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IS IT THE HIGGS?

2

Properties of the H(125) agree with 
SM prediction at ~10% precision.

Once mass is measured, everything 
about Higgs is predicted from SM. 
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IS IT THE HIGGS?

2

Properties of the H(125) agree with 
SM prediction at ~10% precision.

Once mass is measured, everything 
about Higgs is predicted from SM. 

Even small deviations in Higgs 
properties imply new laws of 
nature.

L = ?
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GOLDEN CHANNEL
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Consider the Higgs decay: 

 h → ZZ⋆ → ℓ+ℓ−ℓ+ℓ−

(ℓ = e, μ)

Rare decay, BR .≈ 10−4
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GOLDEN CHANNEL

3

Consider the Higgs decay: 

 h → ZZ⋆ → ℓ+ℓ−ℓ+ℓ−

(ℓ = e, μ)

Rare decay, BR .≈ 10−4

Easy to reconstruct precisely.

Low background.
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Leading order:

h

hZµZµ

h
Z

Z γ/Z

γ/Z

NLO:

hFμνZμν
hFμνFμν

hZμνZμν

DS, R. Vega-Morales, Phys.Rev.D.86, 
117504 (2012) [arXiv:1208.4840].
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Leading order:
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γ/Z

NLO:

hFμνZμν
hFμνFμν

hZμνZμν

Not exclusively !h → ZZ⋆
DS, R. Vega-Morales, Phys.Rev.D.86, 
117504 (2012) [arXiv:1208.4840].
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Requirements for the H → ZZ → 4ℓ fiducial phase space
Lepton kinematics and isolation

Leading lepton pT pT > 20GeV

Sub-leading lepton pT pT > 10GeV

Additional electrons (muons) pT pT > 7(5)GeV

Pseudorapidity of electrons (muons) |η| < 2.5 (2.4)

Sum of scalar pT of all stable particles within ∆R < 0.3 from lepton < 0.35pT
Event topology

Existence of at least two same-flavor OS lepton pairs, where leptons satisfy criteria above
Inv. mass of the Z1 candidate 40 < mZ1

< 120GeV

Inv. mass of the Z2 candidate 12 < mZ2
< 120GeV

Distance between selected four leptons ∆R(ℓi, ℓj) > 0.02 for any i ̸= j

Inv. mass of any opposite sign lepton pair m
ℓ
+

ℓ
′− > 4GeV

Inv. mass of the selected four leptons 105 < m4ℓ < 160GeV

Table 2. Summary of the requirements used in the definition of the fiducial phase space for the
H → ZZ → 4ℓ cross section measurements.

1

2

Z1
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Figure 1. Schematic representation of the gg/qq → H → ZZ → 4ℓ process. The five angles
depicted in blue are considered in the differential analysis, as detailed in the text.
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Four body final state kinematics are 
8 dimensional.  

Assuming Higgs is a scalar, still 5 

variables that characterize decay.  

Compare to . 

Final state contains lots of 
information!

h → γγ



DANIEL STOLARSKI     Sept 18, 2024      PPFC @ TRIUMF

SIMPLE EXAMPLE

6

3

0 1 2 3 4 5 60.00

0.05

0.10

0.15

0.20

!

1
"

d"
d!

aZΓ

as

ah

$1.0 $0.5 0.0 0.5 1.00.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

cosΘ

1
"

d"
dcosΘ

aZΓ

as

ah

20 30 40 50 600.00

0.02

0.04

0.06

0.08

M2

1
"

d"
dM2

aZΓ

as

ah

FIG. 1. Normalized distributions for Φ (top), cos θi (middle),
and M2 (bottom) for mφ = 125 GeV. Each plot shows curves
from our three different scenarios with ah blue (solid), as red
(dashed), and aZγ green (dot-dashed).

The top two panels in Fig. 1 show that the angular
distributions, particularly that of cos θ provide good dis-
criminating power between a Higgs-like scenario ah, and
the two non-Higgs-like possibilities. The third plot shows
that the M2 distribution is different for all three scenar-
ios, and the difference is even more pronounced for small
values of M2. This can be seen from the following simple
analysis. For ah, the matrix element goes to a constant as
M2 → 0, and a phase space factor of M2dM2 makes the
rate go to zero. For as, the matrix element goes as M2

for small M2 because of the derivative in the operator,
so dΓ falls as M3

2 . Finally, for aZγ , the matrix element
goes as 1/M2 because the photon propagator in the de-
nominator and the derivative in the numerator, and thus

the rate goes as 1/M2. As we will see below, realistic
detector cuts such as those on lepton pT will change this
low M2 behavior, but this simple analysis shows that if
the experiments could push down the M2 reach of the
events, they would gain discriminatory power.
We do not include a plot for M1 because in all sce-

narios, it looks similar with a large peak at MZ that has
width of ΓZ . The M1 distribution does, however, provide
some discrimination power in that the number of events
well below MZ differs for our three different scenarios.
For example, in the ah scenario, 70% of the events will
lie more than 2ΓZ away from MZ , while the correspond-
ing fraction for as (aZγ) is 64% (84%). The majority of
these non-resonant events have M1 < MZ .
If the four lepton events are dominated by aZγ , then

there should also be decays to on-shell photons. It has
been pointed out that searching for the Higgs in decays
to Zγ is a promising channel [52]. While there is as yet
no direct limit in this channel, [3] uses the measurement
of the Zγ cross section to place a limit on the ratio of the
Zγ mode to the four lepton mode to be about 40. Given
this, we take the Zγ mode to be an unlikely possibility,
but we still believe in checking the data to see if it can
be directly excluded.
In order to compare to experiment, we also generate

Monte Carlo (MC) events. We use the Johns Hopkins
MC described in [35] to simulate ah and as, and Mad-
graph 5 [53] for aZγ . We generate gg → φ → 4ℓ events
where ℓ = e, µ at the LHC with

√
s = 8 TeV. Gluon

fusion is the dominant mode of Higgs production at the
LHC [54]. Since our variables are mostly sensitive to de-
cay and not production, the errors introduced by ignor-
ing sub-dominant production modes will be small. We
require our events to contain four charged leptons (e or
µ) with

• pT > 10 GeV

• |η| < 2.5

• 50GeV < M1 < 110GeV

• M2 > 15 GeV,

which roughly mimics the experimental selection criteria
in [27, 28]. Histograms for the distinguishing kinematic
variables from generated events are overlaid on the ana-
lytic results in Figs. 2 and 3. Because the experimental
resolution for energy and direction of leptons is so pre-
cise, we do not apply any smearing to the events. While
a truly realistic study will need to take into account ex-
perimental reality, we here see how far the experiments
could get with just the geometric cuts above.
In Fig. 2, we plot the cos θ1 and cos θ2 distributions for

1000 generated Monte Carlo events which pass the above
cuts. We compare it to the theoretical distribution which
is the same for the two angles. We see that the cuts have
limited effect on cos θ1, but the rate for cos θ2 ∼ ±1 is
suppressed. This is because in that configuration, one
of the leptons is nearly aligned with the boost direction
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FIG. 1. Normalized distributions for Φ (top), cos θi (middle),
and M2 (bottom) for mφ = 125 GeV. Each plot shows curves
from our three different scenarios with ah blue (solid), as red
(dashed), and aZγ green (dot-dashed).

The top two panels in Fig. 1 show that the angular
distributions, particularly that of cos θ provide good dis-
criminating power between a Higgs-like scenario ah, and
the two non-Higgs-like possibilities. The third plot shows
that the M2 distribution is different for all three scenar-
ios, and the difference is even more pronounced for small
values of M2. This can be seen from the following simple
analysis. For ah, the matrix element goes to a constant as
M2 → 0, and a phase space factor of M2dM2 makes the
rate go to zero. For as, the matrix element goes as M2

for small M2 because of the derivative in the operator,
so dΓ falls as M3

2 . Finally, for aZγ , the matrix element
goes as 1/M2 because the photon propagator in the de-
nominator and the derivative in the numerator, and thus

the rate goes as 1/M2. As we will see below, realistic
detector cuts such as those on lepton pT will change this
low M2 behavior, but this simple analysis shows that if
the experiments could push down the M2 reach of the
events, they would gain discriminatory power.
We do not include a plot for M1 because in all sce-

narios, it looks similar with a large peak at MZ that has
width of ΓZ . The M1 distribution does, however, provide
some discrimination power in that the number of events
well below MZ differs for our three different scenarios.
For example, in the ah scenario, 70% of the events will
lie more than 2ΓZ away from MZ , while the correspond-
ing fraction for as (aZγ) is 64% (84%). The majority of
these non-resonant events have M1 < MZ .
If the four lepton events are dominated by aZγ , then

there should also be decays to on-shell photons. It has
been pointed out that searching for the Higgs in decays
to Zγ is a promising channel [52]. While there is as yet
no direct limit in this channel, [3] uses the measurement
of the Zγ cross section to place a limit on the ratio of the
Zγ mode to the four lepton mode to be about 40. Given
this, we take the Zγ mode to be an unlikely possibility,
but we still believe in checking the data to see if it can
be directly excluded.
In order to compare to experiment, we also generate

Monte Carlo (MC) events. We use the Johns Hopkins
MC described in [35] to simulate ah and as, and Mad-
graph 5 [53] for aZγ . We generate gg → φ → 4ℓ events
where ℓ = e, µ at the LHC with

√
s = 8 TeV. Gluon

fusion is the dominant mode of Higgs production at the
LHC [54]. Since our variables are mostly sensitive to de-
cay and not production, the errors introduced by ignor-
ing sub-dominant production modes will be small. We
require our events to contain four charged leptons (e or
µ) with

• pT > 10 GeV

• |η| < 2.5

• 50GeV < M1 < 110GeV

• M2 > 15 GeV,

which roughly mimics the experimental selection criteria
in [27, 28]. Histograms for the distinguishing kinematic
variables from generated events are overlaid on the ana-
lytic results in Figs. 2 and 3. Because the experimental
resolution for energy and direction of leptons is so pre-
cise, we do not apply any smearing to the events. While
a truly realistic study will need to take into account ex-
perimental reality, we here see how far the experiments
could get with just the geometric cuts above.
In Fig. 2, we plot the cos θ1 and cos θ2 distributions for

1000 generated Monte Carlo events which pass the above
cuts. We compare it to the theoretical distribution which
is the same for the two angles. We see that the cuts have
limited effect on cos θ1, but the rate for cos θ2 ∼ ±1 is
suppressed. This is because in that configuration, one
of the leptons is nearly aligned with the boost direction

DS, R. Vega-Morales, Phys.Rev.D.86, 
117504 (2012) [arXiv:1208.4840].

Simple example distinguishing 
different tensor structures.
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FIG. 2. One-loop contributions from top quark (left) and W boson to h ! V1V2 ! 4` (Vi = Z, �).

After the W and top, the next largest contribution
to the e↵ective Z� and �� couplings comes from the
bottom quark contribution. This e↵ect is suppressed
by ⇠ (mb/mt)2 in the matrix element relative to the
top contribution which is itself subdominant to the W
loop. Thus, to a very good approximation, the Z� and
�� e↵ective couplings only receive contributions at one-
loop from the W boson and top quark.

The h ! 4` process receives additional one-loop elec-
troweak (EW) corrections that are not of the form
shown in Fig. 1. Since the Z� and �� e↵ective couplings
in Eq. (1) are only first generated at one loop, they do
not receive a contribution from these additional EW cor-
rections at this loop order. These include processes such
as corrections to the Z propagator and coupling to lep-
tons as well as various other non-local interactions all of
which are computable [82, 83]. Thus in principle we can
make a precise prediction for all contributions not in-
volving the top Yukawa coupling. This allows us to treat
this part of the amplitude which does not depend on the
top Yukawa as part of the SM ‘background’ to our top
Yukawa ‘signal’.

Discussion of Signal and ‘Backgrounds’

To be more explicit, we can write the h ! 4` amplitude
up to one loop as follows,

M4` = M
0
SM + M

1
EW + M

1
t . (3)

The leading term M
0
SM arises from the tree level hZZ

coupling,

L
0
SM �

m2
Z

v
hZµZµ, (4)

which is generated during EWSB and is responsible for
giving the Z boson its mass. The second term M

1
EW in-

volves all SM one-loop contributions independent of the
top Yukawa, though there are one-loop corrections from
top quark loops to the Z boson propagator for exam-
ple. Finally, M

1
t encodes the one-loop contribution sensi-

tive to the top Yukawa coupling and which enters via the
first diagram in Fig. 2.1 In this work, we will treat M

1
t as

1
There is also a wave function renormalization for the Higgs that

depends on the top Yukawa, but this does not a↵ect kinematic

our signal and fit for the parameters in Eq. (2), while we
will treat the rest of the matrix element as ‘background’
which we keep fixed. There are also real non-Higgs back-
grounds, whose leading contributions must be accounted
for as well and will be discussed below.
We can further characterize the ‘background’ in M

1
EW

by isolating those contributions which are generated by
hV V (where V V = ZZ,Z�, ��) e↵ective couplings of the
form shown in Fig. 1 to write,

M
1
EW = M̄

1
EW + M

V V
EW , (5)

where we have defined,

M
V V
EW = M

ZZ
EW + M

Z�
EW + M

��
EW . (6)

These contributions all have the form of Fig. 1 and will
be examined more closely below.
There are many contributions to M̄

1
EW , all of which

are computable and can in principle be extracted
from [82, 83]. Some of these one loop contributions can
be absorbed into shifts of the tree level couplings. Others
can be modeled using e↵ective operators. There are also
real photon emission e↵ects in h ! 4` [82–84] which can
be non-negligible in certain regions of phase space, but
which can also be included [85]. The key point however is
that these corrections do not depend on the top Yukawa,
allowing us to treat them as fixed when fitting for the top
Yukawa. Furthermore, since at one loop these corrections
do not contribute to the Z� or �� e↵ective couplings to
which we are most sensitive in h ! 4` [66, 68], and since
they are sub-dominant over most of the phase space [85],
we will neglect them in this preliminary study. However,
a detailed investigation of their e↵ects is worthwhile and
will be done in future work. Thus in the end, for the
present study we define the Higgs part of our ‘back-
ground’ (in contrast to non-Higgs background to be dis-
cussed) as,

M
h
BG = M

0
SM + M

V V
EW . (7)

This part of the h ! 4` amplitude will be treated as fixed
during the parameter extraction procedure.

As mentioned, our ‘signal’ is then the top quark loop
in the Z� and �� e↵ective couplings which we call M

Z�
t

shapes at one loop and since we are not using the overall rate in

our likelihood analysis, we can ignore it.

Z/�

Z/�

h

NLO contributions to  in SM:h → 4ℓ
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After the W and top, the next largest contribution
to the e↵ective Z� and �� couplings comes from the
bottom quark contribution. This e↵ect is suppressed
by ⇠ (mb/mt)2 in the matrix element relative to the
top contribution which is itself subdominant to the W
loop. Thus, to a very good approximation, the Z� and
�� e↵ective couplings only receive contributions at one-
loop from the W boson and top quark.

The h ! 4` process receives additional one-loop elec-
troweak (EW) corrections that are not of the form
shown in Fig. 1. Since the Z� and �� e↵ective couplings
in Eq. (1) are only first generated at one loop, they do
not receive a contribution from these additional EW cor-
rections at this loop order. These include processes such
as corrections to the Z propagator and coupling to lep-
tons as well as various other non-local interactions all of
which are computable [82, 83]. Thus in principle we can
make a precise prediction for all contributions not in-
volving the top Yukawa coupling. This allows us to treat
this part of the amplitude which does not depend on the
top Yukawa as part of the SM ‘background’ to our top
Yukawa ‘signal’.

Discussion of Signal and ‘Backgrounds’

To be more explicit, we can write the h ! 4` amplitude
up to one loop as follows,

M4` = M
0
SM + M

1
EW + M

1
t . (3)

The leading term M
0
SM arises from the tree level hZZ

coupling,

L
0
SM �

m2
Z

v
hZµZµ, (4)

which is generated during EWSB and is responsible for
giving the Z boson its mass. The second term M

1
EW in-

volves all SM one-loop contributions independent of the
top Yukawa, though there are one-loop corrections from
top quark loops to the Z boson propagator for exam-
ple. Finally, M

1
t encodes the one-loop contribution sensi-

tive to the top Yukawa coupling and which enters via the
first diagram in Fig. 2.1 In this work, we will treat M

1
t as

1
There is also a wave function renormalization for the Higgs that

depends on the top Yukawa, but this does not a↵ect kinematic

our signal and fit for the parameters in Eq. (2), while we
will treat the rest of the matrix element as ‘background’
which we keep fixed. There are also real non-Higgs back-
grounds, whose leading contributions must be accounted
for as well and will be discussed below.
We can further characterize the ‘background’ in M

1
EW

by isolating those contributions which are generated by
hV V (where V V = ZZ,Z�, ��) e↵ective couplings of the
form shown in Fig. 1 to write,

M
1
EW = M̄

1
EW + M

V V
EW , (5)

where we have defined,

M
V V
EW = M

ZZ
EW + M

Z�
EW + M

��
EW . (6)

These contributions all have the form of Fig. 1 and will
be examined more closely below.
There are many contributions to M̄

1
EW , all of which

are computable and can in principle be extracted
from [82, 83]. Some of these one loop contributions can
be absorbed into shifts of the tree level couplings. Others
can be modeled using e↵ective operators. There are also
real photon emission e↵ects in h ! 4` [82–84] which can
be non-negligible in certain regions of phase space, but
which can also be included [85]. The key point however is
that these corrections do not depend on the top Yukawa,
allowing us to treat them as fixed when fitting for the top
Yukawa. Furthermore, since at one loop these corrections
do not contribute to the Z� or �� e↵ective couplings to
which we are most sensitive in h ! 4` [66, 68], and since
they are sub-dominant over most of the phase space [85],
we will neglect them in this preliminary study. However,
a detailed investigation of their e↵ects is worthwhile and
will be done in future work. Thus in the end, for the
present study we define the Higgs part of our ‘back-
ground’ (in contrast to non-Higgs background to be dis-
cussed) as,

M
h
BG = M

0
SM + M

V V
EW . (7)

This part of the h ! 4` amplitude will be treated as fixed
during the parameter extraction procedure.

As mentioned, our ‘signal’ is then the top quark loop
in the Z� and �� e↵ective couplings which we call M

Z�
t

shapes at one loop and since we are not using the overall rate in

our likelihood analysis, we can ignore it.

Z/�

Z/�

h

NLO contributions to  in SM:h → 4ℓ

Kinematic distributions are sensitive to Higgs couplings to top and W.
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Effect is of course suppressed by a 
loop factor.

h
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BIGGER THAN YOU THINK

8

Z/�

Z/�

h

Effect is of course suppressed by a 
loop factor.

Photon intermediate state gives 
enhancements.

Can look in regions of phase space 
away from Z peak. 

Coupling of leptons to photons 
larger than to Z. 

h
Z

Z
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Start with top Yukawa coupling, keep all others fixed.

Sensitivity to CP phase of coupling. 

h t̄
�
yt + i ỹ �5

�
t

SM: y ≈ 1, ỹ ≈ 0
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where M`` are all six lepton pair invariant masses and we
explicitly remove events with opposite sign same flavor
(OSSF) lepton pairs that have M`` in the range 8.8 �

10.8 GeV in order to avoid contamination from ⌥ QCD
resonances. We refer to these as ‘Relaxed�⌥’ cuts.

While these cuts perform significantly better in terms
of sensitivity to the e↵ective hZ� and h�� couplings than
the currently used CMS cuts [68], they also allow more
non-Higgs background into the sample. It is therefore
necessary to include the dominant non-Higgs qq̄ ! 4`
background discussed above as it can have a significant
e↵ect on parameter extraction when these cuts are uti-
lized. To do this we combine the background and signal
into a single likelihood and fit for the background fraction
during the parameter extraction procedure along with
the parameters in Eq. (13). The background fractions
used during event generation can be found in [68]. Many
more details on the various aspects of the parameter ex-
traction framework including the building of the signal
plus background likelihood and the fitting procedure can
be found in [47, 56, 64, 66, 67].

We also comment that for these cuts some of one-loop
EW corrections we have neglected [82–84] may become
relevant. For this reason we also will discuss results uti-
lizing CMS-like cuts [68] for which these contributions
are phase space suppressed [85], but this will not quali-
tatively a↵ect the discussion.

Sensitivity as Function of Luminosity

In Fig. 3 we show sensitivity curves for �(yt) (red) and
�(ỹt) (blue) as function of the number of signal events
(NS) (bottom axis) and luminosity ⇥ e�ciency (top axis)
assuming SM production (gg ! h plus VBF at 14 TeV)
and branching ratios [101, 102]. In these fits we have uti-
lized the Relaxed�⌥ cuts discussed above and include
both signal and the dominant qq̄ ! 4` background. We
have combined the 2e2µ, 4e, 4µ channels and fit to a ‘true’
point of ~� = (1, 0|0.01, 0, 0.007) corresponding to the SM
prediction for the top Yukawa which is indicated by the
dotted black line.

We see stronger sensitivity to the axial coupling ỹt
than to the vector-like coupling yt. This is because the
CP even component of the top loop is dominated by
the W loop, but the CP odd couplings ỹt does not have
to compete with an analogous W contribution. We also
study the e↵ect of floating the e↵ective ZZ couplings
(solid curves) defined in Eq. (12), versus holding these
couplings fixed (dashed curves). The values chosen for
these ZZ e↵ective couplings are only representative and
whether we take their true value to be zero or O(10�2)
makes negligible di↵erence since the sensitivity to these
couplings is weak [67, 68]. What is important to establish
is whether allowing them to vary in the fit a↵ects the sen-
sitivity to the top Yukawa. We see clearly in Fig. 3 that

this e↵ect is small as expected from di↵erences in the
kinematic shapes of the ZZ, Z�, and �� intermediate
states [67, 68].
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FIG. 3. Sensitivity curves for �(yt) (top, red) and �(ỹt) (bot-
tom, blue) as function of the number of signal events (NS)
(bottom axis) and luminosity ⇥ e�ciency (top axis) assuming
SM production (gg ! h plus VBF at 14 TeV) and branching
ratios [101, 102]. In these fits we have utilized the Relaxed�⌥
cuts discussed in the text and included both the h ! 4`
(4` ⌘ 2e2µ, 4e, 4µ) signal and the qq̄ ! 4` background. We fit

to a ‘true’ point of ~� = (1, 0|0.01, 0, 0.007) corresponding to
the SM prediction for the top Yukawa which is indicated by
the dotted black line. We also demonstrate the e↵ect of float-
ing (solid) the e↵ective ZZ couplings (see Eq. (12)) versus
keeping them fixed (dashed).

The crucial point to emphasize is that we should be
able to probe O(1) values of the top Yukawa coupling
with ⇠ 6000 � 10000 events corresponding to ⇠ 800 �

1500 fb�1 assuming 100% e�ciency. Of course in reality
the e�ciency is significantly less, so more realistically
⇠ 2000�5000 fb�1 may be needed depending on detector
performance as well production uncertainties. The lower
ends of this range should be within reach at the high-
luminosity LHC, and even better sensitivity would be
achieved with a future hadron collider at higher energy.

Probing top Yukawa CP Properties

The results in Fig. 3 indicate that the LHC or a future
collider may be able to directly probe the CP proper-
ties of the top Yukawa coupling in h ! 4`. To further
investigate this we show in Fig. 4 and Fig. 5 results from

Can measure both top Yukawa 
couplings.  

More sensitivity to CP odd coupling.  

Need LARGE number of events. 

Chen, DS, Vega-Morales, Phys.Rev.D.92,  
053003 (2015) [arXiv:1505.01168]. 
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FIG. 5. Left: Same as Fig. 4, but for 8000 h ! 4` events corresponding to ⇠ 1000 � 3000 fb�1 depending on detector
e�ciencies. Right: Same as left, but for 20k events corresponding to & 3000 fb�1. For both plots, the projected 1� intervals
from tth, h ! ��, and h ! Z� searches have been used assuming 3000 fb�1 [104–106] (see Table I).
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e�ciencies. Right: Same as left, but for 20k events corresponding to & 3000 fb�1. For both plots, the projected 1� intervals
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Higgs productions at e+e-
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two important thresholds: √s ~ 250 GeV for ZH,  
~500 GeV for ZHH and ttΗ

Junping Tian, Reconnotres de Vietnam ’22.  

Can we do this at a lepton collider?  

There will be less background, but… 

 

(FCC-ee)  / fb has most 

luminosity.  

Get less than 1/20 of HL-LHC  
number of events.

σ(e+e− → Zh, s = 240 GeV) ≈ 300 fb

ℒ ≈ 104
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h

Z Z

Shen, Zhu, 1504.05625. 
Rindani, Singh, 1805.03417. 
Nakamura, Shivaji, 1812.01576 

Rearrange diagram for lepton 
colliders.  

Just need to measure Higgs 
momentum, can use any decay.
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FIG. 2. One-loop contributions from top quark (left) and W boson to h ! V1V2 ! 4` (Vi = Z, �).

After the W and top, the next largest contribution
to the e↵ective Z� and �� couplings comes from the
bottom quark contribution. This e↵ect is suppressed
by ⇠ (mb/mt)2 in the matrix element relative to the
top contribution which is itself subdominant to the W
loop. Thus, to a very good approximation, the Z� and
�� e↵ective couplings only receive contributions at one-
loop from the W boson and top quark.

The h ! 4` process receives additional one-loop elec-
troweak (EW) corrections that are not of the form
shown in Fig. 1. Since the Z� and �� e↵ective couplings
in Eq. (1) are only first generated at one loop, they do
not receive a contribution from these additional EW cor-
rections at this loop order. These include processes such
as corrections to the Z propagator and coupling to lep-
tons as well as various other non-local interactions all of
which are computable [82, 83]. Thus in principle we can
make a precise prediction for all contributions not in-
volving the top Yukawa coupling. This allows us to treat
this part of the amplitude which does not depend on the
top Yukawa as part of the SM ‘background’ to our top
Yukawa ‘signal’.

Discussion of Signal and ‘Backgrounds’

To be more explicit, we can write the h ! 4` amplitude
up to one loop as follows,

M4` = M
0
SM + M

1
EW + M

1
t . (3)

The leading term M
0
SM arises from the tree level hZZ

coupling,

L
0
SM �

m2
Z

v
hZµZµ, (4)

which is generated during EWSB and is responsible for
giving the Z boson its mass. The second term M

1
EW in-

volves all SM one-loop contributions independent of the
top Yukawa, though there are one-loop corrections from
top quark loops to the Z boson propagator for exam-
ple. Finally, M

1
t encodes the one-loop contribution sensi-

tive to the top Yukawa coupling and which enters via the
first diagram in Fig. 2.1 In this work, we will treat M

1
t as

1
There is also a wave function renormalization for the Higgs that

depends on the top Yukawa, but this does not a↵ect kinematic

our signal and fit for the parameters in Eq. (2), while we
will treat the rest of the matrix element as ‘background’
which we keep fixed. There are also real non-Higgs back-
grounds, whose leading contributions must be accounted
for as well and will be discussed below.
We can further characterize the ‘background’ in M

1
EW

by isolating those contributions which are generated by
hV V (where V V = ZZ,Z�, ��) e↵ective couplings of the
form shown in Fig. 1 to write,

M
1
EW = M̄

1
EW + M

V V
EW , (5)

where we have defined,

M
V V
EW = M

ZZ
EW + M

Z�
EW + M

��
EW . (6)

These contributions all have the form of Fig. 1 and will
be examined more closely below.
There are many contributions to M̄

1
EW , all of which

are computable and can in principle be extracted
from [82, 83]. Some of these one loop contributions can
be absorbed into shifts of the tree level couplings. Others
can be modeled using e↵ective operators. There are also
real photon emission e↵ects in h ! 4` [82–84] which can
be non-negligible in certain regions of phase space, but
which can also be included [85]. The key point however is
that these corrections do not depend on the top Yukawa,
allowing us to treat them as fixed when fitting for the top
Yukawa. Furthermore, since at one loop these corrections
do not contribute to the Z� or �� e↵ective couplings to
which we are most sensitive in h ! 4` [66, 68], and since
they are sub-dominant over most of the phase space [85],
we will neglect them in this preliminary study. However,
a detailed investigation of their e↵ects is worthwhile and
will be done in future work. Thus in the end, for the
present study we define the Higgs part of our ‘back-
ground’ (in contrast to non-Higgs background to be dis-
cussed) as,

M
h
BG = M

0
SM + M

V V
EW . (7)

This part of the h ! 4` amplitude will be treated as fixed
during the parameter extraction procedure.

As mentioned, our ‘signal’ is then the top quark loop
in the Z� and �� e↵ective couplings which we call M

Z�
t

shapes at one loop and since we are not using the overall rate in

our likelihood analysis, we can ignore it.

Z/�

Z/�

h

Can measure ratio of W to Z coupling. 

λWZ = κW

κZ
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Rage measurements of tree 
level-processes are insensitive to 

sign of . 

Very difficult to distinguish 

between .

λWZ

λWZ = ± 1

ATLAS + CMS, 1606.02266. 
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Example likelihood 
extracted with 2,000 events 
at LHC ~ 800/fb. 

Can exclude negative 

coupling at ~3 . 

Have assumed top Yukawa is 
fixed to SM value.  

σ

Y. Chen, J. Lykken, M. Spiropulu, DS, R. Vega-Morales, 
PRL, 2016 [arXiv:1608.02159].
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FIG. 3. Example of the posterior likelihood for one pseudo-
dataset containing O(2000) signal events and generated for
the SM case with �WZ = 1. The shaded turqoise region in-
dicates the area under the curve on the negative side of zero
which is translated into a probability (see Fig. 4) that the sign
of �WZ is negative. See text for more details.

�WZ . As discussed, rate measurements can not deter-
mine this sign and furthermore, under the assumption of
custodial symmetry it e↵ectively establishes the custodial
representation of the Higgs boson.

Following the procedure described in [24] we construct
the likelihood from the (normalized) signal and back-
ground fully di↵erential cross sections. This likelihood
is a function of the couplings (gZ , gW ) and the set of nui-
sance parameters (cZ , yt, ỹt). A full likelihood is built for
each pseudodataset, and integrated6 over the di↵erent
nuisance parameters to obtain the posterior likelihood as
a function only of �WZ . When generating pseudodatasets
we consider two possibilities. The first is that the SM is
the true underlying model which predicts �WZ = 1. As a
second case we also consider the other allowed possibility
by custodial symmetry of �WZ = �1/2. An example of
the posterior likelihood is shown in Fig. 3 for one pseu-
dodataset containing O(2000) signal events assuming the
true underlying model is the SM.

We treat the normalized posterior likelihood as a prob-
ability density of the extracted true value of �WZ . Given
the observed pseudodataset, we obtain from the posterior

6
During this integration, we include a flat prior probability dis-

tribution function for yt which restricts its range to the (pertur-

bative) values �2 . yt . 2, but where the boundaries are made

‘soft’ by placing gaussian tails centered at the two endpoints with

� = 0.5. More details on this procedure will be given in [80].
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FIG. 4. Probability, in units of e↵ective �’s (see text) as
a function of luminosity. In purple we show the SM, while
in green we show the case of a custodial fiveplet. In the light
shaded bands the top Yukawa couplings are fixed to their true
values. In the dark shaded bands the top Yukawa coupling is
treated as a nuisance parameter and integrated over assuming
a prior probability distribution which restricts its range to
perturbative values as discussed in text. In both cases we have
assumed SM production (gg ! h plus VBF at 13 TeV [81, 82])
times branching ratio and accounted for phase space selection
e�ciencies as well as the dominant qq̄ ! 4` background.

likelihood a p-value that the true value of �WZ is nega-
tive by taking the ratio of the area on the negative side of
zero (shaded in turquoise in Fig. 3) to the total area. For
each p-value we define a corresponding ‘e↵ective’ � by
how much of the tail we have to integrate a (normalized)
gaussian to get an equivalent area of p and converting
that distance into an e↵ective �. This procedure is then
repeated over many pseudodatasets giving a distribution
of e↵ective �’s which represent the probability that the
sign of �WZ is negative.

In Fig. 4 we show the distribution of e↵ective �’s for
two separate cases. A negative value for the e↵ective �

indicates that the peak of the likelihood is on the nega-
tive side of �WZ (as is the case for a custodial fiveplet)
whereas a positive value represents a distribution cen-
tered on the positive side (as for a custodial singlet). The
dot in each case indicates the median value, and the col-
ored bands represent the central 68.3% interval of the dis-
tribution of e↵ective �’s. In purple we show the SM while
in green we show the case of a custodial fiveplet. For both
cases we have considered two possibilities. The first (light
shaded bands) is where the top Yukawa couplings are
fixed to their true values as predicted in the SM (yt = 1)
and for a custodial fiveplet (yt = 0). In the second case
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Can get good precision on  

with large number of signal 
events. 

λWZ
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FIG. 5. Probability of mistaking a Standard Model Higgs
(custodial singlet) for a custodial fiveplet or vice versa. For
these curves we utilize ‘CMS-like’ phase space cuts (red) and
‘Loose’ phase space cuts (blue and green) as discussed in
text. In the green curve the top Yukawa couplings are fixed to
their true values. In the red and blue curves the top Yukawa
coupling is again treated as a nuisance parameter and inte-
grated over as in Fig. 4. Again we have assumed SM produc-
tion (gg ! h plus VBF at 13 TeV [81, 82]) times branching
ratio. Since there are small (sub percent) di↵erences in selec-
tion e�ciencies between the singlet and fiveplet, we plot an
‘approximate’ NS along with luminosity.

|�WZ | as a function of the amount of data. For this anal-
ysis we follow very closely the procedure based on a max-
imization of the likelihood which is described in [24] to
which we refer the reader for more details.

To estimate the expected precision we use as our test
statistic the average error defined in [21, 23, 52] as,

�(�WZ) =

r
⇡

2
h|�̂WZ � �̄WZ |i, (7)

where �̂WZ is the value of the best fit parameter point
obtained by maximization of the likelihood with re-
spect to �WZ . Here �̄WZ represents the ‘true’ value
with which our data sets are generated utilizing a Mad-
Graph5 aMC@NLO [76] implementation of the e↵ective
hV V couplings [20, 21]. The average error is then found
by conducting a large number of pseudoexperiments for
a given number of (expected) events8 and obtaining a

8
Each dataset varies in size according to a poisson distribution

with mean at the expected number of events for each of the four

components (2e2µ and 4e/4µ for signal and background).
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FIG. 6. Sensitivity curves for the ‘average error’ �(�WZ) de-
fined in Eq. (7) versus the number of signal events (bottom
axis) and luminosity ⇥ e�ciency (top axis) for which we as-
sume SM production (gg ! h plus VBF at 13 TeV [81, 82])
times branching ratio. We also show a second luminosity
axis assuming the nominal e�ciency (⇠ 30%) for the Loose
cuts discussed in text. In all cases we fit to a ‘true’ point
of �WZ = 1 as found in the SM and include the dominant
qq̄ ! 4` background. See text for more information.

distribution for �̂WZ . This distribution will be centered
around some average value with a width that is then
translated into our average error as in Eq. (7). This defi-
nition converges to the usual gaussian interpretation of a
� when the distribution of �̂WZ is perfectly gaussian. We
repeat this procedure for a range of number of signal
events to obtain �(�WZ) as a function of NS .
We show in Fig. 6 sensitivity curves for �(�WZ) as

a function of the number of signal events (bottom axis)
and luminosity ⇥ e�ciency (top axis) assuming SM pro-
duction (gg ! h plus VBF at 13 TeV [81, 82]). We fit
to a ‘true’ point of �WZ = 1 corresponding to the SM
prediction and again consider both CMS-like phase space
cuts (purple) and Loose phase space cuts (orange, pink,
and green) discussed above and defined in [24]. We also
show a second luminosity axis assuming the nominal ef-
ficiency (⇠ 30%) for the Loose cuts. We again compare
the case where the top Yukawa coupling is treated as a
nuisance parameter to when it is fixed (blue curve) to its
true value. However, now we consider two separate cases
when treating it as a nuisance parameter.
In the first case (pink and purple), we again use a prior

to restrict the magnitude of the top Yukawa coupling to
the physically viable values of yt . 2 but otherwise allow

Y. Chen, J. Lykken, M. Spiropulu, DS, R. Vega-Morales, 
PRL, 2016 [arXiv:1608.02159].



DANIEL STOLARSKI     Sept 18, 2024      PPFC @ TRIUMF

BSM PHYSICS

19

If there are new EM or weak 
charged states that couple to the 
Higgs, they will also contribute to 

 at NLO. 

Models that solve the hierarchy 
problem must have new states 
coupling tot he Higgs!

h → 4ℓ

2
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about 105 GeV. Given this lower limit, the Higgs cannot
decay to an on-shell �, so we can expand the amplitudes
from the diagrams in Fig. 1 in powers of m2

h
/4m2

�. The
leading term generated will be a CP -even dimension five
operator:

hF
µ⌫
Fµ⌫ (2)

where F is the field strength tensor of the either the Z

or �.
Operators of the type given in Eq. (2) also contribute

to the Higgs decay to four leptons, the so-called golden
channel, via diagrams of the form shown in Fig. 2. The
leading contribution to this decay is the tree-level con-
tribution mediated by ZZ

⇤. Because this decay has four
final state particles that can all be measured precisely, the
rich final state kinematics can be used to gain significant
information from each event. This means that one-loop
contributions such as those from operators of the type in
Eq. (2) can be probed [44–47] within the lifetime of the
LHC. This has been used for various applications includ-
ing the probing of exotic light states [48], measurement
of the CP properties of the top Yukawa coupling [49],
measurement of the ratio of the Higgs coupling to WW

relative to ZZ [50], and the probing of various operators
in SM e↵ective field theory [51–53] as well as non-linear
Higgs e↵ects [54]. Even with the relatively small num-
ber of events already collected by the LHC, experiments
can already use this data to place constraints on various
scenarios [55].

Given models with large contributions to h ! Z�, we
can estimate how well those models can be probed in h !

4` as a function of the number of events using the analysis
techniques in [47, 56]. We use a simple hypothesis testing
procedure on a few benchmark points of these models and
find that the high luminosity run of the LHC can reach
approximately 2� sensitivity to these models in h ! 4`.

Rather than adding arbitrary new scalar multiplets,
one can also ask if well motivated models can produce sig-
nificant deviations in h ! Z�. Supersymmetric models
are extremely well studied [57], and they contain scalar
partners of the top quark, stops, which have large cou-
plings to the Higgs and carry electroweak charges, so
they can be scalars of the type shown in Fig. 1. The
stops carry colour and, as such, contribute to production

of the Higgs via gluon fusion in addition to the Higgs
to diboson decays — measurements of these processes
(especially h ! ��) can be used to place constraints
on stop parameter space [58]. Here we update the con-
straints from [58] and show that these constraints imply
that stops can only make small modifications to h ! Z�.
We also find that h ! 4` at the LHC will not be sensitive
to these models, but there may be sensitivity at future
higher energy hadron colliders.

Another well motivated model is folded SUSY [59],
which also contains scalar top partners, F-stops, that
have electroweak quantum numbers but do not carry
colour. This makes direct bounds much weaker, and
it also eliminates constraints from Higgs production via
gluon fusion, making indirect bounds also weaker [58].
We also update the analysis on F-stops. While their con-
tributions to h ! Z� can be larger than for ordinary
stops, it still cannot be large, and the conclusions for the
four lepton analysis is similar to that of stops.

The rest of the paper is organized as follows: Sec. II
establishes the conventions used to describe new physics
and the procedure used in analyzing the four-lepton pro-
cesses, and Sec. III presents the construction and sig-
nals of models with large contributions to h ! Z�.
Sec. IV presents an analysis of supersymmetric models
and Sec. V wraps everything up.

II. HIGGS PHYSICS

Measurements of production and decay rates of the
Higgs are all consistent with SM predictions. Therefore if
there is new physics with electroweak charge that couples
to the Higgs, it will be constrained by its contributions
to the decay of Higgs to �� at one loop. Since the leading
SM contribution is also at one-loop, the constraints on
such new physics at the weak scale will be strong. Simi-
larly, new physics with colour charge that couples to the
Higgs will contribute to the Higgs production via gluon
fusion and can also place strong constraints.

Assuming the Higgs width is small compared to its
mass, the cross section of a specific production mode i

and decay to a specific final state V V
0 can be parame-
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about 105 GeV. Given this lower limit, the Higgs cannot
decay to an on-shell �, so we can expand the amplitudes
from the diagrams in Fig. 1 in powers of m2

h
/4m2

�. The
leading term generated will be a CP -even dimension five
operator:

hF
µ⌫
Fµ⌫ (2)

where F is the field strength tensor of the either the Z

or �.
Operators of the type given in Eq. (2) also contribute

to the Higgs decay to four leptons, the so-called golden
channel, via diagrams of the form shown in Fig. 2. The
leading contribution to this decay is the tree-level con-
tribution mediated by ZZ

⇤. Because this decay has four
final state particles that can all be measured precisely, the
rich final state kinematics can be used to gain significant
information from each event. This means that one-loop
contributions such as those from operators of the type in
Eq. (2) can be probed [44–47] within the lifetime of the
LHC. This has been used for various applications includ-
ing the probing of exotic light states [48], measurement
of the CP properties of the top Yukawa coupling [49],
measurement of the ratio of the Higgs coupling to WW

relative to ZZ [50], and the probing of various operators
in SM e↵ective field theory [51–53] as well as non-linear
Higgs e↵ects [54]. Even with the relatively small num-
ber of events already collected by the LHC, experiments
can already use this data to place constraints on various
scenarios [55].

Given models with large contributions to h ! Z�, we
can estimate how well those models can be probed in h !

4` as a function of the number of events using the analysis
techniques in [47, 56]. We use a simple hypothesis testing
procedure on a few benchmark points of these models and
find that the high luminosity run of the LHC can reach
approximately 2� sensitivity to these models in h ! 4`.

Rather than adding arbitrary new scalar multiplets,
one can also ask if well motivated models can produce sig-
nificant deviations in h ! Z�. Supersymmetric models
are extremely well studied [57], and they contain scalar
partners of the top quark, stops, which have large cou-
plings to the Higgs and carry electroweak charges, so
they can be scalars of the type shown in Fig. 1. The
stops carry colour and, as such, contribute to production

of the Higgs via gluon fusion in addition to the Higgs
to diboson decays — measurements of these processes
(especially h ! ��) can be used to place constraints
on stop parameter space [58]. Here we update the con-
straints from [58] and show that these constraints imply
that stops can only make small modifications to h ! Z�.
We also find that h ! 4` at the LHC will not be sensitive
to these models, but there may be sensitivity at future
higher energy hadron colliders.

Another well motivated model is folded SUSY [59],
which also contains scalar top partners, F-stops, that
have electroweak quantum numbers but do not carry
colour. This makes direct bounds much weaker, and
it also eliminates constraints from Higgs production via
gluon fusion, making indirect bounds also weaker [58].
We also update the analysis on F-stops. While their con-
tributions to h ! Z� can be larger than for ordinary
stops, it still cannot be large, and the conclusions for the
four lepton analysis is similar to that of stops.

The rest of the paper is organized as follows: Sec. II
establishes the conventions used to describe new physics
and the procedure used in analyzing the four-lepton pro-
cesses, and Sec. III presents the construction and sig-
nals of models with large contributions to h ! Z�.
Sec. IV presents an analysis of supersymmetric models
and Sec. V wraps everything up.

II. HIGGS PHYSICS

Measurements of production and decay rates of the
Higgs are all consistent with SM predictions. Therefore if
there is new physics with electroweak charge that couples
to the Higgs, it will be constrained by its contributions
to the decay of Higgs to �� at one loop. Since the leading
SM contribution is also at one-loop, the constraints on
such new physics at the weak scale will be strong. Simi-
larly, new physics with colour charge that couples to the
Higgs will contribute to the Higgs production via gluon
fusion and can also place strong constraints.

Assuming the Higgs width is small compared to its
mass, the cross section of a specific production mode i

and decay to a specific final state V V
0 can be parame-

SUSY: scalar top partner (stop) 

Folded SUSY: F-stops (no QCD charge, 
much weaker limits)
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FIG. 6. Number of Higgs to four lepton events N required to distinguish the SM from the SUSY model benchmarks at a given
significance �. The left figure shows the curve fitted to the average statistical significance of pseudo-experiments featuring a
given number of events. The dashed violet line (fit to the green carets) is the stop scenario and the solid black line (fit to the
red asterisks) is the F-stop scenario. The right figure shows an extrapolation of this data with lines at 2 and 3 � significance.
The thin blue band on the left is the reach of the HL-LHC.

due to EDM measurements [66] indicate that such cou-
plings would have to be tiny — much too small to achieve
the large Z� contributions that we examined.

What this ultimately means is that, in general, the
h ! Z� channel is unlikely to be a place where new
physics is discovered: simple or motivated models tend
to lead to contributions smaller than the much more sen-
sitive diphoton channel. As such, a discovery of a signif-
icant NP contribution to this channel is a strong indica-
tion that interference e↵ects are present in the NP sector
and points towards non-minimal models like those pre-
sented in this paper. Finally, the discriminating power of
a 100 TeV collider, particularly in h ! 4`, is undeniable:
where the LHC cannot even probe the most favourable
parameter points of the MSSM, a future collider will
collect significantly more events, potentially giving us a
much clearer handle on the nature of our microscopic
world.
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Appendix A: Loop integral definitions

Here, for completeness, we present the integrated loop
functions l�� and lZ� for scalar NP particles of mass m

mentioned in Eq. (14). For further details, please see [89,
90].
The diphoton expression:

l�� [m] =

✓
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4⇡2m4
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And the Z� equation:
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For the Z� expression, the case presented here de- scribes loops with only one type of new particle; loops

P. Archer-Smith, DS, R. Vega-Morales, arXiv:2012.01440.
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FIG. 2. Relevant contributions to the hV V e↵ective couplings mediating Higgs to four lepton decays as shown in Fig. 1. On the

left is the tree-level contribution mediated by the Z boson pairs, while in the middle and right are example one-loop diagrams

mediated by the W boson and top quark, respectively.ing Z and Higgs bosons [56–58]. The already weak sen-
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in Fig. 2. Furthermore, in the limit of negligible loop mo-
2
We have also included the additional e↵ective ZZ couplings (in-

cluding CP odd ones) considered in [23], but as they have only

a small e↵ect on our results we do not discuss them explicitly.

mentum e↵ects in which we work, these are given sim-

ply by the e↵ective couplings which control Higgs de-

cays to on-shell �� and Z� pairs. These one-loop con-

tributions have been computed for h ! Z� [59, 60] and

h ! �� [61, 62] (including pseudoscalar couplings [63] for

the top) and can be straightforwardly incorporated [24]

into the analytic expressions for the h ! 4` fully di↵er-

ential cross section computed in [20, 21]. With this we

can go on to perform various statistical tests to assess

the possibility of probing �WZ in h ! 4` decays. More

details of this implementation can be found in [24].
Comments on top Yukawa sectorAs has been discussed, though we are probing �WZ

through the loop generated hZ� and h�� e↵ective cou-

plings, there is generically also a top quark contribu-

tion. When attempting to establish �WZ , we can as-

sess the sensitivity given specific assumptions about the

top Yukawa couplings. Ideally however, we would like to

probe �WZ and, in particular, establish its overall sign

independently of the top Yukawa sector.
The top quark couplings to the Higgs can be

parametrized generically with the operators,
Lt �

mt

v
ht̄(yt + iỹt�

5)t,
(5)

where both CP even (yt) and CP odd couplings (ỹt) are

present and can in principle be positive or negative. The

presence of ỹt however, will have little e↵ect on our re-

sults for the sensitivity to �WZ . This is because it enters

only into the CP odd hV � e↵ective couplings which, as

discussed, are weakly correlated with the CP even e↵ec-

tive couplings (see Eq. (4)) into which �WZ enters. Thus,

though we include CP odd couplings as nuisance param-

eters in our statistical analysis, we do not discuss them

further here, but see [24] for a detailed discussion.

The CP even Yukawa coupling yt on the other hand

does enter into the same CP even hV V e↵ective cou-

plings in Eq. (4) and is therefore highly correlated with

�WZ . Thus, though we are not assessing the sensitivity

to the top Yukawa sector [24], how it is treated during

our statistical analysis of �WZ is crucial for assessing

the ability to test custodial symmetry in a model inde-

pendent way using h ! 4` decays. After inputing the

3

h

Z

Z

V
1

V
2

h

W

V
1

V
2

h

t

F
IG

.
2.

R
elevant

contrib
u
tion

s
to

th
e
h
V
V

e↵
ective

cou
p
lin

gs
m
ed
iatin

g
H
iggs

to
fou

r
lep

ton
d
ecays

as
sh
ow

n
in

F
ig.

1.
O
n
th
e

left
is
th
e
tree-level

contrib
u
tion

m
ed
iated

by
th
e
Z

b
oson

p
airs,

w
h
ile

in
th
e
m
id
d
le

an
d
right

are
exam

p
le

on
e-loop

d
iagram

s

m
ed
iated

by
th
e
W

b
oson

an
d
top

qu
ark,

resp
ectively.

in
g
Z

an
d
H
iggs

b
oson

s
[56–58].

T
h
e
alread

y
w
eak

sen
-

sitivity
to

th
ese

h
Z
Z

e↵
ective

cou
p
lin

gs
m
akes

d
isentan

-

glin
g
th
e
contrib

u
tion

s
involvin

g
g
Z
an

d
g
W

from
oth

er

loop
contrib

u
tion

s
to

th
ese

cou
p
lin

gs
d
i�

cu
lt.

W
e
w
ill

th
erefore

sim
p
ly

m
od

el
th
ese

loop
e↵
ects

w
ith

th
e
c
Z
ef-

fective
cou

p
lin

g
2
in

E
q.

(4)
an

d
treat

it
as

a
nu

isan
ce

p
aram

eter
in

ou
r
statistical

an
alysis

of
�
W

Z
.
A
s
w
as

th
e

case
for

th
e
top

Y
u
kaw

a
[24]

an
d
w
ill

b
e
sh
ow

n
b
elow

,

on
ce

su
�
cient

statistics
are

ob
tain

ed
,
th
e
sen

sitivity
to

�
W

Z
is

n
egligib

ly
a↵

ected
by

w
h
eth

er
or

n
ot

w
e
allow

th
ese

Z
Z

e↵
ective

cou
p
lin

gs
to

vary.
T
hu

s,
as

w
as

also

th
e
case

for
th
e
top

Y
u
kaw

a
[24],

th
e
sen

sitivity
to

�
W

Z

is
d
om

in
ated

by
th
e
contrib

u
tion

s
enterin

g
via

c
Z
�
an

d

esp
ecially

c
�
in

E
q.

(4).

U
n
like

th
e
top

Y
u
kaw

a
cou

p
lin

gs,
th
e
tree

level
cou

-

p
lin

g
g
W

w
ill also

enter
into

oth
er

on
e-loop

d
iagram

s
[56,

57]
involvin

g
th
e
W

b
oson

th
at

can
n
ot

b
e
p
aram

eterized

by
th
e
op

erators
of

th
e
typ

e
in

E
q.

(4),
su
ch

as
p
en
-

tagon
d
iagram

s
w
ith

p
h
oton

s
con

n
ectin

g
th
e
fi
n
al-state

lep
ton

s
or

am
p
litu

d
es

involvin
g
b
ox

d
iagram

s.
T
h
ere

are

also
real

p
h
oton

em
ission

e↵
ects

in
h

!
4
`
[56–58]

w
h
ich

can
b
e
n
on

-n
egligib

le
in

certain
region

s
of

p
h
ase

sp
ace,

b
u
t
w
h
ich

can
also

b
e
in
clu

d
ed

[55].
T
h
e
key

p
oint

h
ow

-

ever
is
th
at,

in
ad

d
ition

to
b
ein

g
su
p
p
ressed

over
m
ost

of

th
e
p
h
ase

sp
ace

[55],
th
ese

correction
s
d
o
n
ot

contrib
u
te

at
on

e
loop

to
th
e
Z
�
or

�
�
e↵
ective

cou
p
lin

gs
in

E
q.

(4)

to
w
h
ich

w
e
are

m
ost

sen
sitive

in
h

!
4
`
[22,

23].
W
e

thu
s
n
eglect

th
em

in
th
is
p
relim

in
ary

stu
d
y, b

u
t
in
clu

d
in
g

th
em

m
ay

fu
rth

er
aid

in
sen

sitivity
an

d
a
d
etailed

inves-

tigation
of

th
eir

e↵
ects

w
ill

b
e
w
orthw

h
ile

on
ce

en
ou

gh

d
ata

is
ob

tain
ed

for
h
igh

er
p
recision

m
easu

rem
ents.

A
fter

th
e
W

an
d
top

loop
s,

th
e
n
ext

largest
contri-

b
u
tion

to
th
e
e↵
ective

Z
�
an

d
�
�
cou

p
lin

gs
com

es
from

th
e
b
ottom

qu
ark

contrib
u
tion

.
T
h
is
e↵
ect

is
su
p
p
ressed

by
⇠

(
m

b
/
m

t ) 2
in

th
e
m
atrix

elem
ent

relative
to

th
e

top
contrib

u
tion

,
w
h
ich

is
itself

su
b
d
om

in
ant

to
th
e
W

loop
.
T
hu

s,
to

a
su
�
ciently

good
ap

p
roxim

ation
,
th
e

Z
�
an

d
�
�
e↵
ective

cou
p
lin

gs
on

ly
receive

contrib
u
tion

s

at
th
is

ord
er

from
th
e
W

b
oson

an
d

top
qu

ark
loop

s

in
F
ig.

2.
F
u
rth

erm
ore,

in
th
e
lim

it
of

n
egligib

le
loop

m
o-

2
W
e
h
a
v
e
a
ls
o
in
c
lu
d
e
d
t
h
e
a
d
d
it
io
n
a
l
e
↵
e
c
t
iv
e
Z
Z

c
o
u
p
lin

g
s
(
in
-

c
lu
d
in
g
C
P

o
d
d
o
n
e
s
)
c
o
n
s
id
e
r
e
d
in

[2
3
],
b
u
t
a
s
t
h
e
y
h
a
v
e
o
n
ly

a
s
m
a
ll
e
↵
e
c
t
o
n
o
u
r
r
e
s
u
lt
s
w
e
d
o
n
o
t
d
is
c
u
s
s
t
h
e
m

e
x
p
lic

it
ly
.

m
entu

m
e↵
ects

in
w
h
ich

w
e
w
ork,

th
ese

are
given

sim
-

p
ly

by
th
e
e↵
ective

cou
p
lin

gs
w
h
ich

control
H
iggs

d
e-

cays
to

on
-shell

�
�
an

d
Z
�
p
airs.

T
h
ese

on
e-loop

con
-

trib
u
tion

s
h
ave

b
een

com
p
u
ted

for
h

!
Z
�
[59,

60]
an

d

h
!

�
�
[61, 62] (in

clu
d
in
g
p
seu

d
oscalar

cou
p
lin

gs
[63] for

th
e
top

)
an

d
can

b
e
straightforw

ard
ly

in
corp

orated
[24]

into
th
e
an

alytic
exp

ression
s
for

th
e
h

!
4
`
fu
lly

d
i↵
er-

ential
cross

section
com

p
u
ted

in
[20,

21].
W
ith

th
is

w
e

can
go

on
to

p
erform

variou
s
statistical

tests
to

assess

th
e
p
ossib

ility
of

p
rob

in
g
�
W

Z
in

h
!

4
`
d
ecays.

M
ore

d
etails

of
th
is
im

p
lem

entation
can

b
e
fou

n
d
in

[24].

C
o
m
m
en

ts
o
n

to
p

Y
u
k
aw

a
secto

r

A
s
h
as

b
een

d
iscu

ssed
,
th
ou

gh
w
e
are

p
rob

in
g
�
W

Z

th
rou

gh
th
e
loop

gen
erated

h
Z
�
an

d
h
�
�
e↵
ective

cou
-

p
lin

gs,
th
ere

is
gen

erically
also

a
top

qu
ark

contrib
u
-

tion
.
W
h
en

attem
p
tin

g
to

estab
lish

�
W

Z
,
w
e
can

as-

sess
th
e
sen

sitivity
given

sp
ecifi

c
assu

m
p
tion

s
ab

ou
t
th
e

top
Y
u
kaw

a
cou

p
lin

gs.
Id
eally

h
ow

ever,
w
e
w
ou

ld
like

to

p
rob

e
�
W

Z
an

d
,
in

p
articu

lar,
estab

lish
its

overall
sign

in
d
ep
en
d
ently

of
th
e
top

Y
u
kaw

a
sector.

T
h
e

top
qu

ark
cou

p
lin

gs
to

th
e

H
iggs

can
b
e

p
aram

etrized
gen

erically
w
ith

th
e
op

erators,

L
t
�

m
tv

h
t̄(
y
t +

iỹ
t �

5
)
t
,

(5)

w
h
ere

b
oth

C
P
even

(
y
t )
an

d
C
P
od

d
cou

p
lin

gs
(
ỹ
t )
are

p
resent

an
d
can

in
p
rin

cip
le
b
e
p
ositive

or
n
egative.

T
h
e

p
resen

ce
of

ỹ
t
h
ow

ever,
w
ill

h
ave

little
e↵
ect

on
ou

r
re-

su
lts

for
th
e
sen

sitivity
to

�
W

Z
.
T
h
is
is
b
ecau

se
it
enters

on
ly

into
th
e
C
P

od
d
h
V
�
e↵
ective

cou
p
lin

gs
w
h
ich

,
as

d
iscu

ssed
,
are

w
eakly

correlated
w
ith

th
e
C
P
even

e↵
ec-

tive
cou

p
lin

gs
(see

E
q. (4))

into
w
h
ich

�
W

Z
enters. T

hu
s,

th
ou

gh
w
e
in
clu

d
e
C
P
od

d
cou

p
lin

gs
as

nu
isan

ce
p
aram

-

eters
in

ou
r
statistical

an
alysis,

w
e
d
o
n
ot

d
iscu

ss
th
em

fu
rth

er
h
ere,

b
u
t
see

[24]
for

a
d
etailed

d
iscu

ssion
.

T
h
e
C
P

even
Y
u
kaw

a
cou

p
lin

g
y
t
on

th
e
oth

er
h
an

d

d
oes

enter
into

th
e
sam

e
C
P

even
h
V
V

e↵
ective

cou
-

p
lin

gs
in

E
q.

(4)
an

d
is

th
erefore

h
igh

ly
correlated

w
ith

�
W

Z
.
T
hu

s,
th
ou

gh
w
e
are

n
ot

assessin
g
th
e
sen

sitivity

to
th
e
top

Y
u
kaw

a
sector

[24],
h
ow

it
is

treated
d
u
rin

g

ou
r
statistical

an
alysis

of
�
W

Z
is

cru
cial

for
assessin

g

th
e
ab

ility
to

test
cu
stod

ial
sym

m
etry

in
a
m
od

el
in
d
e-

p
en
d
ent

w
ay

u
sin

g
h

!
4
`
d
ecays.

A
fter

in
p
u
tin

g
th
e

Z/�
h h

h

Z/�

Z/�

3

h

Z

Z

V1

V2

h
W

V1

V2

h
t

F
IG

.2.
R
elevant

contributions
to

the
hV

V
e↵ective

couplings
m
ediating

H
iggs

to
four

lepton
decays

as
show

n
in

F
ig.1.O

n
the

left
is
the

tree-level
contribution

m
ediated

by
the

Z
boson

pairs,
w
hile

in
the

m
iddle

and
right

are
exam

ple
one-loop

diagram
s

m
ediated

by
the

W
boson

and
top

quark,
respectively.

ing
Z
and

H
iggs

bosons
[56–58].

T
he

already
w
eak

sen-

sitivity
to

these
h
Z
Z
e↵ective

couplings
m
akes

disentan-

gling
the

contributions
involving

gZ
and

gW
from

other

loop
contributions

to
these

couplings
di�

cult.
W
e
w
ill

therefore
sim

ply
m
odel

these
loop

e↵ects
w
ith

the
cZ

ef-

fective
coupling

2
in

E
q.

(4)
and

treat
it
as

a
nuisance

param
eter

in
our

statisticalanalysis
of
�
W

Z
.A

s
w
as

the

case
for

the
top

Y
ukaw

a
[24]

and
w
ill

be
show

n
below

,

once
su�

cient
statistics

are
obtained,

the
sensitivity

to

�
W

Z
is
negligibly

a↵ected
by

w
hether

or
not

w
e
allow

these
Z
Z

e↵ective
couplings

to
vary.

T
hus,

as
w
as

also

the
case

for
the

top
Y
ukaw

a
[24],

the
sensitivity

to
�
W

Z

is
dom

inated
by

the
contributions

entering
via

cZ
�
and

especially
c�

in
E
q.

(4).

U
nlike

the
top

Y
ukaw

a
couplings,

the
tree

level
cou-

pling
gW

w
illalso

enter
into

other
one-loop

diagram
s
[56,

57]involving
the

W
boson

that
cannot

be
param

eterized

by
the

operators
of

the
type

in
E
q.

(4),
such

as
pen-

tagon
diagram

s
w
ith

photons
connecting

the
final-state

leptons
or

am
plitudes

involving
box

diagram
s.T

here
are

also
realphoton

em
ission

e↵ects
in
h

!
4
`
[56–58]w

hich

can
be

non-negligible
in

certain
regions

of
phase

space,

but
w
hich

can
also

be
included

[55].
T
he

key
point

how
-

ever
is
that,in

addition
to

being
suppressed

over
m
ost

of

the
phase

space
[55],

these
corrections

do
not

contribute

at
one

loop
to

the
Z
�
or

�
�
e↵ective

couplings
in
E
q.(4)

to
w
hich

w
e
are

m
ost

sensitive
in

h
!

4
`
[22,

23].
W
e

thus
neglect

them
in
this

prelim
inary

study,but
including

them
m
ay

further
aid

in
sensitivity

and
a
detailed

inves-

tigation
of

their
e↵ects

w
ill

be
w
orthw

hile
once

enough

data
is
obtained

for
higher

precision
m
easurem

ents.

A
fter

the
W

and
top

loops,
the

next
largest

contri-

bution
to

the
e↵ective

Z
�
and

�
�
couplings

com
es

from

the
bottom

quark
contribution.T

his
e↵ect

is
suppressed

by
⇠

(
m

b
/
m

t)
2
in

the
m
atrix

elem
ent

relative
to

the

top
contribution,

w
hich

is
itself

subdom
inant

to
the

W

loop.
T
hus,

to
a
su�

ciently
good

approxim
ation,

the

Z
�
and

�
�
e↵ective

couplings
only

receive
contributions

at
this

order
from

the
W

boson
and

top
quark

loops

in
F
ig.2.Furtherm

ore,in
the

lim
it
ofnegligible

loop
m
o-

2
W
e
h
a
v
e
a
ls
o
in
c
lu
d
e
d
t
h
e
a
d
d
it
io
n
a
l
e
↵
e
c
t
iv
e
Z
Z
c
o
u
p
lin

g
s
(
in
-

c
lu
d
in
g
C
P
o
d
d
o
n
e
s
)
c
o
n
s
id
e
r
e
d
in

[2
3
],
b
u
t
a
s
t
h
e
y
h
a
v
e
o
n
ly

a
s
m
a
ll
e
↵
e
c
t
o
n
o
u
r
r
e
s
u
lt
s
w
e
d
o
n
o
t
d
is
c
u
s
s
t
h
e
m

e
x
p
lic
it
ly
.

m
entum

e↵ects
in

w
hich

w
e
w
ork,

these
are

given
sim

-

ply
by

the
e↵ective

couplings
w
hich

control
H
iggs

de-

cays
to

on-shell
�
�
and

Z
�
pairs.

T
hese

one-loop
con-

tributions
have

been
com

puted
for

h
!

Z
�
[59,

60]
and

h
!

�
�
[61,62](including

pseudoscalar
couplings

[63]for

the
top)

and
can

be
straightforw

ardly
incorporated

[24]

into
the

analytic
expressions

for
the

h
!

4
`
fully

di↵er-

ential
cross

section
com

puted
in

[20,
21].

W
ith

this
w
e

can
go

on
to

perform
various

statistical
tests

to
assess

the
possibility

of
probing

�
W

Z
in

h
!

4
`
decays.

M
ore

details
of

this
im
plem

entation
can

be
found

in
[24].

C
om

m
en

ts
on

top
Y
u
kaw

a
sector

A
s
has

been
discussed,

though
w
e
are

probing
�
W

Z

through
the

loop
generated

h
Z
�
and

h
�
�
e↵ective

cou-

plings,
there

is
generically

also
a
top

quark
contribu-

tion.
W
hen

attem
pting

to
establish

�
W

Z
,
w
e
can

as-

sess
the

sensitivity
given

specific
assum

ptions
about

the

top
Y
ukaw

a
couplings.

Ideally
how

ever,
w
e
w
ould

like
to

probe
�
W

Z
and,

in
particular,

establish
its

overall
sign

independently
of

the
top

Y
ukaw

a
sector.

T
he

top
quark

couplings
to

the
H
iggs

can
be

param
etrized

generically
w
ith

the
operators,

L
t
�

m
t

v
h
t̄(
yt
+
iỹt

�
5)
t,

(5)

w
here

both
C
P
even

(
yt)

and
C
P
odd

couplings
(
ỹt)

are

present
and

can
in

principle
be

positive
or
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FIG. 2. Relevant contributions to the hV V e↵ective couplings mediating Higgs to four lepton decays as shown in Fig. 1. On the

left is the tree-level contribution mediated by the Z boson pairs, while in the middle and right are example one-loop diagrams

mediated by the W
boson and top quark, respectively.

ing Z and Higgs bosons [56–58]. The already weak sen-

sitivity to these hZZ e↵ective couplings makes disentan-

gling the contributions involving gZ and
gW from other

loop contributions to these couplings di�cult. We will

therefore simply model these loop e↵ects with the cZ ef-

fective coupling 2
in Eq. (4) and treat it as a nuisance

parameter in our statistical analysis of �WZ . As was the

case for the top Yukawa [24] and will be shown below,

once su�cient statistics are obtained, the sensitivity to

�WZ is negligibly a↵ected by whether or not we allow

these ZZ e↵ective couplings to vary. Thus, as was also

the case for the top Yukawa [24], the sensitivity to �WZ

is dominated by the contributions entering via cZ� and

especially c� in Eq. (4).

Unlike the top Yukawa couplings, the tree level cou-

pling gW will also enter into other one-loop diagrams [56,

57] involving the W boson that cannot be parameterized

by the operators of the type in Eq. (4), such as pen-

tagon diagrams with photons connecting the final-state

leptons or amplitudes involving box diagrams. There are

also real photon emission e↵ects in h ! 4` [56–58] which

can be non-negligible in certain regions of phase space,

but which can also be included [55]. The key point how-

ever is that, in addition to being suppressed over most of

the phase space [55], these corrections do not contribute

at one loop to the Z� or �� e↵ective couplings in Eq. (4)

to which we are most sensitive in
h

!
4` [22, 23]. We

thus neglect them in this preliminary study, but including

them may further aid in sensitivity and a detailed inves-

tigation of their e↵ects will be worthwhile once enough

data is obtained for higher precision measurements.

After the W
and top loops, the next largest contri-

bution to the e↵ective Z� and �� couplings comes from

the bottom quark contribution. This e↵ect is suppressed

by
⇠ (m

b/m
t) 2 in the matrix element relative to the

top contribution, which is itself subdominant to the W

loop. Thus, to a su�ciently good approximation, the

Z� and �� e↵ective couplings only receive contributions

at this order from the
W

boson and top quark loops

in Fig. 2. Furthermore, in the limit of negligible loop mo-

2
W
e have also included

the additional e↵ective ZZ
couplings (in-

cluding
CP

odd
ones) considered

in
[23], but as they

have only

a small e↵ect on
our results we do not discuss them

explicitly.

mentum e↵ects in which we work, these are given sim-

ply by the e↵ective couplings which control Higgs de-

cays to on-shell �� and
Z� pairs. These one-loop con-

tributions have been computed for h !
Z� [59, 60] and

h !
�� [61, 62] (including pseudoscalar couplings [63] for

the top) and can be straightforwardly incorporated [24]

into the analytic expressions for the h ! 4` fully di↵er-

ential cross section computed in [20, 21]. With this we

can go on to perform various statistical tests to assess

the possibility of probing �WZ in
h

! 4` decays. More

details of this implementation can be found in [24].

Comments on top Yukawa sector

As has been discussed, though we are probing
�WZ

through the loop generated
hZ� and

h�� e↵ective cou-

plings, there is generically also a top quark contribu-

tion. When attempting to establish
�WZ , we can as-

sess the sensitivity given specific assumptions about the

top Yukawa couplings. Ideally however, we would like to

probe �WZ and, in particular, establish its overall sign

independently of the top Yukawa sector.

The top quark couplings to the Higgs can be

parametrized generically with the operators,

L
t � m

t
v ht̄(yt +

iỹt� 5
)t,

(5)

where both CP even (yt) and CP odd couplings (ỹt) are

present and can in principle be positive or negative. The

presence of ỹt however, will have little e↵ect on our re-

sults for the sensitivity to �WZ . This is because it enters

only into the CP odd
hV � e↵ective couplings which, as

discussed, are weakly correlated with the CP even e↵ec-

tive couplings (see Eq. (4)) into which �WZ enters. Thus,

though we include CP odd couplings as nuisance param-

eters in our statistical analysis, we do not discuss them

further here, but see [24] for a detailed discussion.

The CP even Yukawa coupling
yt on the other hand

does enter into the same CP even
hV V e↵ective cou-

plings in Eq. (4) and is therefore highly correlated with

�WZ . Thus, though we are not assessing the sensitivity

to the top Yukawa sector [24], how it is treated during

our statistical analysis of �WZ is crucial for assessing

the ability to test custodial symmetry in a model inde-

pendent way using
h

!
4` decays. After inputing the

h

h

h

Z/�

Z/�

Triple Higgs coupling also comes into NLO 
corrections.  

Only contributes when Z’s are in final state. 

Probably hard because only contributes with intermediate Z’s. 
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HIGGS SELF COUPLING

22

Current constraints are quite weak 

. 

Give insight into how electroweak 
symmetry is actually broken in 
nature?

−1.1 < κhhh < 6.0

Work in progress (kinda). 



DANIEL STOLARSKI     Sept 18, 2024      PPFC @ TRIUMF

HOW ELSE TO MEASURE SIGN?

23

Another process:  

 production 

Rate is tiny at LHC. 

Could possibly do at lepton 
collider. 

W+W−h

Chiang, He, Li, 1805.01689.
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GAUGE BOSON SCATTERING
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Learn a lot about the Higgs by 
studying WW scattering. 

What about the processes:

WZ → Wh

W

W
W

W

W h

h

Z
Z

Z
WW → Zh
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GAUGE BOSON SCATTERING

24

Learn a lot about the Higgs by 
studying WW scattering. 

What about the processes:

WZ → Wh

Tree-level interference.

W

W
W

W

W h

h

Z
Z

Z
WW → Zh

κW

κZ
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HIGH ENERGY BEHAVIOUR
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W
W

W h

Z

κW

W

W h

Z
Z
κZ

ℳs(LLL) ≈ κZ
g2 cos θ

4m2
W

s

ℳt(LLL) ≈ − κW
g2 cos θ

4m2
W

s

Compute matrix elements 
in the high energy limit.

Both diagrams grow with s.

DS, Y. Wu, 2006.09347. 
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HIGH ENERGY BEHAVIOUR
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W
W

W h

Z

κW

W

W h

Z
Z
κZ

ℳs(LLL) ≈ κZ
g2 cos θ

4m2
W

s

ℳt(LLL) ≈ − κW
g2 cos θ

4m2
W

s

Compute matrix elements 
in the high energy limit.

Both diagrams grow with s.

Sum is well behaved only 
in the Standard Model. 

ℳs+t(LLL) ≈ κZg2 cos θ
4m2

W
(1 − λWZ) s + 𝒪(s0)

DS, Y. Wu, 2006.09347. 
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CROSS SECTION
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DS, Wu, 2006.09347. 
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CROSS SECTION
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DS, Wu, 2006.09347. 
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Don’t have a WW collider unfortunately. What do we do?
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MORE REALISTIC MEASUREMENT

27

Don’t have a WW collider unfortunately. What do we do?

Radiate vectors from the initial state: Vector Boson Fusion (VBF).

DS, Wu, 2006.09347. Sub-diagrams are same as had before. 
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LEPTON COLLIDER

28

Start with easier case of lepton collider. 

The higher the energy the better. 

DS, Wu, 2006.09347. 
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LEPTON COLLIDER RESULTS
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DS, Wu, 2006.09347. 

ℒ = 4000 fb−1@ s = 3 TeV
ℒ = 2000 fb−1@ s = 1.5 TeV
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HL-LHC ATTEMPT

30

Paranjape, DS, Wu, 2203.05729. 

pp → Z h j j
Z → ℓ+ℓ−

h → bb̄
ℒ = 3000 fb−1

Can exclude wrong-sign 
scenario!
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ATLAS RESULT
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Breaks degeneracy of 

. 

Use  and . 

Did measurement with 

. 

λWZ = ± 1

W → ℓν h → bb̄

140 fb−1
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CMS RESULT
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SUMMARY

34

Higgs to 4 lepton is a rare process, but has rich kinematic distributions.  

Can measure phase of Higgs coupling to top, and relative sign of W/Z 
couplings at HL-HLC (and better with 100 TeV!).  

VBF-Wh production is very sensitive to the wrong sign scenario because 
of tree-level interference. There are now 2 measurements.  

More in Carlos’ talk this afternoon. 



THANK
YOU
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MATRIX ELEMENT METHOD

36

For a given  event, we can compute probability of that event 

given underlying theory.

h → 4ℓ

P (~� |ai) =
|M(~�)|2

R
d~� |M(~�)|2

Underlying  
model

For N events, can compute likelihood for different theories. 

L(ai) =
NY

j=1

P (~�j |ai)

Phase space  
point
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Figure 2. Left: Present constraints on t and ̃t from the electron EDM (blue), the neutron
EDM (red), the mercury EDM (brown), and Higgs physics (gray). Right: Projected future con-
straints on t and ̃t, see text for details.

The right panel in Fig. 2 shows the prospects of the constraints. In order to obtain
the plot we have assumed that |de/e| < 10�30 cm [39], a factor of 90 improvement over
the current best limit (2.5), and that |dn/e| < 10�28 cm [39], a factor of 300 improvement
with respect to the present bound (2.14). Our forecast for the future sensitivity of the
Higgs production constraints is based on the results of the CMS study with a projection
of errors to 3000 fb�1, which assumed 1/

p
L scaling of the experimental uncertainties with

luminosity L, and also anticipates that the theory errors will be halved by then [4]. In
Fig. 2 we therefore take g = 1.00 ± 0.03 and � = 1.00 ± 0.02 as the possible future fit
inputs (centered around the SM predictions).

Since the EDMs depend linearly on ̃t, the projected order-of-magnitude improve-
ments of the EDM constraints directly translate to order-of-magnitude improvements of
the bounds on ̃t. For instance, the electron EDM is projected to be sensitive to values of
̃t = O(10�4) which implies that one can probe scales up to ⇤ = O(25TeV) for models
(such as theories with top compositeness) where ̃t ⇠ v

2
/⇤2.

Note that the above EDM constraints rely heavily on the assumption that the Higgs
couples to electrons, up, and down quarks. For illustration we assumed that these couplings
are the same as in the SM. The possibility that the Higgs only couples to the third-generation
fermions cannot be ruled out from current Higgs data. In this case there is no constraint
from the electron EDM which is proportional to ẽt. The neutron and mercury EDM
are similarly dominated by the quark EDMs and CEDMs which scale as u,d ̃t. However,
setting u,d = 0 the constraints due to dn and dHg do not vanish, because there is also a
small contribution from the Weinberg operator which scales as t̃t. In Fig. 3 we show
the constraints for the limiting case where the Higgs only couples to the third-generation
fermions. We see that at present O(1) values of ̃t are allowed by the constraint from the
neutron EDM. Assuming that only the Higgs-top couplings are modified, the Higgs data are
then more constraining than the neutron EDM. This situation might change dramatically

– 9 –

Brod, Haisch, Zupan, 
[arXiv:1310.1385].



DANIEL STOLARSKI     Sept 18, 2024      PPFC @ TRIUMF

EDM BOUNDS

37

neutr. EDM
el. EDM

Hg EDM

Higgs prod.

SM

-1.0 -0.5 0.0 0.5 1.0

-0.4

-0.2

0.0

0.2

0.4

kt

ké t

ku,d,e=1

neutr.
EDM
el. EDM

Higgs
HLHC 3000 fb-1L

SM

0.90 0.95 1.00 1.05 1.10

-0.0004

-0.0002

0.0000

0.0002

0.0004

kt
ké t

ku,d,e=1

Figure 2. Left: Present constraints on t and ̃t from the electron EDM (blue), the neutron
EDM (red), the mercury EDM (brown), and Higgs physics (gray). Right: Projected future con-
straints on t and ̃t, see text for details.
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Higgs production constraints is based on the results of the CMS study with a projection
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luminosity L, and also anticipates that the theory errors will be halved by then [4]. In
Fig. 2 we therefore take g = 1.00 ± 0.03 and � = 1.00 ± 0.02 as the possible future fit
inputs (centered around the SM predictions).

Since the EDMs depend linearly on ̃t, the projected order-of-magnitude improve-
ments of the EDM constraints directly translate to order-of-magnitude improvements of
the bounds on ̃t. For instance, the electron EDM is projected to be sensitive to values of
̃t = O(10�4) which implies that one can probe scales up to ⇤ = O(25TeV) for models
(such as theories with top compositeness) where ̃t ⇠ v

2
/⇤2.

Note that the above EDM constraints rely heavily on the assumption that the Higgs
couples to electrons, up, and down quarks. For illustration we assumed that these couplings
are the same as in the SM. The possibility that the Higgs only couples to the third-generation
fermions cannot be ruled out from current Higgs data. In this case there is no constraint
from the electron EDM which is proportional to ẽt. The neutron and mercury EDM
are similarly dominated by the quark EDMs and CEDMs which scale as u,d ̃t. However,
setting u,d = 0 the constraints due to dn and dHg do not vanish, because there is also a
small contribution from the Weinberg operator which scales as t̃t. In Fig. 3 we show
the constraints for the limiting case where the Higgs only couples to the third-generation
fermions. We see that at present O(1) values of ̃t are allowed by the constraint from the
neutron EDM. Assuming that only the Higgs-top couplings are modified, the Higgs data are
then more constraining than the neutron EDM. This situation might change dramatically
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Figure 3. Left: Present constraints on t and ̃t from the neutron EDM (red) and Higgs
physics (gray), assuming that the Higgs only couples to the third generation. Right: Projected
future constraints on t and ̃t, see text for details.

in the future with the expected advances in the measurement of the neutron EDM. As
illustrated in Fig. 3 (right), a factor 300 improvement in the measurement of dn will lead
to O(10�3) constraints on ̃t, making the neutron EDM as (or even more) powerful than
the projected precision Higgs measurements at a high-luminosity upgrade of the LHC.

5 Constraints on bottom and tau couplings

In the following we analyze indirect and direct bounds on the couplings between the Higgs
and the other two relevant third-generation fermions, i.e. the bottom quark and the tau lep-
ton. In this case, the EDM constraints are suppressed by the small bottom and tau Yukawa
couplings, which renders the present indirect limits weak. However, given the projected
order-of-magnitude improvements in the experimental determinations of EDMs, relevant
bounds are expected to arise in the future. We will see that these limits are complemen-
tary to the constraints that can be obtained via precision studies of Higgs properties at a
high-luminosity LHC.

5.1 EDM constraints

The bottom-quark and tau-lepton loop contributions to the electron EDM are found from
Eq. (2.2) after a simple replacement of charges and couplings. The calculation of the
hadronic EDMs, on the other hand, is complicated by the appearance of large logarithms of
the ratios xf/h ⌘ m

2

f
/M

2

h
with f = b, ⌧ . The structure of the logarithmic corrections can be

understood by evaluating Eqs. (2.9) and (2.10) in the limit xf/h ! 0. In the bottom-quark

– 10 –

Brod, Haisch, Zupan, 
[arXiv:1310.1385].
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STANDARD MODEL RATE

38
DS, Wu, 2006.09347. 
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INTERFERENCE

39
DS, Wu, 2006.09347. 

σ = κ2
WσW + κ2

ZσZ + κWκZσWZ
There is large destructive 
interference in the SM.  

Get enormous cross section 

if .λWZ ≈ − 1
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LEPTON COLLIDER RESULTS

40 DS, Wu, 2006.09347. 
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LEPTON COLLIDER RESULTS
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DS, Wu, 2006.09347. 


