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A NEW PARTICLE

2

h ! �� h ! 4e/4µ/2e2µ

July 2012:
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IS IT THE HIGGS?

3

Consistent with the Higgs, but could  
also be something else.

Neutral pion decays to two photons and  
four electrons, but its much more boring. 
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WARM UP EXERCISE
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Assume parity even scalar:
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KINEMATIC DISTRIBUTIONS
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ẑCM ẑCM
Z

1

(k
1

)Z

2

(k
2

) Z

2

(k
2

) Z

1

(k
1

)

⇥

��

1

⇡ � �

2

✓

1

✓

2

`

1

(p
1

)

¯̀
1

(p
2

)

`

2

(p
3

)

¯̀
2

(p
4

)

q(kq)

FIG. 1: (a) Two decay planes of Zi ! `i ¯̀i, i = 1, 2. The polar angles ✓i shown are defined in the

rest frames of Zi with respect to k̂i, while the azimuthal angles shown are in fact 2⇡ � �
1

= ��
1

and ⇡ � �
2

. (b) The coordinate system in the CM frame and the definition of the production angle

⇥.

As indicated in Fig. 1, we choose the coordinate system in the center-of-mass (CM) frame

of the two Z’s system as:

ẑCM = k̂

1

, ŷCM =
k̂q ⇥ k̂

1

|k̂q ⇥ k̂

1

|
, x̂CM = ŷCM ⇥ ẑCM =

�k̂q + k̂

1

(k̂q · k̂

1

)

|k̂q ⇥ k̂

1

|
. (1)

Furthermore, we define Z
1

as the rest frame of the Z

1

boson by boosting the CM frame

along k̂

1

, while Z
2

is obtained by first rotating CM frame with respect to ŷCM by ⇡ and then

boosting along k̂

2

. The production angle ⇥ and decay angles {✓

1

, ✓

2

, �

1

, �

2

} are defined as

follows:

• ⇥: polar angle of the momentum of the incoming quark in the CM frame.

• ✓

1,2: polar angle of the momentum of `

1,2 in the Z
1,2 frame.

• �

1,2: azimuthal angle of `

1,2 in the Z
1,2 frame.

The azimuthal production angle is irrelevant and chosen to be zero. In these definitions,

three-momenta of `

1,2 in the Z
1,2 frame can be written as

~p`i in the Zi frame = |~p`i | (sin ✓i cos �i, sin ✓i sin �i, cos ✓i) , i = 1, 2 , (2)

while the three-momentum of the incoming parton in the CM frame is

~

kq in the CM frame = |~kq| (� sin ⇥, 0, cos ⇥) . (3)

5

Each event is characterized by five different variables.

Study                                         :h ! 4e/4µ/2e2µ

Compare to                . h ! ��
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�k̂q + k̂

1

(k̂q · k̂

1

)

|k̂q ⇥ k̂

1

|
. (1)

Furthermore, we define Z
1

as the rest frame of the Z

1

boson by boosting the CM frame

along k̂

1

, while Z
2

is obtained by first rotating CM frame with respect to ŷCM by ⇡ and then
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1,2 in the Z
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5

Distributions encode 
information about tensor 
structure.
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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
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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].
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MATRIX ELEMENT METHOD
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P (~� |ai) =
|M(~�)|2

R
d~� |M(~�)|2

For a given                event, can compute probability of 
that even given underlying theory. 

h ! 4`

Phase space 
point

Underlying 
model
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MATRIX ELEMENT METHOD
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P (~� |ai) =
|M(~�)|2

R
d~� |M(~�)|2

For a given                event, can compute probability of 
that even given underlying theory. 

h ! 4`

For N events, can compute likelihood for different 
underlying theories. 

L(ai) =
NY

j=1

P (~�j |ai)
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LIKELIHOOD DISTRIBUTION
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FIG. 4. Normalized distribution of our test statistic Λ when
ah is true on the right (blue), and when as is true on the
left (pink). Each histogram is the result of 5000 pseudo-
experiments with 50 events each. The vertical (green) line
is Λ̂ defined in Eq. (4) such that the area to the right of Λ̂
under the as histogram is equal to the area to the left of Λ̂
under the ah histogram. We also draw a Gaussian over each
histogram with the same median and standard deviation.

the correct hypothesis. For a simple hypothesis test, this
Gaussian approximation is often sufficient [56], and we
see from Fig. 4 that the Λ distributions are well approx-
imated by Gaussians.
This procedure is repeated many times for a range of

numbers of events N to obtain a significance as a func-
tion of N for each hypothesis. We show this for the case
where a1 = ah and a2 = as or a2 = aZγ in Fig. 5. We
see that with O(50) events, we can distinguish renormal-
izable from nonrenormalizable coupling to ZZ at 95%
confidence, and with O(100) events we can get a 99% ex-
clusion. The operator aZγ can be distinguished from ah
at 95% confidence with as few as 20 events. The third
possibility, which we do not show, is even easier; as and
aZγ can be distinguished from one another at 95% with
just 10 events.

IV. CONCLUSIONS AND OUTLOOK

Testing the properties of the newly discovered reso-
nance near 125 GeV is of utmost importance. While the
rate and branching ratio data are consistent with the new
particle being the Standard Model Higgs, direct tests of
its properties are still essential. In this paper we have
examined the discriminating power of events where the
new particle decays to four leptons. These events can be
used to measure the Lorentz transformation properties
of this particle, but even if it is confirmed to be a par-
ity even scalar, it still need not be the Higgs; it could
couple to the gauge bosons via higher dimensional oper-
ators rather than via the renormalizable operator in the
Standard Model.
We have analyzed how well kinematic distributions in
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FIG. 5. Expected significance as a function of number of
events in the case of ah vs as on top, and ah vs aZγ on bot-
tom. We use a different horizontal scale for the top and bot-
tom plots because far fewer events are needed to discriminate
ah from aZγ than from as. We also fit with a function pro-
portional to

√
N , which is the expected scaling. We mark the

σ value of 95% and 99% confidence level exclusion.

four lepton events can distinguish between different ten-
sor structures of the coupling to gauge bosons. In par-
ticular, we looked a coupling directly to ZµZµ, as well
as couplings to a pair of field strength tensors of the
Z, and a coupling to the field strength of the Z and
of the photon. All three scenarios will produce one lep-
ton pair near the Z pole, while the other pair will have
much lower invariant mass. We find that with O(50) sig-
nal events, a Higgs-like state can be discriminated from
ZZ field strength tensor couplings with 95% confidence,
while only 20 events are needed to make the same deter-
mination for field strength coupling to Zγ. This shows
that the 2012 LHC run has excellent prospects to con-
strain the tensor structure of the new state’s coupling to
gauge bosons.
While the four lepton final state is one of the most

powerful for discriminating different scenarios, it would
be interesting to look at kinematic variables in other final
states. For example, in the decay to WW ∗ where both
W ’s decay leptonically, the angles between the leptons
and the transverse angles with missing energy will pro-
vide discriminating power, though this channel is difficult
because of the large background. A search for decay to

Can do pseudo-
experiments to see 
separation power of 
N events.  

4
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FIG. 2. Normalized distribution for cos θ in the ah scenario.
The blue (solid) curve is the same as the theory curve from
Fig. 1, the red (dashed) histogram is the distribution for cos θ1
for 1000 Monte Carlo events, while the green (dot-dashed)
histogram is cos θ2 for the same events.
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FIG. 3. Normalized M2 distributions. The blue (solid) curve
is the theory prediction in the ah scenario, while the light
blue (dot-dashed) histogram is 1000 Monte Carlo events also
in the ah scenario. The red (dashed) histogram is 1000 events
in the as scenario.

needed to go to the lab frame from the Z2 rest frame,
and thus preforming that boost will reduce its energy
and make it less likely to pass the pT cut. This effect is
small for cos θ1 because the lepton energies in the Z1 rest
frame are much larger.
In Fig. 3, comparing the blue (solid) curve to the light-

blue (dot-dashed) histogram, we see that the experimen-
tal cuts reduce the event rate for small M2. Even after
these cuts, however, the histograms for ah and as still
differ, so the experimental cuts do not wash out the dis-
criminating power.

III. DISTINGUISHING OPERATORS

In order to estimate the ability of the LHC to discrim-
inate a Higgs-like scenario dominated by ah from other
scenarios, we employ a likelihood analysis of the gen-
erated events. We consider only signal events because

requiring the invariant mass of the four lepton system to
be near the mass of the new boson can make the signal to
background ratio significantly larger than one. Further-
more, reweighting techniques such as the one laid out
in [55] can be used to further purify the event selection.
We use a standard unbinned likelihood analysis which

is described in detail in [35]. We can use the computed
normalized differential cross section as a probability dis-
tribution P (Φ, θi,Mi|ai) for each operator ah, as, and
aZγ . The normalization is computed with the Mi cuts
described above because they are independent of Lorentz
frame. Taking the pT and η acceptance into account in
P would improve the statistical power of the test, but
because those cuts are frame-dependent, we leave that to
further work.
Given a sample of N events, we can then construct a

likelihood L(ai) =
∏N

j=1
Pj(ai). With this likelihood we

can then compare two different scenarios, a1 and a2 by
constructing a hypothesis test with test statistic defined
by [56]

Λ = 2 log[L(a1)/L(a2)]. (3)

Since we are taking the resonance mass as input and us-
ing the normalized differential cross sections to construct
our likelihood functions, there are no free parameters
(nuisance parameters) in this ratio, making this a simple
hypothesis test.
To estimate the expected significance of discriminating

between two different hypotheses corresponding to two
different operators, we follow a similar analysis to that
found in [35]. To begin, we take one hypothesis as true,
say a1 and generate a fixed number N of a1 events. We
then construct Λ as above for a large number of pseudo-
experiments each containing N events in order to obtain
a distribution for Λ. We then repeat this exercise tak-
ing a2 to be true and again obtain a distribution for Λ.
These two distributions are shown in Fig. 4 comparing
ah and as. This figure shows 5000 pseudo-experiments of
50 events each, which shows a clear separation between
the two scenarios.
With the two distributions for Λ in hand we can com-

pute an approximate significance by the following proce-
dure. If we denote the distribution with negative mean
as f and the distribution with positive mean as g, we find
a value Λ̂ such that

∫

∞

Λ̂

fdx =

∫ Λ̂

−∞

gdx. (4)

Schematically, this value of Λ̂ corresponds to a value such
that if the experiment observed that value for the test
statistic, it would have no discriminatory power between
the two scenarios. We then interpret the probability
given by either side of Eq. (4) as a one sided Gaussian
probability, which can then be interpreted in terms of
number of σ. This procedure is shown schematically in
Fig. 4 with the areas of the two shaded regions being
equal and corresponding to the probability of excluding

Example for 50 events:



DANIEL STOLARSKI     SEPTEMBER 11, 2015      GGI

KINEMATIC DISTRIBUTIONS

10

Get better discrimination with more events. 
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FIG. 4. Normalized distribution of our test statistic Λ when
ah is true on the right (blue), and when as is true on the
left (pink). Each histogram is the result of 5000 pseudo-
experiments with 50 events each. The vertical (green) line
is Λ̂ defined in Eq. (4) such that the area to the right of Λ̂
under the as histogram is equal to the area to the left of Λ̂
under the ah histogram. We also draw a Gaussian over each
histogram with the same median and standard deviation.

the correct hypothesis. For a simple hypothesis test, this
Gaussian approximation is often sufficient [56], and we
see from Fig. 4 that the Λ distributions are well approx-
imated by Gaussians.
This procedure is repeated many times for a range of

numbers of events N to obtain a significance as a func-
tion of N for each hypothesis. We show this for the case
where a1 = ah and a2 = as or a2 = aZγ in Fig. 5. We
see that with O(50) events, we can distinguish renormal-
izable from nonrenormalizable coupling to ZZ at 95%
confidence, and with O(100) events we can get a 99% ex-
clusion. The operator aZγ can be distinguished from ah
at 95% confidence with as few as 20 events. The third
possibility, which we do not show, is even easier; as and
aZγ can be distinguished from one another at 95% with
just 10 events.

IV. CONCLUSIONS AND OUTLOOK

Testing the properties of the newly discovered reso-
nance near 125 GeV is of utmost importance. While the
rate and branching ratio data are consistent with the new
particle being the Standard Model Higgs, direct tests of
its properties are still essential. In this paper we have
examined the discriminating power of events where the
new particle decays to four leptons. These events can be
used to measure the Lorentz transformation properties
of this particle, but even if it is confirmed to be a par-
ity even scalar, it still need not be the Higgs; it could
couple to the gauge bosons via higher dimensional oper-
ators rather than via the renormalizable operator in the
Standard Model.
We have analyzed how well kinematic distributions in
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FIG. 5. Expected significance as a function of number of
events in the case of ah vs as on top, and ah vs aZγ on bot-
tom. We use a different horizontal scale for the top and bot-
tom plots because far fewer events are needed to discriminate
ah from aZγ than from as. We also fit with a function pro-
portional to

√
N , which is the expected scaling. We mark the

σ value of 95% and 99% confidence level exclusion.

four lepton events can distinguish between different ten-
sor structures of the coupling to gauge bosons. In par-
ticular, we looked a coupling directly to ZµZµ, as well
as couplings to a pair of field strength tensors of the
Z, and a coupling to the field strength of the Z and
of the photon. All three scenarios will produce one lep-
ton pair near the Z pole, while the other pair will have
much lower invariant mass. We find that with O(50) sig-
nal events, a Higgs-like state can be discriminated from
ZZ field strength tensor couplings with 95% confidence,
while only 20 events are needed to make the same deter-
mination for field strength coupling to Zγ. This shows
that the 2012 LHC run has excellent prospects to con-
strain the tensor structure of the new state’s coupling to
gauge bosons.
While the four lepton final state is one of the most

powerful for discriminating different scenarios, it would
be interesting to look at kinematic variables in other final
states. For example, in the decay to WW ∗ where both
W ’s decay leptonically, the angles between the leptons
and the transverse angles with missing energy will pro-
vide discriminating power, though this channel is difficult
because of the large background. A search for decay to

5

!
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FIG. 4. Normalized distribution of our test statistic Λ when
ah is true on the right (blue), and when as is true on the
left (pink). Each histogram is the result of 5000 pseudo-
experiments with 50 events each. The vertical (green) line
is Λ̂ defined in Eq. (4) such that the area to the right of Λ̂
under the as histogram is equal to the area to the left of Λ̂
under the ah histogram. We also draw a Gaussian over each
histogram with the same median and standard deviation.

the correct hypothesis. For a simple hypothesis test, this
Gaussian approximation is often sufficient [56], and we
see from Fig. 4 that the Λ distributions are well approx-
imated by Gaussians.
This procedure is repeated many times for a range of

numbers of events N to obtain a significance as a func-
tion of N for each hypothesis. We show this for the case
where a1 = ah and a2 = as or a2 = aZγ in Fig. 5. We
see that with O(50) events, we can distinguish renormal-
izable from nonrenormalizable coupling to ZZ at 95%
confidence, and with O(100) events we can get a 99% ex-
clusion. The operator aZγ can be distinguished from ah
at 95% confidence with as few as 20 events. The third
possibility, which we do not show, is even easier; as and
aZγ can be distinguished from one another at 95% with
just 10 events.

IV. CONCLUSIONS AND OUTLOOK

Testing the properties of the newly discovered reso-
nance near 125 GeV is of utmost importance. While the
rate and branching ratio data are consistent with the new
particle being the Standard Model Higgs, direct tests of
its properties are still essential. In this paper we have
examined the discriminating power of events where the
new particle decays to four leptons. These events can be
used to measure the Lorentz transformation properties
of this particle, but even if it is confirmed to be a par-
ity even scalar, it still need not be the Higgs; it could
couple to the gauge bosons via higher dimensional oper-
ators rather than via the renormalizable operator in the
Standard Model.
We have analyzed how well kinematic distributions in
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FIG. 5. Expected significance as a function of number of
events in the case of ah vs as on top, and ah vs aZγ on bot-
tom. We use a different horizontal scale for the top and bot-
tom plots because far fewer events are needed to discriminate
ah from aZγ than from as. We also fit with a function pro-
portional to

√
N , which is the expected scaling. We mark the

σ value of 95% and 99% confidence level exclusion.

four lepton events can distinguish between different ten-
sor structures of the coupling to gauge bosons. In par-
ticular, we looked a coupling directly to ZµZµ, as well
as couplings to a pair of field strength tensors of the
Z, and a coupling to the field strength of the Z and
of the photon. All three scenarios will produce one lep-
ton pair near the Z pole, while the other pair will have
much lower invariant mass. We find that with O(50) sig-
nal events, a Higgs-like state can be discriminated from
ZZ field strength tensor couplings with 95% confidence,
while only 20 events are needed to make the same deter-
mination for field strength coupling to Zγ. This shows
that the 2012 LHC run has excellent prospects to con-
strain the tensor structure of the new state’s coupling to
gauge bosons.
While the four lepton final state is one of the most

powerful for discriminating different scenarios, it would
be interesting to look at kinematic variables in other final
states. For example, in the decay to WW ∗ where both
W ’s decay leptonically, the angles between the leptons
and the transverse angles with missing energy will pro-
vide discriminating power, though this channel is difficult
because of the large background. A search for decay to

Today’s data
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6.3 Fermion- and boson-mediated production processes and their ratio 19
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Figure 4: Values of the best-fit s/sSM for the overall combined analysis (solid vertical line) and
separate combinations grouped by production mode tag, predominant decay mode, or both.
The s/sSM ratio denotes the production cross section times the relevant branching fractions,
relative to the SM expectation. The vertical band shows the overall s/sSM uncertainty. The
horizontal bars indicate the ±1 standard deviation uncertainties in the best-fit s/sSM values
for the individual combinations; these bars include both statistical and systematic uncertainties.
(Top left) Combinations grouped by analysis tags targeting individual production mechanisms;
the excess in the ttH-tagged combination is largely driven by the ttH-tagged H ! gg and
H ! WW channels as can be seen in the bottom panel. (Top right) Combinations grouped by
predominant decay mode. (Bottom) Combinations grouped by predominant decay mode and
additional tags targeting a particular production mechanism.
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BIG PICTURE
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At discovery, rate measurements pointed to 4 lepton 
coming from tree level and 2 photon at one loop. 

Could imagine a tuned model:

cB H†H Bµ⌫Bµ⌫ cW H†HW aµ⌫W a
µ⌫

Worthwhile to test SM and rule out all  
other logical possibilities. 

Techniques become extremely important if  
there is an anomaly.
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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 ⇠ (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 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` = M0
SM

+ M1
EW

+ M1
t

. (3)

The leading term M0
SM

arises from the tree level hZZ
coupling,

L0
SM

� m2
Z

v
hZµZ

µ

, (4)

which is generated during EWSB and is responsible for
giving the Z boson its mass. The second term M1

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, M1

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 M1

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 M1

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,

M1
EW

= M̄1
EW

+ MV V

EW

, (5)

where we have defined,

MV V

EW

= MZZ

EW

+ MZ�

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 M̄1

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,

Mh

BG

= M0
SM

+ MV 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 MZ�

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

Kinematic distributions can reveal more than just 
rates measurements can.  

Put this to use with loop processes. 
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Z/�

Z/�

h

Start with just top, keep all other couplings fixed.

h t̄
�
yt + i ỹ �5

�
t

Can probe CP nature of top Yukawa coupling. 
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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/

pL 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 ⇠ v2/⇤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 e̃t. 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 t̃t. 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 –

Can place strong bounds on CP violation from EDMs. 

Brod, Haisch, Zupan, [arXiv:1310.1385].
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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 ⌘ m2

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 –
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Depend on knowing Higgs coupling to first generation. 

Brod, Haisch, Zupan, [arXiv:1310.1385].
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6

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 �(y
t

) (red) and
�(ỹ

t

) (blue) as function of the number of signal events
(N

S

) (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 ỹ
t

than to the vector-like coupling y
t

. This is because the
CP even component of the top loop is dominated by
the W loop, but the CP odd couplings ỹ

t

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].

SN
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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

Measurement gets 
better with more 
events. 

Better sensitivity to 
pseudo-scalar 
coupling. 

Need large number of 
events.

Chen, DS, Vega-Morales, [arXiv:1505.01168].
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CMS cuts optimized for 
discovery: 

Want to gain sensitivity 
to NLO effects.

M1 > 40, M2 > 12, M`` > 4
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FIG. 1. Top: M1�M2 doubly di↵erential distribution assum-
ing only the AZZ

2 operator defined in Eq. (3) is ‘turned on’ for
the 2e2µ final state (left) and the 4e final state (right). Mid-
dle: Same as top figures, but now for AZ�

2 couplings. Bot-
tom: Same as top 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.

panels show the distribution for pure AZZ

2 events, while
the middle ones show AZ�

2 , and the bottom ones show
A��

2 . The distributions for the AZZ

1 ‘background’ are very
similar to AZZ

2 and thus not shown. Plots on left show
the 2e2µ channel and those on the right show 4e/4µ. In
all plots, except for the bottom right the distributions
are highly peaked in the region one would expect, where
M1 and M2 are near the respective on-shell masses of the
Z and photon. However, in the case of a di-photon medi-
ated amplitude in the 4e/4µ channel (bottom right plot),
the spectral peak near M1,2 = 0 is removed and events
are instead spread in the bulk of the M1-M2 plane. As a
result the e�ciency in the h ! �� ! 4e/4µ channel is
much higher than the corresponding 2e2µ channel. How
can we understand the di↵erence between this case and
the others seen in Fig. 1?

For the 2e2µ final state, M1 and M2 are formed from
e+e� and µ+µ� (or vice versa). The �� component of the
h ! 4` amplitude has no ambiguity in this case and thus
each pair does originate from an o↵-shell photon. There-

fore, the di-photon amplitude does indeed peak at low
values of M1 and M2 and the standard cuts e↵ectively
remove this component. For the 4e and 4µ final states,
the identical final states introduces an additional, but
equally valid, pairing obtained by swapping the electrons
(or muons) or positrons (or anti-muons). The prescrip-
tion used to resolve this ambiguity, picking M1 to be
closer to the Z mass, implicitly assumes that there is a
nearly on-shell Z in the process. However, this assump-
tion does not hold for the signal amplitudes that are me-
diated by two o↵-shell photons. As a result, for almost
all ‘�� events’ the lepton pair that is chosen to make up
M1 does not originate from the same photon, but rather
from two di↵erent photons that are back-to-back in the
Higgs frame (hence maximizing the lepton pair invariant
mass). A heuristic sketch of this ‘wrong pairing’ e↵ect
is shown in Fig. 2. It should be noted however that due
to quantum interference no event is purely ZZ, Z�, or
��. In addition, even restricting to �� amplitudes, there
is a small interference among the di↵erent pairing choices
(see [35]) in 4e and 4µ, though this interference e↵ect is
small over most of the phase space and the heuristic ar-
gument above goes through. A similar argument can be
applied to the CP odd Ai

3 couplings since their M1 �M2

distributions are similar (but again not identical) to those
for the CP even couplings.

Z

Z�

h

M1

M2

e+

e�

e�

e+

��

��

e�

e�

e+
e+

M1

M2

h

�or�

FIG. 2. Heuristic sketch of the di↵erence in lepton pairings
between ZZ events and �� events. The wrong lepton pairing
in the �� case significantly increases the acceptance of such
events in the 4e and 4µ channels.

This “wrong pairing” e↵ect and the increased e�ciency
is a major factor in the ability of the current analyses
(with more data) to probe the h�� coupling [38] and also
implies that the sensitivity is driven by the 4e and 4µ
channels. This can be seen explicitly in Fig. 3 where we
show sensitivity curves for the ‘average error’ �(A��

2 ) on
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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 will turn out to be the case.

4lM
100 150 200 250 300

a.
u.

-610

-510

-410

-310

-210

-110

1

10
Total

 4l→ZZ 
 4l→ γZ
 4l→ γγ

Madgraph
 4l→Z 

Example signal

FIG. 6. The four lepton invariant mass spectrum for the
qq̄ ! 4` background including pdfs. We plot the total back-
ground (black) and compare it to the result from a large Mad-
graph sample (red dots) over the range 75 � 300 GeV. We
also plot the individual components which include: t-channel
qq̄ ! ZZ ! 4` (blue), qq̄ ! Z� ! 4` (gold), qq̄ ! �� ! 4`
(red) and s-channel qq̄ ! Z ! 4` (green). The gg ! h ! 4`
signal is also shown where the Higgs peak is given a � of
2 GeV and centered at 125 GeV.

Similarly for the signal we combine the analytic expres-
sion for the h ! 4` decay [27, 35] with pdfs for the gg ! h
production mode following the procedure in [18]. To
model the detector resolution we have smeared the signal
M4` distribution with a gaussian of � = 2 GeV centered
at the Higgs mass which we take to be 125 GeV. Note
that these resolution e↵ects also enter into the M1 and
M2 invariant masses. We also plot this gaussian signal on
top of the qq̄ ! 4` background in Fig. 6. The complete
signal plus background likelihood is then constructed as
detailed in [35, 36] for the four lepton invariant mass win-
dow of 115 � 135 GeV. Note that the likelihoods for all
4` final states must be constructed and combined into
one likelihood. Furthermore, along with floating the six
parameters in Eq. (4), we must now also float the back-
ground fractions simultaneously thus accounting for cor-
relations between the couplings and background fractions
as discussed in [35, 36]. We also mention that in this
analysis we are utilizing a simplified implementation of
detector resolution e↵ects instead of the full detector level
treatment as done in [5, 36, 63]. Since we are not precisely

quantifying the sensitivity or performing a true param-
eter extraction, we find this simplified approach to be
su�cient for present purposes.

B. Background E↵ects on Sensitivity

With the signal plus background likelihood in hand
we can go on to assess the e↵ects of the qq̄ ! 4` back-
ground. We see this in Fig. 7 where we show sensitiv-
ity curves which compare the results obtained assum-
ing a pure signal sample (solid) versus a signal plus
background (dashed) sample fitting to a true point of
~A = (0, 0, 0, 0, 0, 0). We do this for both the CMS-tight
cuts (blue) and the Relaxed�⌥ cuts (red). In the left
plot we show the results for AZ�

2 and on the right we
show A��

2 . We can see clearly that as expected the inclu-
sion of the qq̄ ! 4` background has a much larger e↵ect
on the sensitivity to the hZ� couplings than h��.

Background e↵ects on hZ�: More specifically, we see
that for the Relaxed�⌥ cuts, the sensitivity to hZ� is
degraded to the point where now & 10000 events are
needed to begin probing these couplings as opposed to
only & 2000 being needed in the pure signal case. Inter-
estingly, the sensitivity using the CMS-tight cuts is not
as greatly a↵ected by the presence of background. This
is because the CMS cuts are optimized to give a large
signal to background ratio (see Table I) and thus the ef-
ficiency for background events is significantly lower than
in the case of Relaxed-⌥ cuts. Even still, by utilizing the
Relaxed�⌥ cuts, probing these couplings may be possi-
ble towards the end of a high luminosity LHC, which is
a drastic improvement over the standard CMS cuts for
which > 30, 000 events would be needed when including
background.
Background e↵ects on h��: For the Higgs couplings to

photons we see that the background again degrades the
sensitivity when utilizing the Relaxed�⌥ cuts, though
not as drastically as for Z�. In particular, when utilizing
Relaxed�⌥ cuts, we see that in the presence of back-
ground we now need ⇠ 1500 � 1800 events to probe SM
values, whereas in the case of pure signal only ⇠ 900
events were needed. Again we see that for CMS-cuts the
e↵ects of background are less drastic, but still > 3000
events are needed which again demonstrates the improve-
ment in sensitivity gained by using the Relaxed�⌥ cuts.

These results demonstrate the degrading e↵ects that
the qq̄ ! 4` background has on the sensitivity to these
couplings. As mentioned, these enter essentially because
of detector resolution e↵ects. As a further investigation of
this, we have also performed a fit with half of the amount
of background, still including a gaussian of � = 2 GeV
and find that ⇠ 9000 are now needed with Relaxed�⌥
cuts to achieve sensitivity to ⇠ SM values of the hZ� cou-
plings. For the h�� the threshold is reached with . 1400
events. Note that this is similar, though not equivalent to
increasing the energy resolution, but gives a rough idea
of the benefits of reducing the amount of background in

M`` > 4,

M``(OSSF) 62 (8.8, 10.8)

Chen, Harnik, Vega-Morales, [arXiv:1503.05855].
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FIG. 4. Left: 1� contours for yt vs. ỹt with 100 h ! 4` events corresponding to ⇠ 15 � 40 fb�1 at the LHC14 assuming SM
production and branding fractions [101, 102] and depending on detector e�ciencies. The allowed parameter space is the entire
region inside the ellipses. The same fit as in Fig. 3 with floating ZZ couplings is performed with the true point represented
by the star and corresponding roughly to the SM prediction. We show the 1� confidence interval obtained in h ! 4` utilizing
CMS-like cuts [86, 100] (large, red ellipse) and compare it to the Relaxed�⌥ cuts (middle, yellow ellipse) described in text and
introduced in [66]. For comparison with the ideal case we also show the projected 1� interval assuming a pure signal sample
(small, turquoise ellipse) and utilizing the Relaxed�⌥ cuts. The current 1� confidence intervals obtained in tth (green band
on the left) [5] and h ! �� (blue band on the right) [103] direct searches are also shown (see Table I). Right: Same as left,
but for 800 h ! 4` events corresponding to ⇠ 100� 300 fb�1. The projected 1� intervals from tth and h ! �� searches have
been used assuming 300 fb�1 [104, 105]. We have also added the 1� projections from h ! Z� (thick pink band) [106] searches
which start to become relevant at this luminosity.

and o↵-shell e↵ects in order to quantify the sensitivity to
the top Yukawa more precisely is ongoing.

In particular the h ! 4` channel can be used to di-
rectly study the CP properties of the top Yukawa in a sin-
gle channel independent of other measurements. This is
useful because multiple measurements need not be com-
bined allowing us to avoid complications from combining
errors in di↵erent channels in order to establish the CP
properties. Furthermore, the experimentally clean nature
and high precision with which this channel is measured
along with the fact that it is theoretically very well un-
derstood makes it valuable as both a consistency check
for other channels as well as perhaps the most direct way
to uncover potential CP violation in the top Yukawa.

The main drawback of h ! 4` is that it is statistics
limited, but our results indicate that the necessary preci-
sion to begin probing the top Yukawa may be reached at
the LHC and certainly at a future hadron collider. The
theoretical importance of the top Yukawa coupling has
been firmly established for quite some time and finding as
many independent probes to study it will be crucial. We
thus encourage experimentalists to add h ! 4` to the
list of already established channels for studying the top
Yukawa and in particular its CP properties.
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Can simultaneously 
measure t and W 
couplings.  

Absolute flat 
direction in                . 

Can disfavor 

h ! ��
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Can use Higgs coupling to stop to directly probe other 
fields that couple to Higgs.

Work in progress with  
R. Vega-Morales and Y. Chen.

Z/�

Z/�
t̃

t̃

t̃

Independent of decay, do not have to carry color. 
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Dominant Higgs 
production mechanism 
via loop process. 

What if other colored 
particles couple to the 
Higgs? 

Naturalness is a guiding 
hint…

3.1.2 Higgs production at hadron machines

In the Standard Model, the main production mechanisms for Higgs particles at hadron

colliders make use of the fact that the Higgs boson couples preferentially to the heavy

particles, that is the massive W and Z vector bosons, the top quark and, to a lesser extent,

the bottom quark. The four main production processes, the Feynman diagrams of which are

displayed in Fig. 3.1, are thus: the associated production with W/Z bosons [241, 242], the

weak vector boson fusion processes [112, 243–246], the gluon–gluon fusion mechanism [185]

and the associated Higgs production with heavy top [247,248] or bottom [249,250] quarks:

associated production with W/Z : qq̄ −→ V + H (3.1)

vector boson fusion : qq −→ V ∗V ∗ −→ qq + H (3.2)

gluon − gluon fusion : gg −→ H (3.3)

associated production with heavy quarks : gg, qq̄ −→ QQ̄ + H (3.4)

q

q̄

V ∗

•

H

V

•
q

q
V ∗

V ∗

H

q

q

•
g

g

H
Q •

g

g

H

Q

Q̄

Figure 3.1: The dominant SM Higgs boson production mechanisms in hadronic collisions.

There are also several mechanisms for the pair production of the Higgs particles

Higgs pair production : pp −→ HH + X (3.5)

and the relevant sub–processes are the gg → HH mechanism, which proceeds through heavy

top and bottom quark loops [251,252], the associated double production with massive gauge

bosons [253, 254], qq̄ → HHV , and the vector boson fusion mechanisms qq → V ∗V ∗ →
HHqq [255, 256]; see also Ref. [254]. However, because of the suppression by the additional

electroweak couplings, they have much smaller production cross sections than the single

Higgs production mechanisms listed above.

117

3.1.2 Higgs production at hadron machines

In the Standard Model, the main production mechanisms for Higgs particles at hadron

colliders make use of the fact that the Higgs boson couples preferentially to the heavy

particles, that is the massive W and Z vector bosons, the top quark and, to a lesser extent,

the bottom quark. The four main production processes, the Feynman diagrams of which are

displayed in Fig. 3.1, are thus: the associated production with W/Z bosons [241, 242], the

weak vector boson fusion processes [112, 243–246], the gluon–gluon fusion mechanism [185]

and the associated Higgs production with heavy top [247,248] or bottom [249,250] quarks:

associated production with W/Z : qq̄ −→ V + H (3.1)

vector boson fusion : qq −→ V ∗V ∗ −→ qq + H (3.2)

gluon − gluon fusion : gg −→ H (3.3)

associated production with heavy quarks : gg, qq̄ −→ QQ̄ + H (3.4)

q

q̄

V ∗

•

H

V

•
q

q
V ∗

V ∗

H

q

q

•
g

g

H
Q •

g

g

H

Q

Q̄

Figure 3.1: The dominant SM Higgs boson production mechanisms in hadronic collisions.

There are also several mechanisms for the pair production of the Higgs particles

Higgs pair production : pp −→ HH + X (3.5)

and the relevant sub–processes are the gg → HH mechanism, which proceeds through heavy

top and bottom quark loops [251,252], the associated double production with massive gauge

bosons [253, 254], qq̄ → HHV , and the vector boson fusion mechanisms qq → V ∗V ∗ →
HHqq [255, 256]; see also Ref. [254]. However, because of the suppression by the additional

electroweak couplings, they have much smaller production cross sections than the single

Higgs production mechanisms listed above.

117

~



DANIEL STOLARSKI     SEPTEMBER 11, 2015      GGI

EXCLUSIONS

29

0.1

0.1

0.1

0.2

- mh tuning
... rG 10% tuning

200 400 600 800 1000

200

400

600

800

1000

mt
é
1
@GeVD

m
té 2
@Ge

V
D

Figure 2: Assuming no other contributions to Higgs digluon coupling rG other than stops’, region of natural stop that has been
ruled out by Higgs coupling measurements. The three shaded purple regions, from darkest to lightest, are excluded at 3�
(99.73%) level; 2� (95.45%) level; and 1� (68.27%) level. The dashed purple line is the boundary of the region excluded at 90%
CL. The red solid lines are contours of Higgs mass fine-tuning assuming ⇤ = 30 TeV, µ = �200 GeV and tan� = 10. We have
evaluated the tuning with Xt = X min

t , the smallest mixing allowed by the data at 2� for a given pair of masses. The blue dashed
line is a contour of 10% fine-tuning associated with r t̃

G .

provide |Xt | > ��X min
t

��, we set At = 0. Here
��X min

t

�� is taken to be the smallest value allowed at 2�. We have deliber-
ately chosen a very low mediation scale as well as a negative sign of µ relative to At in order to draw conservative
conclusions about the tuning measure. One could try to always generate

��X min
t

��mostly from the µ/ tan� term, but
this leads to tree-level tuning that is much worse than the loop-level tuning from At . To get the Higgs coupling
within the allowed range of experiments, there could be a cancelation between contributions with opposite signs
from the diagonal masses and mass mixings between two stops. Thus one could also define a fine-tuning measure
associated with the Higgs coupling

Ä
��1

G

ä
t̃
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�����
X

i

Ç
@ log r t̃

G

@ log pi

å2�����

1/2

, (10)

with the parameter set denoted by p = (m 2
Q3

, m 2
U3

, Xt ). In the limit X 2
t ⇡m 2

t̃1
+m 2

t̃2
where the coupling correction

vanishes, this scales with the amount of tuning in the sense that

Ä
��1

G

ä
t̃
⇠
�����

X 2
t

m 2
t̃1
+m 2

t̃2
�X 2

t

����� . (11)

So far the precision level of Higgs coupling measurements is still low, thus the fine-tuning of Higgs couplings is not
very large in general. In Fig. 2, we plot the boundary corresponding to 10% fine-tuning in Higgs coupling, which
excludes the possibility that even one stop is below about 100 GeV. (This is, essentially, the same observation that
was made in the context of electroweak baryogenesis in Refs. [20, 21].) We also considered contributions from
light stops to electroweak precision observables, in particular, the⇢ parameter, but the constraints there are much
weaker compared to those from current Higgs coupling measurements.

From Fig. 2, we see that regions with both stops lighter than about 400 GeV is excluded by the Higgs coupling
measurements at 2� (95.45 %) C.L. Along the diagonal line where both stops are degenerate in mass, the constraint
gets stronger and extends to 450 GeV. In general, although one could construct clever natural models where stops

6

1�

2�

3�

Fan and Reece [arXiv:1401.7671].

Can use this diagram to 
exclude light stops. 

Have to make 
assumption about  
mixing angle.  

�t̃1 t̃1h '
p
2

v

"
m2

t +
1

2
sin 2✓tmtXt

#
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Figure 2: One-loop Feynman diagrams for gg → φ1φ2, with (a) φ1φ2 =
h0h0, h0H0, H0H0, A0A0 and (b) φ1φ2 = h0A0, H0A0, due to virtual quarks and squarks
in the MSSM.
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Figure 2: One-loop Feynman diagrams for gg → φ1φ2, with (a) φ1φ2 =
h0h0, h0H0, H0H0, A0A0 and (b) φ1φ2 = h0A0, H0A0, due to virtual quarks and squarks
in the MSSM.

16

Di-Higgs production also 
loop process at LHC. 

Two diagrams, strong 
destructive interference
—amplitude vanishes at 
threshold. 

Perhaps can be sensitive 
to new physics?

Li and Voloshin [arXiv:1311.5156].
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Preliminary studies by experiments show that 
measurement is possible but difficult at high-lumi.

Non-resonant HH→(ɣɣ)(bb̄) Future Study

7

The average expected relative uncertainty on the HH cross section measurement as a function of 
integrated luminosity (top left), the scale factor for the non-resonant background (top-right), the b-tagging 
efficiency (bottom-left), and the photon efficiency (bottom-right)

ECFA Results

Non-resonant HH→(WW)(bb) Future Study

9

Expected 95% CL upper limits on the HH→(WW)(bb)→(ll)(##) production relative to 
SM expectation (left), and the average expected relative uncertainty on HH cross 
section (right), as a function of systematic uncertainty on background prediction. 
Data driven techniques expected to drive uncertainties to the per cent level. 

!
Sensitive to ~ 3 to 10 x SM with 3 ab-1 of data.

ECFA Results

Expected yields (3000 fb−1) Total Barrel End-cap

Samples

H(bb̄)H(γγ)(λ/λS M = 1) 8.4±0.1 6.7±0.1 1.8±0.1

H(bb̄)H(γγ)(λ/λS M = 0) 13.7±0.2 10.7±0.2 3.1±0.1

H(bb̄)H(γγ)(λ/λS M = 2) 4.6±0.1 3.7±0.1 0.9±0.1

H(bb̄)H(γγ)(λ/λS M = 10) 36.2±0.8 27.9±0.7 8.2±0.4

bb̄γγ 9.7±1.5 5.2±1.1 4.5±1.0

cc̄γγ 7.0±1.2 4.1±0.9 2.9±0.8

bb̄γ j 8.4±0.4 4.3±0.2 4.1±0.2

bb̄ j j 1.3±0.2 0.9±0.1 0.4±0.1

j jγγ 7.4±1.8 5.2±1.5 2.2±1.0

tt̄(≥ 1 lepton) 0.2±0.1 0.1±0.1 0.1±0.1

tt̄γ 3.2±2.2 1.6±1.6 1.6±1.6

tt̄H(γγ) 6.1±0.5 4.9±0.4 1.2±0.2

Z(bb̄)H(γγ) 2.7±0.1 1.9±0.1 0.8±0.1

bb̄H(γγ) 1.2±0.1 1.0±0.1 0.3±0.1

Total Background 47.1±3.5 29.1±2.7 18.0±2.3

S/
√

B(λ/λS M = 1) 1.2 1.2 0.4

Table 4: Expected yields in 3000 fb−1 for all events, events with both photons in the barrel calorimeter

region (“barrel”) and events with at least one photon in the endcap calorimeter region (“end-cap”).

The quoted errors are from MC statistics only. The final two rows show the total background and the

resulting signal significance, S/
√

B, in 3000 fb−1 ; combining the “barrel” and “endcap” categories in

quadrature the final significance reaches ∼ 1.3σ.

11

ATLAS bbγγ

CMS bbγγ

CMS bbWW
31
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LHC PROSPECTS

Theorist studies are more optimistic (still need HL). 

Studies in bbγγ, bbττ, bbWW, 4b,  
ranging from 2-6σ significance.
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Figure 2: One-loop Feynman diagrams for gg → φ1φ2, with (a) φ1φ2 =
h0h0, h0H0, H0H0, A0A0 and (b) φ1φ2 = h0A0, H0A0, due to virtual quarks and squarks
in the MSSM.
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Figure 2: One-loop Feynman diagrams for gg → φ1φ2, with (a) φ1φ2 =
h0h0, h0H0, H0H0, A0A0 and (b) φ1φ2 = h0A0, H0A0, due to virtual quarks and squarks
in the MSSM.

16

Most studies focus on 
measuring Higgs self 
coupling.  

Here I will assume its SM 
like and focus on new 
physics in loops.
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Figure 2: One-loop Feynman diagrams for gg → φ1φ2, with (a) φ1φ2 =
h0h0, h0H0, H0H0, A0A0 and (b) φ1φ2 = h0A0, H0A0, due to virtual quarks and squarks
in the MSSM.

16

No cancellation in 
the presence of 
new physics. 

Effects could  
be large.

Balyaev et. al.,  
hep-ph/9905266. 

Barrientos Bendezu and 
Kniehl, hep-ph/0103182.
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Figure 2: One-loop Feynman diagrams for gg → φ1φ2, with (a) φ1φ2 =
h0h0, h0H0, H0H0, A0A0 and (b) φ1φ2 = h0A0, H0A0, due to virtual quarks and squarks
in the MSSM.

16

Di-Higgs sensitive 
to different 
couplings than 
single Higgs. 

�t̃1 t̃1hh ' m2
t

v2



DANIEL STOLARSKI     SEPTEMBER 11, 2015      GGI

SPECTRA

36

1000500 2000300 15007000.001

0.005

0.010

0.050

0.100

0.500

1.000

mhh @GeVD

ds
êdm

hh
@fbê

G
eV
D

14 TeV
SM
A
B
C

Often get spectra  
with huge  
enhancements at  
low invariant mass. 

They are almost  
always excluded.

EXCLUDED!
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1 Introduction

A comprehensive experimental program to characterize the 125 GeV Higgs boson [1, 2]

and determine the underlying nature of electroweak symmetry breaking is underway at the

LHC. Based on the complete Run 1 data set, significant progress has been made through

the study of final states with a single Higgs particle. The largest and best measured single

Higgs production channel is the one loop gluon fusion process, which is in good agreement

with the predictions of the Standard Model (SM) [3, 4]. In addition, an important long

term goal of this program is to observe and study final states with two Higgs bosons. The

di-Higgs channel is sensitive to the trilinear self coupling of the Higgs particle, which in

turn gives information about the shape of the scalar potential, and can furthermore provide

a sensitive probe of physics beyond the SM (BSM).
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Figure 1. The relevant diagrams contributing to gluon fusion to di-Higgs with EFT vertices. The
green lines indicate the core amplitudes focused on in this work. We refer to the diagrams on the
left (right) as triangle (box) diagrams because of their topology in the SM.

Like single Higgs production, the dominant di-Higgs production channel at the LHC is

gluon fusion, which is depicted in Fig. 1. In the SM and its extensions, di-Higgs production
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probes a di↵erent combination of couplings and masses than other loop processes, including

single Higgs production via gluon fusion. One could then imagine that, even if for some

reason the hGG coupling were SM-like, there could be large deviations in di-Higgs produc-

tion. This expectation is further motivated by the fact that in the SM the two diagrams1

of Fig. 1 interfere destructively making the SM di-Higgs production cross section smaller

than the naive expectation [5–7]. Thus, typical BSM scenarios provide ample opportunity

for significant modifications of di-Higgs production at hadron colliders when this cancella-

tion is spoiled. Indeed this is the case for models with modified electroweak sectors and/or

models where di-Higgs production may be resonantly enhanced through the production of

new heavy fields which decay to Higgs pairs.

In this work we instead focus on another potential source of modifications: new colored

fields that couple to the Higgs. We investigate how much these scenarios may modify di-

Higgs production at the LHC and future hadron colliders through their impact on the

momentum-dependent hGG and h2GG vertices (shaded green in Fig. 1) while keeping the

Higgs quartic coupling � at its SM value. Throughout we refer to these as ‘non-resonant’

corrections.

As a first step, consider the e↵ective field theory (EFT) below some cuto↵ ⇤ for the

Higgs-gluon couplings hGG and h2GG. In general, if new heavy colored fields that couple

to the Higgs and have mass m ⇠ ⇤ are integrated out, they generate operators of the form
⇣ c1
⇤2

|H|2 + c2
⇤4

|H|4 + . . .
⌘
Gµ⌫G

µ⌫ , (1.1)

where H is the Higgs doublet in the unbroken theory. In the broken theory, we can write

the operators in terms of the physical Higgs field, h, and work to quadratic order in h. If we

also include the SM contribution, which we will denote with the coe�cient cSM ' ↵s/12⇡,

we obtain the e↵ective operators

hp
2v

✓
cSM +

2c1v2

⇤2
+

4c2v4

⇤4
+ . . .

◆
Gµ⌫G

µ⌫+
h2

4v2

✓
�cSM +

2c1v2

⇤2
+

12c2v4

⇤4
+ . . .

◆
Gµ⌫G

µ⌫ ,

(1.2)

where v = 174 GeV and the sign flip between single and double Higgs couplings in the SM

has been included.

We now introduce a core observation from the first run of the LHC: modifications

to the total single Higgs production rate are small. For a model in which the only BSM

physics is new colored fields coupled to the Higgs, the cross section modifications must

be . O(20%) [3, 4], implying modifications to the hGG coupling of . O(10%). We may

understand the implications of this observation for non-resonant contributions to di-Higgs

production by studying Eq. (1.2) more closely.

If the new physics is heavy and respects decoupling, the usual rules of EFT apply.

In particular, small corrections to single Higgs production imply c1v
2/⇤2 ⌧ cSM and we

can safely ignore the higher order terms. Then, Eq. (1.2) implies that the magnitude

of corrections to the h2GG coupling must also be small if corrections to hGG are small,

1
Throughout this work we refer to the diagrams on the left (right) of Fig. 1 as triangle (box) diagrams

because of their topology in the SM.
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Stops can be non-decoupling:

gives

and decay rates are measured to be near the SM value, we take the 125 GeV Higgs to be the

lightest neutral scalar boson and work in the decoupling limit. For the light stops that we

consider in this work, we will typically not be able to obtain the 125 GeV Higgs mass in the

MSSM. However, there are many possible scenarios that raise the Higgs mass including, for

example, the NMSSM (for a review see [113, 114]) or non-decoupling D-terms [115, 116].

Therefore, we take the Higgs potential, particularly the triple Higgs coupling, to be that

of the Standard Model in order to focus on the stop contributions.

We begin by describing our conventions for the stop sector. The stop mass matrix is

given by

M2
t̃
=

 
m2

LL m2
LR

m2
LR m2

RR

!
, (4.1)

where we have defined

m2
LL = m2

Q3
+ y2t v

2
u + �̃Q(v

2
d � v2u),

m2
RR = m2

U3
+ y2t v

2
u + �̃U (v

2
d � v2u),

m2
LR = yt(Atvu � µvd) ⌘ mtXt, (4.2)

with �̃Q = 1
2(

1
2g

2� 1
6g

02), �̃U = 1
2(

2
3g

02). We also take
q
v2u + v2d = v = 174 GeV and define

tan� ⌘ vu/vd. This matrix can be diagonalized, with eigenvalues m1 and m2 satisfying

m2 > m1, by performing a rotation of the basis by the angle ✓ defined by

cos 2✓ =
m2

LL �m2
RR

m2
2 �m2

1

, sin 2✓ = � 2mtXt

m2
2 �m2

1

. (4.3)

In this section we examine the generic corrections to the di-Higgs production rate in

the limit that the stops are heavy in comparison to the typical di-Higgs invariant mass. As

alluded to in the previous section, the stops can in general exhibit non-decoupling behavior

as their masses are raised if the Xt parameter is also raised in a correlated fashion. This is

analogous to the case of the top quark in the SM. Because of this potential non-decoupling

behavior, we we apply the Low Energy Theorem (LET) [52–55] to derive the couplings of

the Higgs to gluons induced by stops. The starting point is the stop threshold contribution

to the running of ↵s. After canonical normalization of the gluon field, we obtain the

following e↵ective Lagrangian:

L � ↵sb
c
0

16⇡

⇥
log detM2

t̃

⇤
Gµ⌫G

µ⌫ , (4.4)

where bc0 =
1
6 is the QCD beta function coe�cient for stops.

Using Eq. (4.4) we determine the couplings of the Higgs h to gluons generated from

stops by Taylor expanding around vu and vd in the Higgs fluctuations. Including the domi-

nant SM top quark contribution, we arrive at the following e↵ective Lagrangian describing

the Higgs couplings to gluons:

L =
↵s

12
p
2⇡v

(ht + h
t̃
)hGµ⌫G

µ⌫ � ↵s

48⇡v2
(hht + hh

t̃
)h2Gµ⌫G

µ⌫ . (4.5)
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The coe�cients ht , 
hh
t (h

t̃
, hh

t̃
) encode the top quark (stop) contributions to the hGG

and h2GG couplings. In particular, for the stop contribution we have

h
t̃
⌘ v

8

✓
c↵

@

@vu
� s↵

@

@vd

◆
log detM2

t̃
, (4.6)

hh
t̃

⌘ �v2

8

✓
c2↵

@2

@v2u
+ s2↵

@2

@v2d
� 2s↵c↵

@2

@vu@vd

◆
log detM2

t̃
.

Here ↵ is the mixing angle between the light and heavy CP-even Higgs bosons. Neglecting

the small contributions from D-terms (g, g0 ! 0) and taking the decoupling limit (↵ !
� � ⇡/2) we obtain

h
t̃
=

1

4

m2
t

�
m2

1 +m2
2 �X2

t

�

m2
1m

2
2

, (4.7)

hh
t̃

= � m4
t

m2
1m

2
2

⇢
1 +

�
m2

1 +m2
2 �X2

t

�

4m2
t

�
�
m2

1 +m2
2 �X2

t

�2

2m2
1m

2
2

�

= h
t̃
(8h

t̃
� 1)� m4

t

m2
1m

2
2

, (4.8)

where in the final step we have written hh
t̃

in terms of h
t̃
. These stop-induced contributions

are to be compared to the top quark contributions, which in the decoupling limit are

ht = hht = 1. Therefore, the parameters h
t̃
and hh

t̃
measure the relative coupling shift

from the SM values in an analogous way to the EFT coupling shifts defined in the previous

section. We see from the last line in Eq. (4.8) that a definite correlation exists between

the hhGG and the hGG couplings, and in the limit of heavy stops, m1,2 � mt, the hhGG

coupling shift is fully determined by h
t̃
.

As emphasized above, the current Run 1 data probe deviations in the hGG coupling

at the 10% level, i.e., |h
t̃
| . 10%. One can use this constraint to estimate the allowed

size of the corrections to the di-Higgs rate from heavy stops by using Eq. (4.8). This is

shown in Fig. 2, where we observe that O(50%) corrections are possible when the hGG

coupling is smaller than its SM value by about 10%. The behavior can be easily understood

by examining the couplings h
t̃
and hh

t̃
and accounting for the interference between the

two diagrams depicted in Fig. 1. For instance, when h
t̃
is negative the s-channel Higgs

exchange amplitude is slightly suppressed compared to its SM value, while the larger-in-

magnitude contact diagram is instead mildly enhanced (since hh
t̃

is positive when h
t̃
is

negative, assuming the stops are heavy). Therefore, the interference between the diagrams

is less e↵ective leading to the enhanced rate in this region, as shown in Fig. 2.

In Fig. 2 we can also see the importance of the non-decoupling behavior by comparing

the EFT to the LET calculation. Because A-terms can cause the stops to get a large

fraction of their mass from electroweak symmetry breaking even if they are relatively

heavy, di↵erent and potentially larger e↵ects in di-Higgs can be induced. Therefore, if a

deviation is observed but no on-shell states are discovered, the size of the deviation could

disentangle di↵erent types of decoupling vs non-decoupling new physics scenarios.
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fraction of their mass from electroweak symmetry breaking even if they are relatively

heavy, di↵erent and potentially larger e↵ects in di-Higgs can be induced. Therefore, if a

deviation is observed but no on-shell states are discovered, the size of the deviation could

disentangle di↵erent types of decoupling vs non-decoupling new physics scenarios.
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Small effects if at least one stop is heavy.
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Deviations in single  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larger effects. ●●
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Figure 2. Di-Higgs production cross section relative to the SM value as a function of hGG coupling
deviation in an EFT dominated by the leading dimension six operator (red, h

1 ) computed in Sec. 3,
and for heavy stops using the low energy theorem (blue, h

t̃
) computed in Sec. 4. The coupling

deviation  is taken in range [�0.1, 0.1] as suggested by the LHC Run 1 Higgs data.

is suppressed, while hh1 = �h1 is positive and the dominant box amplitude is enhanced.

This implies that the interference between the amplitudes is reduced in comparison to the

SM and the di-Higgs rate is enahnced.

There are other qualitatively distinct cases to consider. The first is when the new heavy

colored states do not decouple from the Higgs as their mass is raised. This will occur

if the new states obtain a substantial portion of their mass from electroweak symmetry

breaking. In the language of the EFT, each operator in Eq. (1.2) is of similar size and thus

the expansion is not useful from a practical point of view. This type of non-decoupling

behavior is of course very familiar from the top quark contribution to the hGG and hhGG

couplings. In this case it is instead necessary to specify the model for the new heavy colored

states and apply the low energy theorems [52–55], as seen for light stops in Sec. 4.

Finally, the last case to consider is when the new states are light such that neither

the EFT nor LET descriptions are valid. In the case of di-Higgs production, this occurs

when the masses of the new states in the loop are similar to the characteristic invariant

mass of the di-Higgs system under consideration. In this situation it is necessary to specify

the model under consideration and compute the full one loop contribution to di-Higgs

production. This is carried out for light stops in Sec. 5.

4 Heavy Stop Modifications: Low Energy Theorem

For the remainder of the paper we specialize to the case of stops in supersymmetry, which

provides a well-motivated, concrete example of new colored particles with significant cou-

plings to the Higgs. As is well known, the MSSM requires two Higgs doublets. However,

motivated by the lack of evidence for new scalars and the fact that the Higgs production

– 7 –
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No stop mixing = no 
effects in di-Higgs.
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Equal soft masses. 

Tuned region with ~30% 
modification. 

Larger modifications 
excluded.
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Fix heavy stop mass.  

Tuned region with ~50% 
modification. 
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Can do better with 
different invariant 
mass cuts.  
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A: m = 325, 500 GeV 
sinθ = 0.4 

B: m=200, 1000 GeV 
sinθ=0.223 

C: m=150, 1000 GeV 
sinθ=0

EXCLUDED!

Tuned
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• Kinematic distributions in                 can provide 
information that is independent from and 
complimentary to rate measurements.   

• NLO contributions make this channel sensitive to 
large Higgs couplings.  

• Can measure CP violation in top Yukawa or violations 
of custodial symmetry. 

• Use to place model-independent bounds (or discover) 
new fields which couple to Higgs. 

h ! 4`
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46

• Higgs produced in loop process at LHC. Production 
rate can be sensitive to colored new physics.  

• Measurement of rate in Run I already puts strong 
constraints on new physics.  

• EFT arguments say it will be difficult to see large 
effects in non-resonant double Higgs production. 

• Future measurements can place constraints on 
difficult regions of parameters space.
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5

as nuisance parameters in our parameter extraction pro-
cedure allowing them to vary along with the top quark
Yukawa. As we will see, the e↵ects of the operators
in Eq. (12) do not greatly a↵ect our sensitivity to the
top Yukawa, especially once su�cient statistics are accu-
mulated.

Other Possible Probes of the Top Yukawa

In [94] it was shown that due to weak phase/strong
phase interference e↵ects, the three body h ! 2`� decay
is also sensitive to the CP violation in the e↵ective hZ�
and h�� couplings. Thus probing the CP properties of
the top Yukawa may also be possible in this channel at
the LHC or future hadron collider. Since this channel is
less sensitive and requires an understanding of the much
larger backgrounds than in h ! 4`, we do not examine
this possibility in detail here.

Crossing symmetry implies `+`� ! hZ, h� scattering
at a future lepton collider [94, 95] may also be capa-
ble of probing the top Yukawa CP properties. Recently
it has also been shown that interference between signal
and background can be used to probe the e↵ective hZ�
and h�� couplings in gg ! 2`� [96], which implies this
may also be used to probe the top Yukawa. We leave an
investigation of these interesting possibilities to future
work.

SENSITIVITY AT LHC AND BEYOND

We now quantitatively explore the feasibility of the
LHC or a future hadron collider to probe the CP prop-
erties of the top Yukawa coupling in h ! 4`. In partic-
ular, we estimate approximately how many events will
be needed in h ! 4` to begin probing values of Yukawa
couplings which are of the same order as the O(1) SM
prediction. We also examine approximately at what point
h ! 4` will become relevant as a measurement relative
to h ! V � and tth searches for studying the top Yukawa
(we will not consider gg ! h, but see [16–25] for various
studies of this channel). Once this level of sensitivity is
reached, a more complete analysis including the various
other one-loop corrections discussed above will need to
be conducted in order to give precise constraints on the
top Yukawa.

For all results in the present study we have utilized
the Higgs e↵ective couplings extraction framework devel-
oped in [56, 64, 66, 67] which incorporates all observables
available in the (normalized) h ! 4` fully di↵erential de-
cay width and adapted it to include the top and W loop
functions discussed above. Also as discussed, we include
the dominant qq̄ ! 4` background and a crude modeling
of detector resolution [68]. For the Higgs signal, this in-
cludes a smearing of the four lepton invariant mass (M4`)

distribution with a gaussian of � = 2 GeV centered at
the Higgs mass which we take to be 125 GeV. Note that
these resolution e↵ects also enter into the lepton pair in-
variant masses (M

``

). Following the procedure in [47],
the parton level di↵erential cross sections for h ! 4`
and qq̄ ! 4` are combined with the (CTEQ6l1 [97, 98])
parton distributions for the gg and qq̄ initial states. Fur-
ther details and validation of this procedure with Mad-
Graph5 aMC@NLO [99] can be found in [64, 66].

Parameter and Phase Space Definition

Before presenting our results, we first define our pa-
rameter and phase space. As discussed above, in order to
study the e↵ects of some of the one-loop contributions we
have not computed which enter through the ZZ sector,
we allow the higher dimensional e↵ective ZZ couplings
in Eq. (12) to vary in the fitting procedure. Thus we de-
fine our multi-dimensional parameter space as,

~� = (y
t

, ỹ
t

|AZZ

2 , AZZ

3 , AZZ

4 ). (13)

Note in particular that we are taking the tree level hZZ
coupling as fixed and equal to its SM value in Eq. (4).
To estimate the sensitivity we obtain what we call an

‘e↵ective’ �(�) or average error defined in [68] as,

�(�) =

r
⇡

2
h|�̂ � ~�

o

|i, (14)

where �̂ is the value of the best fit parameter point
obtained by maximization of the likelihood with re-
spect to ~�. Here ~�

o

represents the ‘true’ value with
which our data sets are generated utilizing a Mad-
Graph5 aMC@NLO [99] implementation of the e↵ective
hV V couplings [56, 64]. The average error is then found
by conducting a large number of pseudoexperiments with
a fixed number of events and obtaining a distribution for
�̂ which will have some spread centered around the aver-
age value. We then translate the width of this distribution
into our e↵ective �(�) which converges to the usual inter-
pretation of �(�) when the distribution for �̂ is perfectly
gaussian. We repeat this procedure for a range of number
of signal events (N

S

) to obtain �(�) as a function of N
S

.
Following the strategy proposed in [68], we will use a

set of phase space cuts which are optimized for sensitivity
to the Z� and �� e↵ective couplings. These cuts were
shown to greatly improve the sensitivity to the Z� and
�� e↵ective couplings over currently used CMS cuts [86,
100]. They are defined as:

• 115 GeV < M4` < 135 GeV

• p
T

> (20, 10, 5, 5) GeV for lepton p
T

ordering,

• |⌘
`

| < 2.4 for the lepton rapidity,

• M
``

> 4 GeV, M
``

(OSSF) /2 (8.8, 10.8) GeV,
7

L µ(tth) µ(h ! ��) µ(h ! Z�)

Current 2.8± 1.0 [5] 1.14± 0.25 [103] NA

300 fb�1 1.0± 0.55 [105] 1.0± 0.1 [104] 1.0± 0.6 [106]

3000 fb�1 1.0± 0.18 [105] 1.0± 0.05 [104] 1.0± 0.2 [106]

TABLE I. Values of current constraints and future projections
on the relative signal strength µi = �/�SM (or BR/BRSM )
for given luminosities.

the fit for the 1� allowed region in the y
t

� ỹ
t

plane for
a range of data set sizes. The allowed parameter space
corresponds to the entire region inside the ellipse.

In addition to utilizing the Relaxed�⌥ cuts (middle,
yellow ellipses) as in Fig. 3, we also show results us-
ing CMS-like cuts [86, 100] (large, red ellipses). This
makes it clear the improved sensitivity obtained when
the Relaxed�⌥ cuts are used. For comparison and as
a demonstration of the ideal case, we also show the 1�
region obtained assuming a pure signal sample (inner,
turquoise ellipses) using these optimized cuts. This also
makes clear the e↵ects of the qq̄ ! 4` background.

Fig. 4 and Fig. 5 also compare the golden channel
to other measurements which are sensitive to the top
Yukawa coupling: the tth cross section, the branching
ratio of h ! ��, and the branching ratio of h !
Z�. The 1 � � contours are derived from the relative
signal strength (µ

i

= �/�
SM

or BR/BR
SM

) for each
measurement given by,

µ(tth) ' y2
t

+ 0.42 ỹ2
t

(15)

µ(h ! ��) ' (1.28 � 0.28 y
t

)2 + (0.43 ỹ
t

)2

µ(h ! Z�) ' (1.06 � 0.06 y
t

)2 + (0.09 ỹ
t

)2,

where for µ(tth) we use the cross section at 14 TeV for
the approximate value in terms of y

t

and ỹ
t

[105] and the
numerical factors in h ! V � are obtained by evaluating
the top and W loops [92, 93] at 125 GeV. The values we
use for the µ

i

signal strengths are summarized in Table I.

Before discussing our results further, we comment that
from the numerical values in Eq. (15), it is clear that the
sensitivity to the top Yukawa in h ! 4` is driven by the
�� intermediate states. This implies that a reasonable
approximation of the sensitivity to y

t

and ỹ
t

could have
simply been obtained from a naive rescaling of the results
for the sensitivity to the �� e↵ective operators found
in [66, 68]. However, we emphasize that this rescaling
ignores potential correlations between the Z� and �� ef-
fective operators [56, 64, 67]. Furthermore, the parameter
fitting done in this study is qualitatively di↵erent since
(ignoring ZZ couplings) only two parameters (y

t

, ỹ
t

) are
floated in contrast to four (AZ�

2 , AZ�

3 , A��

2 , A��

2 ) when us-
ing e↵ective couplings. For these reasons we have not
simply done a rescaling of the e↵ective couplings, though
the end results for the sensitivity to y

t

and ỹ
t

are not
drastically di↵erent.

The current 1� confidence intervals obtained in tth
(green band on the left) [5] and h ! �� (blue band on the
right) [103] direct searches are shown on the left in Fig. 4
where 100 h ! 4` events have been assumed. We see
that at this stage h ! 4` is not competitive with tth
and h ! �� searches. For 800 events shown on the right
we use the projected 1� intervals from tth and h ! ��
searches assuming 300 fb�1 [104, 105] and a SM-like cen-
tral value. We have also added the 1� projections from
h ! Z� (thick pink band) [106] searches which start to
become relevant at this luminosity. We can see at this
stage that h ! 4` is also starting to become a useful
channel to complement tth and h ! V � searches for
studying the top Yukawa.
In Fig. 5 we show the same results, but for 8000 (left)

and 20k (right) events corresponding to & 1000 � 3000
fb�1 and where the projected 1� intervals from tth,
h ! ��, and h ! Z� searches have been used assuming
3000 fb�1 [104–106]. We see in these results that if we as-
sume the Higgs couplings to ZZ and WW are positive,
eventually h ! 4` should be able to establish the overall
sign of y

t

independently of any other measurements of
the top Yukawa. We further see the possibility of using
h ! 4` as a consistency check with tth and h ! V �
searches as well as the qualitatively di↵erent nature of
the h ! 4` measurement.
The results in Fig. 4 and Fig. 5 make it clear that

h ! 4` is a useful and complementary channel to tth,
h ! Z�, and h ! �� searches for probing the top
Yukawa at the LHC or a future collider. Furthermore,
depending on how sensitivities evolve over time, it may
be possible that h ! 4` will be able to constrain re-
gions of parameter space which are di�cult to probe in
other channels helping to ensure that potential CP vio-
lating e↵ects would not go unnoticed. In the event where
a deviation from the SM value is observed in either on-
shell h ! Z�, �� two body decays or tth production,
the four lepton channel will be a crucial ingredient in
both confirming and characterizing the anomaly. Quan-
tifying more precisely these possibilities will require a
detailed treatment of the various one-loop and o↵-shell
e↵ects which we have not included, but a thorough inves-
tigation is left to ongoing work [79]. Many more results
from the current analysis can be found in [107].

CONCLUSIONS

We have demonstrated that the h ! 4` ‘golden chan-
nel’ can be a useful probe of the top Yukawa at the LHC
and future colliders. We have considered the leading ef-
fects in order to give a proof of principle that this channel
can serve as a complementary, but qualitatively di↵erent,
measurement to h ! �� and h ! Z� two body decays
as well as gg ! h and tth searches for studying the top
Yukawa. A detailed study of the sub-dominant one-loop
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t

[105] and the
numerical factors in h ! V � are obtained by evaluating
the top and W loops [92, 93] at 125 GeV. The values we
use for the µ

i

signal strengths are summarized in Table I.

Before discussing our results further, we comment that
from the numerical values in Eq. (15), it is clear that the
sensitivity to the top Yukawa in h ! 4` is driven by the
�� intermediate states. This implies that a reasonable
approximation of the sensitivity to y

t

and ỹ
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