating ⇠ 40% improve-
ment. We also note the symmetric nature of the ellipses
now further exemplifying the equal sensitivity to both the
CP odd and even couplings. The ideal case of pure signal
is shown in red where we see once again that background
e↵ects degrade the sensitivity though not as drastically
as for the hZ� couplings.

We also note once again that the sensitivities obtained
here may be enhanced further by including the regions
around the ⌥ mass and below M1,2 ⇠ 4 GeV which would
require proper treatment of the various QCD resonances
as well as large Z�� mixing e↵ects [57]. Due to the strong
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FIG. 9. Results for the for AZ�
2 vs. AZ�

3 assuming 4000 events
corresponding to roughly 3000fb�1 [63, 64] (after accounting
for e�ciencies). The same fit as in Fig. 8 is performed only

we fit to a true point of ~A = (0, 0, 0.014, 0,�0.008, 0) repre-
sented by the star and corresponding to the SM values for AZ�

2

and A��
2 at 125 GeV [50]. The turquoise ellipses correspond

to the 1� confidence interval obtained in the golden channel
for CMS-tight (large, light turquoise) and Relaxed�⌥ (small,
dark turquoise). The pink ring indicates the projected 1� con-
fidence interval which will be achieved on the h ! Z� [39] rate
for the same luminosity. We also show in the red ellipse the
projected sensitivity assuming a pure signal sample.

discriminating power in these regions, their inclusion may
bring the luminosities needed to probe the �� couplings
to well within reach of Run-II and the Z� couplings to
well within reach of a high luminosity LHC. However we
leave an investigation of this to future work.

C. Beyond the LHC

A future hadron collider operating at higher energies
will have the advantage over the LHC of much larger
h ! 4` event rates due to the large production cross
sections and in particular for gg ! h. To get an idea of
what can be achieved with these larger data sets we show
in Fig. 11 the same plots as in Fig. 9 and Fig. 10, but for
20k events which should be well within reach of a future
hadron collider operating at 33 or 100 TeV. For the 1�
projections on the h ! Z� and h ! �� rates we assume
the progression is purely statistical and simply rescale the
projections for 3000 fb�1 by

p
N

S

. These results imply
a future machine will drastically improve the sensitivity
and the potential to discover new physics such as CP
violation in these couplings, but a precise quantification
of the projected sensitivity is left to future work.
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FIG. 10. Same as in Fig. 9, but for A��
2 vs. A��

3 . We also
include a thin green line showing the severe, but model de-
pendent constraint coming from the electron EDM in a mini-
mal model where the mass of the states which generate these
operators is a TeV and that the Higgs couplings to first gen-
eration fermions are of order their SM value [52, 53]. We also
show in the red ellipse the projected sensitivity assuming a
pure signal sample.

VIII. CONCLUSIONS

We have performed an analysis of the expected sensi-
tivity in the h ! 4` channel to the higher dimensional
Higgs couplings to ZZ, Z�, and �� pairs. To do this
we have utilized a framework based on analytic expres-
sions for the h ! 4` signal and dominant qq̄ ! 4` back-
ground fully di↵erential cross sections in order to perform
a multi-dimensional parameter extraction.

We have demonstrated that utilizing relaxed cuts or
alternative lepton pairings during event selection can sig-
nificantly enhance the sensitivity of the h ! 4` channel
to the Higgs couplings to Z� and �� pairs relative to

that found utilizing current CMS event selection crite-
ria. In particular we have proposed a set of relaxed cuts
which give a & 100% enhancements in sensitivity to the
CP properties of the hZ� couplings and & 40% enhance-
ments for the h�� couplings.

With this enhancement we estimate that the sensitivity
to the h�� couplings begins to reach the levels necessary
to probe values of order the Standard Model prediction
with ⇠ 200� 500fb�1 depending on detector e�ciencies,
perhaps within reach of a Run-II LHC and certainly a
high luminosity LHC. For the Higgs couplings to Z� we
estimate that ⇠ 2000�5000fb�1 will be needed allowing
them to perhaps be probed at a high luminosity LHC and
certainly at a future high energy hadron collider. We have
also discussed the fact that the results obtained here can
in principle be improved upon by relaxing the cuts even
further and/or improving detector energy resolution, but
have left an exploration of this to future work.

These direct measurements of the h�� and hZ� CP
properties can not be made in the h ! �� and h ! Z�
on-shell two body decay channels or in other indirect
approaches without making model dependent assump-
tions. This makes the h ! 4` golden channel the unique
method capable of determining these properties in the
foreseeable future and we encourage experimentalists at
the LHC to carry out these measurements.
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respect to the fermion mass matrix m in Eq. (1).

The simplest example for a full theory of this class is a type III two Higgs doublet model

(2HDM) where both Higgses obtain a vev and couple to fermions. In the full theory both

of the scalars then have a Lagrangian of the form (1)

LY = �mif̄
i
Lf

i
R � Y a

ij(f̄
i
Lf

j
R)h

a + h.c.+ · · · , (8)

where the index a runs over all the scalars (with Y a
ij imaginary for pseudoscalars), and mi

receives contributions from both vevs. In addition there is also a scalar potential which

mixes the two Higgses. Diagonalizing the Higgs mass matrix then also changes Y a
ij , but

removes the Higgs mixing. For our purposes it is simplest to work in the Higgs mass basis.

All the results for a single Higgs are then trivially modified, replacing our final expressions

below by a sum over several Higgses. For a large mass gap, where only one Higgs is light, the

contributions from the heavier Higgs are power suppressed, unless its flavor violating Yukawa

couplings are parametrically larger than those of the light Higgs. The contributions from

the heavy Higgs correspond to the higher dimensional operators discussed in the previous

paragraph. This example can be trivially generalized to models with many Higgs doublets.

We next derive constraints on flavor violating Higgs couplings and work out the allowed

branching fractions for flavor violation Higgs decays. In placing the bounds we will neglect

the FV contributions of the remaining states in the full theory. Our bounds thus apply

barring cancellations with these other terms.

III. LEPTONIC FLAVOR VIOLATING HIGGS DECAYS

The FV decays h ! eµ, e⌧, µ⌧ arise at tree level from the assumed flavor violating Yukawa

interactions, Eq. (1), where the relevant terms are explicitly

LY �� YeµēLµRh� Yµeµ̄LeRh� Ye⌧ ēL⌧Rh� Y⌧e⌧̄LeRh� Yµ⌧ µ̄L⌧Rh� Y⌧µ⌧̄LµRh+ h.c. .

(9)

The bounds on the FV Yukawa couplings are collected in Table I, where for simplicity of

presentation the flavor diagonal muon and tau Yukawa couplings,

LY � �Yµµµ̄LµRh� Y⌧⌧ ⌧̄L⌧Rh+ h.c. , (10)
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the arguments are zth = m2

t/m
2

H , zWh = m2
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H , while the prefactor is
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The contributions from the 2-loop diagrams with an internal Z are smaller as they are

suppressed by 1� 4s2W ' 0.08. They are
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with sW ⌘ sin ✓W , cW ⌘ cos ✓W , tW ⌘ tan ✓W , ztz ⌘ m2

t/m
2

Z, zWZ ⌘ m2

W/m2

Z and the loop
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mu to e gamma &  mu to 3e  (at  1 and 2-loop):
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Figure 1: Diagrams contributing to the flavor violating decay ⌧ ! µ�, mediated by a Higgs boson

with flavor violating Yukawa couplings.

The bounds on the FV Yukawa couplings are collected in Table I, where for simplicity of

presentation the flavor diagonal muon and tau Yukawa couplings,

LY � �Yµµµ̄LµRh� Y⌧⌧ ⌧̄L⌧Rh+ h.c. , (10)

were set equal to their respective SM values
�

Yµµ

�

S

M

= mµ/v,
�

Y⌧⌧

�

S

M

= m⌧/v. Similar

bounds on FV Higgs couplings to quarks are collected in Table II. Similar constraints on

flavor violating Higgs decays have been present recently also in [24]. While our results agree

qualitatively with previous ones, small numerical di↵erences are expected because we avoid

some of the approximations made by previous authors. We also consider some constraining

processes not discussed before.

We first give more details on how the bounds in Tables I and II were obtained and then

move on to predictions for the allowed sizes of the FV Higgs decays.

A. Constraints from ⌧ ! µ�, ⌧ ! e� and µ ! e�

The e↵ective Lagrangian for the ⌧ ! µ� decay is given by

L
e

↵

= cLQL� + cRQR� + h.c. , (11)

where the dim-5 electromagnetic penguin operators are

QL�,R� =
e

8⇡2

m⌧

�

µ̄ �↵�PL,R⌧
�

F↵� ,
(12)

with ↵, � the Lorentz indices and F↵� the electromagnetic field strength tensor. The Wilson

coe�cients cL and cR receive contributions from the two 1-loop diagrams shown in Fig. 1

(with the first one dominant), and a comparable contribution from Barr-Zee type 2-loop

7
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Figure 5: Diagrams contributing to µ ! e conversion in nuclei via the flavor violating HiggsYukawa couplings Yµe and Yeµ.

e↵ective Lagrangian is

L
E

D

M

= � i

2
dµ

�

µ̄�↵��5µ
�

F↵� , (24)
with the electric dipole moment given by (neglecting the terms suppressed by mµ/m⌧ orm⌧/mh)

dµ ' � Im(Yµ⌧Y⌧µ)
16⇡2

em⌧

2m2

h

⇣

2 log
m2

h

m2

⌧

� 3
⌘

. (25)
The experimental constraint �10⇥ 10�2

0 e cm < dµ < 8⇥ 10�2

0 e cm [29] translates into therather weak limit �0.8 . Im(Yµ⌧Y⌧µ) . 1.0.
A similar diagram with electrons instead of muons on the external legs also contributes tothe electron EDM, de. The experimental constraint |de| < 0.105⇥ 10�2

6e cm [29] translatesinto |Im(Ye⌧Y⌧e)| < 1.1⇥10�8 for a tau running in the loop, and into |Im(YeµYµe)| < 9.8⇥10�8for a muon running in the loop.

F. Constraints from µ ! e conversion in nuclei

Very stringent constraints on the FV Yukawa couplings Yµe and Yeµ come from experi-mental searches for µ ! e conversion in nuclei. The relevant diagrams with one insertion ofthe FV Yukawa coupling are shown in Fig. 5. An e↵ective scalar interaction arises alreadyat tree level from the first diagram in Fig. 5, while vector and electromagnetic dipole contri-butions arise at one loop level. We give complete expressions for the tree level and one loopcontributions in Appendix A 3. There are also two-loop contributions, similar to the ones
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mu to e conversion (will improve 4 orders of  magni tude !!!):F V Higgs decay:
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Figure 2: Collinear mass distributions of the µe (blue) and eµ (green) data samples with BR⌧µ = 2% and
BR⌧e = 0 (Monte-Carlo simulation).

e�ciency values. A selection that includes lower pT electrons and muons can be corrected to restore the
symmetry by introducing additional scale factors. Another potential source of asymmetry is the energy
loss of electrons in Bremsstrahlung radiation, which softens their pT spectrum compared to that of muons.
This e↵ect may introduce di↵erences between the two data samples. Yet, we expect it to generate only a
small asymmetry, since it a↵ects the two reconstructed mass distributions in a similar way.

Fake and non-prompt leptons (from W+jets and QCD events) are expected to contribute di↵erently
to the two samples since the origin of fake and non prompt muons is di↵erent than that of electrons.
Non prompt muons, for instance, can originate from ⇡± decays while fake electron can arise from photon
conversion. The e↵ect of fake and non-prompt leptons is not modeled in our simulation. Both ATLAS
and CMS have developed methods to accurately estimate contamination of non-prompt leptons in various
signal regions [43–45]. These methods can be used to estimate the number of fake events in the µe and
eµ samples.

An important advantage of this background estimation method is the large number of control regions
that can be used to study the symmetry assumption and control the systematic uncertainties associated
with it. The high (� 150 GeV) and low ( 100 GeV) mass regions are natural control regions. Selection
criteria could be reversed to generate additional control regions.

While we have so far only discussed a signal in the h ! ⌧±µ⌥ channel, our approach is not limited
to the scenario where �(h ! ⌧e) = 0. The background estimation method we present enables sensitivity
to the di↵erence between the two decay rates. We note, however, that the unfavorable case in which
�(h ! ⌧µ) ' �(h ! ⌧e) does not generate an asymmetry between the two samples and therefore requires
a di↵erent approach.

3 Statistical treatment

As argued above, in the absence of asymmetric LFV Higgs decays, the collinear mass distribution of
the eµ and µe data sets originates from the same distribution, denoted as B. The di↵erences between
the two distributions are then only due to statistical fluctuations. Therefore, we estimate the number of
background events in each bin i (Bi) by maximizing the likelihood function with respect to the di↵erent
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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],

� =

r
⇡

2
h|Â� ~A

o

|i, (7)

where Â is the value of the best fit parameter point ob-
tained by maximization of the likelihood with respect
to ~A. Here ~A

o

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 N

S

.
We take the Higgs mass to be m

h

= 125 GeV and limit
our phase space to approximate the cuts used by CMS
as indicated by following cuts and reconstruction:

• p
T `

> 20, 10, 7, 7 GeV for lepton p
T

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].
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Figure 1: Left: Comparison of the data (solid circles) failing the m1 ' m2 requirement in the
control sample where no isolation requirement is applied to reconstructed dimuons with the
prediction of the background shape model (solid line) scaled to the number of entries in the
data. The insets show the B17+8 and B8+8 templates (solid lines) for dimuons obtained with
background-enriched data samples. Right: Distribution of the invariant masses m1 vs. m2 for
the isolated dimuon systems for the three events in the data (shown as empty circles) surviving
all selections except the requirement that these two masses fall into the diagonal signal region
m1 ' m2 (outlined with dashed lines). The intensity (color online) of the shading indicates the
background expectation which is a sum of the bb and the direct J/y pair production contribu-
tions.

background shapes are collected with the same trigger and with kinematic properties similar to
those bb events passing the selections of the main analysis. These event samples do not overlap
the sample containing two dimuons that is used for the main analysis, and they have negligible
contributions from non-bb backgrounds. The B17+8 and B8+8 distributions, fitted with a para-
metric analytical function using a combination of Bernstein polynomials [62] and Crystal Ball
functions [63] describing resonances, are shown as insets in Fig. 1 (left). Once the Bbb(m1, m2)
template is constructed, it is used to provide a description of the bb background shape in the
main analysis.

To validate the constructed Bbb(m1, m2) template, we compare its shape with the distribution
of the invariant masses m1 vs. m2 from events obtained with all standard selections except
the requirement that each of the two reconstructed dimuons is isolated. Omitting the isolation
requirement provides a high-statistics control sample of events with two dimuons highly en-
riched with bb events. To avoid unblinding the search, the diagonal signal region is excluded
in both the data and the template, i.e. the comparison has been limited to the data events that
satisfy all analysis selections but fail the m1 ' m2 requirement. Distributions of m1 and m2 are
consistent with the projections of the Bbb(m1, m2) template on the respective axes normalized
to the number of events in the data control sample. The sum of the m1 and m2 distributions
agrees well with the sum of the template projections as shown in Fig. 1 (left).

Another cross-check has been performed using data events which satisfy all analysis selec-
tions except that the isolation parameters of each dimuon system have been required to satisfy
3 GeV/c < Isum < 8 GeV/c, which removes potential signal events since the signal selections
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FIG. 5. PLACEHOLDER: Sensitivity curves for AZ�
2 (top)

and A��
2 (bottom) as function of number of events for the

combined 2e2µ, 4e, 4µ channels for A0 and A-F, see Fig. 4
where we have fit to a true point of ~A = (0, 0, 0, 0, 0, 0) on a
pure signal data sample.

e↵ects ‘smear’ the four lepton invariant mass (ŝ) spec-
trum altering the ideal spectrum of a delta function for
the signal into a gaussian-like spectrum with a 1�2 GeV
width []. A proper treatment of this spectrum requires
that we combine the production mechanism with the de-
cay for both the signal and background. In this section
we describe how this is incorporated into our analysis.

The dominant non-Higgs background comes from the

continuum qq̄ ! 4` process. In our analysis we in-
clude the leading order parton level fully di↵erential cross
section for qq̄ ! 4` which was computed analytically
in [27, 35]. These analytic expression contain all possible
interference e↵ects and both the t-channel and s-channel
contributions This parton level di↵erential cross section
is then combined with the initial state quark parton dis-
tribution functions (pdfs) following the procedure in [18]
and validated against Madgraph [].

The result for the four lepton invariant mass spectrum
is shown in Fig. 6 where our (mostly) analytic result is
shown in black and the spectrum generated by Madgraph
is shown in red. We have also separated the qq̄ ! 4`
background into its various components to see how the
composition changes as a function of energy. We see that
around ⇠ 125 GeV the background is dominated by the
t-channel qq̄ ! Z� ! 4` component (yellow) followed by
the s-channel qq̄ ! Z ! 4` (green) component both of
which are much larger than the t-channel qq̄ ! �� ! 4`
(red) and qq̄ ! ZZ ! 4` (blue) components. This leads
us to suspect that including the non-Higgs background
will have the largest e↵ect on the sensitivity to the hZ�
couplings and indeed this turns out to be the case.
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FIG. 6. PLACEHOLDER: .

Similarly for the signal we combine analytic expres-
sion for the h ! 4` decay [27, 35] with emph for
the gg ! h production mode following the procedure
in [18]. To model the detector resolution we have im-
plemented a gaussian distribution with a width of
2 GeV centered at the Higgs mass which we take to
be 125 GeV. The complete signal plus background like-
lihood is then constructed as detailed in [35, 36]. Note
that now in the fit procedure the background fraction is
also floated along with the Higgs couplings in Eq. (5).
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cay for both the signal and background. In this section
we describe how this is incorporated into our analysis.

The dominant non-Higgs background comes from the

continuum qq̄ ! 4` process. In our analysis we in-
clude the leading order parton level fully di↵erential cross
section for qq̄ ! 4` which was computed analytically
in [27, 35]. These analytic expression contain all possible
interference e↵ects and both the t-channel and s-channel
contributions This parton level di↵erential cross section
is then combined with the initial state quark parton dis-
tribution functions (pdfs) following the procedure in [18]
and validated against Madgraph [].

The result for the four lepton invariant mass spectrum
is shown in Fig. 6 where our (mostly) analytic result is
shown in black and the spectrum generated by Madgraph
is shown in red. We have also separated the qq̄ ! 4`
background into its various components to see how the
composition changes as a function of energy. We see that
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Similarly for the signal we combine analytic expres-
sion for the h ! 4` decay [27, 35] with emph for
the gg ! h production mode following the procedure
in [18]. To model the detector resolution we have im-
plemented a gaussian distribution with a width of
2 GeV centered at the Higgs mass which we take to
be 125 GeV. The complete signal plus background like-
lihood is then constructed as detailed in [35, 36]. Note
that now in the fit procedure the background fraction is
also floated along with the Higgs couplings in Eq. (5).
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