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A NEW PARTICLE
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h ! �� h ! 4e/4µ/2e2µ

July 2012:
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HIGGS MECHANISM

3

dox between purely V �A nature of the charged-current weak interaction is
reconciled with the finite mass of the electron. The generated electron mass
is

me = yev. (15)

There is no theoretical principle that determines the size of this Yukawa
coupling. The Higgs boson is not a gauge boson, and it is not subject to
the universality as the gauge interactions. We simply choose the size to
reproduce the observed mass, ye ⇡ 2⇥ 10�6.

γ

µ

e

t

eL
eLeR

eR

µR µR

µR
µL µL

µL
tL
tR tL

tR

ν νL

Figure 2: The left-handed particles bump on the condensate and become
right-handed, and vice versa. They mix quantum mechanically and the
Hamiltonian eigenstates are their mixtures. On the other hand, neutrinos
can’t bump on the condensate because there are no right-handed neutrinos.

We introduce di↵erent Yukawa couplings to all three generations of the
charged leptons, yµ ⇡ 4⇥ 10�4, y⌧ ⇡ 7⇥ 10�5, as to reproduce the observed
masses.

What about quarks? There is an additional complication because there
are both right-handed up- and down-type quarks, while there are no right-
handed neutrinos in the lepton sector. Therefore there are two types of
Yukawa couplings needed. Moreover, as you will see soon below, we can let
any three generations of right-handed and left-handed quarks couple to the
Higgs boson. We need to keep track of the generation index i = 1, 2, 3 for the
left-handed uLi, dLi and right-handed uRi, dRi quarks. The general Yukawa

7

Entire universe is a superconductor, condensate of 
something that talks to fermions, W, Z but not photon.

Anderson, 1963



DANIEL STOLARSKI     November 22, 2016      University of Toronto Seminar

HIGGS MECHANISM

3

dox between purely V �A nature of the charged-current weak interaction is
reconciled with the finite mass of the electron. The generated electron mass
is

me = yev. (15)

There is no theoretical principle that determines the size of this Yukawa
coupling. The Higgs boson is not a gauge boson, and it is not subject to
the universality as the gauge interactions. We simply choose the size to
reproduce the observed mass, ye ⇡ 2⇥ 10�6.

γ

µ

e

t

eL
eLeR

eR

µR µR

µR
µL µL

µL
tL
tR tL

tR

ν νL

Figure 2: The left-handed particles bump on the condensate and become
right-handed, and vice versa. They mix quantum mechanically and the
Hamiltonian eigenstates are their mixtures. On the other hand, neutrinos
can’t bump on the condensate because there are no right-handed neutrinos.

We introduce di↵erent Yukawa couplings to all three generations of the
charged leptons, yµ ⇡ 4⇥ 10�4, y⌧ ⇡ 7⇥ 10�5, as to reproduce the observed
masses.

What about quarks? There is an additional complication because there
are both right-handed up- and down-type quarks, while there are no right-
handed neutrinos in the lepton sector. Therefore there are two types of
Yukawa couplings needed. Moreover, as you will see soon below, we can let
any three generations of right-handed and left-handed quarks couple to the
Higgs boson. We need to keep track of the generation index i = 1, 2, 3 for the
left-handed uLi, dLi and right-handed uRi, dRi quarks. The general Yukawa

7

Entire universe is a superconductor, condensate of 
something that talks to fermions, W, Z but not photon.

One model is an elementary scalar field proposed  
by Brout, Englert, Higgs and others.

Anderson, 1963
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DISCOVERY MODES

4

h ! �� h ! 4e/4µ/2e2µ

All final states are light!  

Higgs is supposed to be responsible for mass…
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DISCOVERY MODES

4

h ! �� h ! 4e/4µ/2e2µ

All final states are light!  

Higgs is supposed to be responsible for mass…

Quantum 2nd order perturbation theory:

E2
n =

X

m 6=n

��h 0
m|H 0| 0

ni
��2

E0
n � E0

m

Griffiths, Quantum 
Mechanics, Eq. 6.15

Sensitive to all other states in the theory.
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DISCOVERY MODES
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h ! �� h ! 4e/4µ/2e2µ
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IS IT THE HIGGS?

6

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

7

h

Z

Z

s

s

ZZ

Z

�

ORsZµ⌫Zµ⌫

sZµ⌫Fµ⌫

hZµZµ

Assume parity even scalar:
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KINEMATIC DISTRIBUTIONS
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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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KINEMATIC DISTRIBUTIONS

9

(a) (b)

q̄(kq̄)

x̂CM x̂CM
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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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values of M2. This can be seen from the following simple
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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 
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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:
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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
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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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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
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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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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
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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

95$

99$

ah vs. as

20 40 60 80 100 120 1400.0

0.5

1.0

1.5

2.0

2.5

3.0

N

Σ

95$

99$

ah vs. aZΓ

10 20 30 40 500.0

0.5

1.0

1.5

2.0

2.5

3.0

N

Σ

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

Run I data
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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 sBµ⌫Bµ⌫ cW sW aµ⌫W a
µ⌫



DANIEL STOLARSKI     November 22, 2016      University of Toronto Seminar

BIG PICTURE

15

At discovery, rate measurements pointed to 4 lepton 
coming from tree level and 2 photon at one loop. 

Could imagine a tuned model:

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

Techniques become extremely important if  
there is an anomaly.

cB sBµ⌫Bµ⌫ cW sW aµ⌫W a
µ⌫
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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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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 
rate measurements can.  

Put this to use with loop processes. 
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After the W and top, the next largest contribution
to the e↵ective Z� and �� couplings comes from the
bottom quark contribution. This e↵ect is suppressed
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)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 
rate measurements can.  

Put this to use with loop processes. 
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Photon in final state makes 
NLO effect larger than 
naive one-loop size. 

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

Photon coupling to leptons 
bigger than for Z. 

Z

Z
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Start with just top, keep all other couplings fixed.
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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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σ

) o
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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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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
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-410
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 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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LEPTON COLLIDER

28

Can we do this at a lepton collider? 

Cleaner environment…

15 events per year.

�(e+e� ! Zh,
p
s = 240GeV) ' 300 fb

L(TLEP) ' 500 /fb/year

BR(h ! 4`) ' 10�4
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Can probe same coupling with crossed diagram. 

No longer have to pay branching ratio penalty.
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di↵erential cross sections for several
p
s
e

+
e

� and set the corresponding parameter �
t

or �
a

equal to 1. From the figure, it is quite clear that the di↵erential cross sections arising from
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FIG. 5. Di↵erential scattering cross section as a function of the scattering angle with
p
s =

240GeV (orange),350GeV (red),400GeV (green),500GeV (blue). And solid/dashed lines stand for

the contributions from �
t

/�
a

respectively.

�
t

are symmetric and anti-symmetric from �
a

. For
p
s = 240GeV , the contribution from �

a

is zero because there is no imaginary part of C
0

(m2

t

). When
p
s
e

+
e

� > 2m
t

there are nonzero

contributions from �
a

as expected.

In order to gauge the forward-backward asymmetry, we introduce

A
FB

⌘
R
1

0

d cos↵ d�

d cos↵

�
R
0

�1

d cos↵ d�

d cos↵

�
tot

In Fig. 6, we plot A
FB

as a function of
p
s
e

+
e

� with �
a

= 1 for polarized and unpolarized

electron/positron beam.

From the figure we can see that the asymmetry can reach 0.7% for
p
s
e

+
e

� . Such precision

is comparable to that of cross section measurement. It seems that the high luminosity collider

is necessary.

See for example:  
Shen and Zhu, arXiv:1504.05626.
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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

Now consider the other large loop process.  

Recall that this interferes with tree-level process. 

Kinematic distributions are sensitive to ratio of 
these two couplings. 

Z

Z

h
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Can also measure these couplings at tree level. 
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Figure 11: Observed (solid line) and expected (dashed line) negative log-likelihood scans for �WZ (top) and �tg
(bottom), the two parameters of Fig. 10 that are of interest in the negative range in the generic parameterisation of
ratios of Higgs boson coupling modifiers described in the text. All the other parameters of interest from the list in
the legend are also varied in the minimisation procedure. The red (green) horizontal lines at the �2� ln⇤ value of
1 (4) indicate the value of the profile likelihood ratio corresponding to a 1� (2�) CL interval for the parameter of
interest, assuming the asymptotic �2 distribution of the test statistic.
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ATLAS + CMS, arXiv:1606.02266.
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in vacuum

in superconductor

Figure 1: The photon gets bounced around by a Bose–Einstein condensate
with an electric charge, and becomes short-ranged.

We know something, however. The condensate should not disturb pho-
tons, while it should W and Z bosons. That fixes the quantum number of
the condensate; it should be basically the same as the neutrinos. Neutrinos
do not carry an electric charge, but does interact with W and Z bosons.
This was possible because the neutrinos are in isodoublets with hypercharge
�1/2, and the combination or W3 and B that couples to this component is
precisely the Z boson. Therefore, if the Higgs boson is an isodoublet and has
hypercharge �1/2,

H =

 
H0

H�

!

, (10)

it has exactly the same coupling as the lepton doublet has, and the neutral
(upper) component behaves the same way as the neutrinos. Once this com-
ponent acquires a condensate, it disturbs W and Z but not the photon. This
is precisely what we need.

In fact, this idea allows us to calculate the mass of the W and Z bosons
given the condensate hH0i = v/
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Therefore, the coupling of the W and Z to the condensate generates the
masses
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Recalling gZ = e/ cos ✓W sin ✓W and g = e/ sin ✓W , we find
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it has exactly the same coupling as the lepton doublet has, and the neutral
(upper) component behaves the same way as the neutrinos. Once this com-
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it has exactly the same coupling as the lepton doublet has, and the neutral
(upper) component behaves the same way as the neutrinos. Once this com-
ponent acquires a condensate, it disturbs W and Z but not the photon. This
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We know something, however. The condensate should not disturb pho-
tons, while it should W and Z bosons. That fixes the quantum number of
the condensate; it should be basically the same as the neutrinos. Neutrinos
do not carry an electric charge, but does interact with W and Z bosons.
This was possible because the neutrinos are in isodoublets with hypercharge
�1/2, and the combination or W3 and B that couples to this component is
precisely the Z boson. Therefore, if the Higgs boson is an isodoublet and has
hypercharge �1/2,

H =

 
H0

H�

!

, (10)

it has exactly the same coupling as the lepton doublet has, and the neutral
(upper) component behaves the same way as the neutrinos. Once this com-
ponent acquires a condensate, it disturbs W and Z but not the photon. This
is precisely what we need.

In fact, this idea allows us to calculate the mass of the W and Z bosons
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tons, while it should W and Z bosons. That fixes the quantum number of
the condensate; it should be basically the same as the neutrinos. Neutrinos
do not carry an electric charge, but does interact with W and Z bosons.
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�1/2, and the combination or W3 and B that couples to this component is
precisely the Z boson. Therefore, if the Higgs boson is an isodoublet and has
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it has exactly the same coupling as the lepton doublet has, and the neutral
(upper) component behaves the same way as the neutrinos. Once this com-
ponent acquires a condensate, it disturbs W and Z but not the photon. This
is precisely what we need.

In fact, this idea allows us to calculate the mass of the W and Z bosons
given the condensate hH0i = v/
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We know something, however. The condensate should not disturb pho-
tons, while it should W and Z bosons. That fixes the quantum number of
the condensate; it should be basically the same as the neutrinos. Neutrinos
do not carry an electric charge, but does interact with W and Z bosons.
This was possible because the neutrinos are in isodoublets with hypercharge
�1/2, and the combination or W3 and B that couples to this component is
precisely the Z boson. Therefore, if the Higgs boson is an isodoublet and has
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it has exactly the same coupling as the lepton doublet has, and the neutral
(upper) component behaves the same way as the neutrinos. Once this com-
ponent acquires a condensate, it disturbs W and Z but not the photon. This
is precisely what we need.

In fact, this idea allows us to calculate the mass of the W and Z bosons
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⇢ ⌘ M2
W

M2
Z cos ✓2W

= 1.00040± 0.00024
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REVIEW
SM:  SU(2)L x SU(2)R —> SU(2)C

Explicit breakings: hypercharge and Yukawas. 

W and Z are 3 under SU(2)C. 

SM Higgs: (2,2) = 3 + 1

Goldstones h
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GENERAL EWSB

Low and Lykken, [arXiv:1005.0872].
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GENERAL EWSB
H = (n, m) under L x R.

Low and Lykken, [arXiv:1005.0872].
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GENERAL EWSB
H = (n, m) under L x R.

n =  m.

There is a neutral  
state under C. 

Low and Lykken, [arXiv:1005.0872].
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GENERAL EWSB
H = (n, n) under L x R. 

H = 1 + 3 + 5 + … + (2n+1) under C. 

n = 3 simplest non-SM model. 

Triplet of SU(2)L triplets with Y=+1, 0, -1. 

Avoids usual problems of electroweak triplets.

Georgi and Machacek, PLB 1985.
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GENERAL EWSB
H = (n, n) under L x R.

H = 1 + 3 + 5 + … + (2n+1) under C.

Which ones can decay to gauge bosons  
(via CP even operator)? 

Low and Lykken, [arXiv:1005.0872].
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H = 1 + 3 + 5 + … + (2n+1) under C.

Which ones can decay to gauge bosons  
(via CP even operator)? 

W x W = 1 + 3 + 5

Low and Lykken, [arXiv:1005.0872].
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GENERAL EWSB
H = (n, n) under L x R.

H = 1 + 3 + 5 + … + (2n+1) under C.

Which ones can decay to gauge bosons  
(via CP even operator)? 

W x W = 1 + 3 + 5

Low and Lykken, [arXiv:1005.0872].

CP odd
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36. Clebsch-Gordan coefficients 1

36. CLEBSCH-GORDAN COEFFICIENTS, SPHERICAL HARMONICS,

AND d FUNCTIONS

Note: A square-root sign is to be understood over every coefficient, e.g., for −8/15 read −
√

8/15.
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Figure 36.1: The sign convention is that of Wigner (Group Theory, Academic Press, New York, 1959), also used by Condon and Shortley (The
Theory of Atomic Spectra, Cambridge Univ. Press, New York, 1953), Rose (Elementary Theory of Angular Momentum, Wiley, New York, 1957),
and Cohen (Tables of the Clebsch-Gordan Coefficients, North American Rockwell Science Center, Thousand Oaks, Calif., 1974).

COUPLINGS

Low and Lykken,  
[arXiv:1005.0872].

39

Can compute ratios using Clebsch-Gordan tables: 

     H1 (2 W+ W- + Z Z)                      H5 (W+ W- — Z Z)

�WZ = +1 �WZ = �1/2

Two cases predict opposite signs!
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�WZ
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W V1
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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

Only two custodial preserving cases.  
Predict opposite sign for          .
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Rate measurements 
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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.
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After the W and top, the next largest contribution
to the e↵ective Z� and �� couplings comes from the
bottom quark contribution. This e↵ect is suppressed
by ⇠ (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.
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Y. Chen,  J. Lykken, M. Spiropulu, DS, 
R. Vega-Morales, [arXiv:1608.02159], 
accepted to PRL.
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FIG. 3. Example of the posterior likelihood for one pseudo-
dataset containing O(2000) signal events and generated for
the SM case with �WZ = 1. The shaded turqoise region in-
dicates the area under the curve on the negative side of zero
which is translated into a probability (see Fig. 4) that the sign
of �WZ is negative. See text for more details.

Pinning down the sign of �WZ

Our first exploration begins with assessing how much
data will be needed to pin down the overall sign of
�WZ . As discussed, rate measurements can not deter-
mine this sign and furthermore, under the assumption of
custodial symmetry it e↵ectively establishes the custodial
representation of the Higgs boson.

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

6 During this integration, we include a flat prior probability dis-
tribution function for yt which restricts its range to the (pertur-
bative) values �2 . yt . 2, but where the boundaries are made
‘soft’ by placing gaussian tails centered at the two endpoints with
� = 0.5. More details on this procedure will be given in [80].
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FIG. 4. Probability, in units of e↵ective �’s (see text) as
a function of luminosity. In purple we show the SM, while
in green we show the case of a custodial fiveplet. In the light
shaded bands the top Yukawa couplings are fixed to their true
values. In the dark shaded bands the top Yukawa coupling is
treated as a nuisance parameter and integrated over assuming
a prior probability distribution which restricts its range to
perturbative values as discussed in text. In both cases we have
assumed SM production (gg ! h plus VBF at 13 TeV [81, 82])
times branching ratio and accounted for phase space selection
e�ciencies as well as the dominant qq̄ ! 4` background.

dodataset containing O(2000) signal events assuming the
true underlying model is the SM.
We treat the normalized posterior likelihood as a prob-

ability density of the extracted true value of �WZ . Given
the observed pseudodataset, we obtain from the posterior
likelihood a p-value that the true value of �WZ is nega-
tive by taking the ratio of the area on the negative side of
zero (shaded in turquoise in Fig. 3) to the total area. For
each p-value we define a corresponding ‘e↵ective’ � by
how much of the tail we have to integrate a (normalized)
gaussian to get an equivalent area of p and converting
that distance into an e↵ective �. This procedure is then
repeated over many pseudodatasets giving a distribution
of e↵ective �’s which represent the probability that the
sign of �WZ is negative.
In Fig. 4 we show the distribution of e↵ective �’s for

two separate cases. A negative value for the e↵ective �
indicates that the peak of the likelihood is on the nega-
tive side of �WZ (as is the case for a custodial fiveplet)
whereas a positive value represents a distribution cen-
tered on the positive side (as for a custodial singlet). The
dot in each case indicates the median value, and the col-
ored bands represent the central 68.3% interval of the dis-
tribution of e↵ective �’s. In purple we show the SM while

�WZ

2,000 events
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FIG. 3. Example of the posterior likelihood for one pseudo-
dataset containing O(2000) signal events and generated for
the SM case with �WZ = 1. The shaded turqoise region in-
dicates the area under the curve on the negative side of zero
which is translated into a probability (see Fig. 4) that the sign
of �WZ is negative. See text for more details.

Pinning down the sign of �WZ

Our first exploration begins with assessing how much
data will be needed to pin down the overall sign of
�WZ . As discussed, rate measurements can not deter-
mine this sign and furthermore, under the assumption of
custodial symmetry it e↵ectively establishes the custodial
representation of the Higgs boson.

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

6 During this integration, we include a flat prior probability dis-
tribution function for yt which restricts its range to the (pertur-
bative) values �2 . yt . 2, but where the boundaries are made
‘soft’ by placing gaussian tails centered at the two endpoints with
� = 0.5. More details on this procedure will be given in [80].
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FIG. 4. Probability, in units of e↵ective �’s (see text) as
a function of luminosity. In purple we show the SM, while
in green we show the case of a custodial fiveplet. In the light
shaded bands the top Yukawa couplings are fixed to their true
values. In the dark shaded bands the top Yukawa coupling is
treated as a nuisance parameter and integrated over assuming
a prior probability distribution which restricts its range to
perturbative values as discussed in text. In both cases we have
assumed SM production (gg ! h plus VBF at 13 TeV [81, 82])
times branching ratio and accounted for phase space selection
e�ciencies as well as the dominant qq̄ ! 4` background.

dodataset containing O(2000) signal events assuming the
true underlying model is the SM.
We treat the normalized posterior likelihood as a prob-

ability density of the extracted true value of �WZ . Given
the observed pseudodataset, we obtain from the posterior
likelihood a p-value that the true value of �WZ is nega-
tive by taking the ratio of the area on the negative side of
zero (shaded in turquoise in Fig. 3) to the total area. For
each p-value we define a corresponding ‘e↵ective’ � by
how much of the tail we have to integrate a (normalized)
gaussian to get an equivalent area of p and converting
that distance into an e↵ective �. This procedure is then
repeated over many pseudodatasets giving a distribution
of e↵ective �’s which represent the probability that the
sign of �WZ is negative.
In Fig. 4 we show the distribution of e↵ective �’s for

two separate cases. A negative value for the e↵ective �
indicates that the peak of the likelihood is on the nega-
tive side of �WZ (as is the case for a custodial fiveplet)
whereas a positive value represents a distribution cen-
tered on the positive side (as for a custodial singlet). The
dot in each case indicates the median value, and the col-
ored bands represent the central 68.3% interval of the dis-
tribution of e↵ective �’s. In purple we show the SM while

Y. Chen,  J. Lykken, M. Spiropulu, DS, 
R. Vega-Morales, [arXiv:1608.02159], 
accepted to PRL.
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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.
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FIG. 5. Probability of mistaking a Standard Model Higgs
(custodial singlet) for a custodial fiveplet or vice versa. For
these curves we utilize ‘CMS-like’ phase space cuts (red) and
‘Loose’ phase space cuts (blue and green) as discussed in
text. In the green curve the top Yukawa couplings are fixed to
their true values. In the red and blue curves the top Yukawa
coupling is again treated as a nuisance parameter and inte-
grated over as in Fig. 4. Again we have assumed SM produc-
tion (gg ! h plus VBF at 13 TeV [81, 82]) times branching
ratio. Since there are small (sub percent) di↵erences in selec-
tion e�ciencies between the singlet and fiveplet, we plot an
‘approximate’ NS along with luminosity.

Sensitivity to |�WZ | at LHC and beyond

Using the parameter extraction methods developed
in [21–24] we examine more generally the sensitivity to
|�WZ | as a function of the amount of data. For this anal-
ysis we follow very closely the procedure based on a max-
imization of the likelihood which is described in [24] to
which we refer the reader for more details.

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

�(�WZ) =

r
⇡

2
h|�̂WZ � �̄WZ |i, (7)

where �̂WZ is the value of the best fit parameter point
obtained by maximization of the likelihood with re-
spect to �WZ . Here �̄WZ represents the ‘true’ value
with which our data sets are generated utilizing a Mad-
Graph5 aMC@NLO [76] implementation of the e↵ective
hV V couplings [20, 21]. The average error is then found
by conducting a large number of pseudoexperiments for
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FIG. 6. Sensitivity curves for the ‘average error’ �(�WZ) de-
fined in Eq. (7) versus the number of signal events (bottom
axis) and luminosity ⇥ e�ciency (top axis) for which we as-
sume SM production (gg ! h plus VBF at 13 TeV [81, 82])
times branching ratio. We also show a second luminosity
axis assuming the nominal e�ciency (⇠ 30%) for the Loose
cuts discussed in text. In all cases we fit to a ‘true’ point
of �WZ = 1 as found in the SM and include the dominant
qq̄ ! 4` background. See text for more information.

a given number of (expected) events8 and obtaining a
distribution for �̂WZ . This distribution will be centered
around some average value with a width that is then
translated into our average error as in Eq. (7). This defi-
nition converges to the usual gaussian interpretation of a
� when the distribution of �̂WZ is perfectly gaussian. We
repeat this procedure for a range of number of signal
events to obtain �(�WZ) as a function of NS .
We show in Fig. 6 sensitivity curves for �(�WZ) as

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

8 Each dataset varies in size according to a poisson distribution
with mean at the expected number of events for each of the four
components (2e2µ and 4e/4µ for signal and background).

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



DANIEL STOLARSKI     November 22, 2016      University of Toronto Seminar

TRIPLE HIGGS COUPLING

46

Work in progress. 

3

h

Z

Z

V1

V2

h

W

V1

V2

h

t

FIG
.2.Relevantcontributionsto

thehV
V
e↵ectivecouplingsm

ediating
Higgsto

fourlepton
decaysasshown

in
Fig.1.O

n
the

leftisthe
tree-levelcontribution

m
ediated

by
the

Z
boson

pairs,while
in
the

m
iddle

and
rightare

exam
ple

one-loop
diagram

s

m
ediated

by
the

W
boson

and
top

quark,respectively.

ing
Z
and

Higgs
bosons

[56–58].The
already

weak
sen-

sitivity
to
these

hZ
Z
e↵ectivecouplingsm

akesdisentan-

gling
the

contributionsinvolving
gZ

and
gW

from
other

loop
contributions

to
these

couplings
di�

cult.W
e
will

therefore
sim

ply
m
odelthese

loop
e↵ectswith

the
cZ

ef-

fective
coupling

2in
Eq.(4)

and
treat

it
as
a
nuisance

param
eterin

ourstatisticalanalysisof�W
Z
.Aswasthe

case
for

the
top

Yukawa
[24]and

willbe
shown

below,

once
su�

cient
statistics

are
obtained,the

sensitivity
to

�W
Z
is
negligibly

a↵ected
by

whether
or
not

we
allow

these
Z
Z
e↵ective

couplings
to
vary.Thus,as

was
also

the
case

forthe
top

Yukawa
[24],the

sensitivity
to
�W

Z

is
dom

inated
by

the
contributions

entering
via

cZ
�
and

especially
c�
in
Eq.(4).

Unlike
the

top
Yukawa

couplings,the
tree

levelcou-

pling
gW

willalsoenterinto
otherone-loop

diagram
s[56,

57]involving
the

W
boson

thatcannotbeparam
eterized

by
the

operators
of
the

type
in
Eq.(4),

such
as
pen-

tagon
diagram

s
with

photons
connecting

the
final-state

leptonsoram
plitudesinvolving

box
diagram

s.Thereare

also
realphoton

em
ission

e↵ectsin
h!

4`[56–58]which

can
be

non-negligible
in
certain

regions
ofphase

space,

butwhich
can

also
be
included

[55].The
key

pointhow-

everisthat,in
addition

to
being

suppressed
overm

ostof

the
phase

space
[55],these

correctionsdo
notcontribute

atoneloop
to
the

Z
�
or��

e↵ectivecouplingsin
Eq.(4)

to
which

we
are

m
ost

sensitive
in
h!

4`
[22,23].W

e

thusneglectthem
in
thisprelim

inarystudy,butincluding

them
m
ay
furtheraid

in
sensitivity

and
a
detailed

inves-

tigation
oftheir

e↵ects
willbe

worthwhile
once

enough

data
isobtained

forhigherprecision
m
easurem

ents.

After
the

W
and

top
loops,

the
next

largest
contri-

bution
to
the

e↵ective
Z
�
and

��
couplingscom

esfrom

thebottom
quark

contribution.Thise↵ectissuppressed

by⇠
(m

b/m
t)
2in

the
m
atrix

elem
ent

relative
to

the

top
contribution,which

is
itselfsubdom

inant
to
the

W

loop.
Thus,

to
a
su�

ciently
good

approxim
ation,

the

Z
�
and

��
e↵ective

couplings
o

n

l

y

receive
contributions

at
this

order
from

the
W

boson
and

top
quark

loops

in
Fig.2.Furtherm

ore,in
thelim

itofnegligibleloop
m
o-

2W
e
have

also
included

the
additionale↵ective

Z
Z
couplings

(in-

cluding
C
P
odd

ones)
considered

in
[23],but

as
they

have
only

a
sm
alle↵ect

on
our

results
w
e
do

not
discuss

them
explicitly.

m
entum

e↵ects
in
which

we
work,these

are
given

sim
-

ply
by

the
e↵ective

couplings
which

controlHiggs
de-

cays
to
o

n

-

s

h

e

l

l

��
and

Z
�
pairs.These

one-loop
con-

tributionshave
been

com
puted

for
h!

Z
�
[59,60]and

h!
��

[61,62](includingpseudoscalarcouplings[63]for

the
top)and

can
be

straightforwardly
incorporated

[24]

into
the

analytic
expressionsforthe

h!
4`
fully

di↵er-

entialcross
section

com
puted

in
[20,21].W

ith
this

we

can
go

on
to
perform

various
statisticaltests

to
assess

the
possibility

ofprobing
�W

Z
in
h!

4`
decays.M

ore

detailsofthisim
plem

entation
can

be
found

in
[24].

C
om

m
ents

on
top

Y
ukaw

a
sector

As
has

been
discussed,

though
we

are
probing

�W
Z

through
the

loop
generated

hZ
�
and

h��
e↵ective

cou-

plings,
there

is
generically

also
a
top

quark
contribu-

tion.
W
hen

attem
pting

to
establish

�W
Z
,
we

can
as-

sessthe
sensitivity

given
specific

assum
ptionsaboutthe

top
Yukawa

couplings.Ideally
however,we

would
like

to

probe
�W

Z
and,in

particular,establish
its

overallsign

independently
ofthe

top
Yukawa

sector.

The
top

quark
couplings

to
the

Higgs
can

be

param
etrized

generically
with

the
operators,

Lt�
m

t

v
ht̄(yt+

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

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

mediated by the W boson and top quark, respectively.ing Z and Higgs bosons [56–58]. The already weak sen-

sitivity to these hZZ e↵ective couplings makes disentan-

gling the contributions involving gZ and gW from other

loop contributions to these couplings di�cult. We will

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

fective coupling2 in Eq. (4) and treat it as a nuisance

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

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

once su�cient statistics are obtained, the sensitivity to

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

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

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

is dominated by the contributions entering via cZ� and

especially c� in Eq. (4).Unlike the top Yukawa couplings, the tree level cou-

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

57] involving the W boson that cannot be parameterized

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

tagon diagrams with photons connecting the final-state

leptons or amplitudes involving box diagrams. There are

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

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

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

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

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

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

to which we are most sensitive in h ! 4` [22, 23]. We

thus neglect them in this preliminary study, but including

them may further aid in sensitivity and a detailed inves-

tigation of their e↵ects will be worthwhile once enough

data is obtained for higher precision measurements.

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

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

the bottom quark contribution. This e↵ect is suppressed

by ⇠ (mb/mt)2 in the matrix element relative to the

top contribution, which is itself subdominant to the W

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

Z� and �� e↵ective couplings
o

n

l

y receive contributions

at this order from the W boson and top quark loops

in Fig. 2. Furthermore, in the limit of negligible loop mo-
2 We have also included the additional e↵ective ZZ couplings (in-

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

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

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

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

cays to
o

n

-

s

h

e

l

l �� and Z� pairs. These one-loop con-

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

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

the top) and can be straightforwardly incorporated [24]

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

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

can go on to perform various statistical tests to assess

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

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

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

plings, there is generically also a top quark contribu-

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

sess the sensitivity given specific assumptions about the

top Yukawa couplings. Ideally however, we would like to

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

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

parametrized generically with the operators,Lt � mt

v
ht̄(yt + iỹt�5)t,

(5)
where both CP even (yt) and CP odd couplings (ỹt) are

present and can in principle be positive or negative. The

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

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

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

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

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

though we include CP odd couplings as nuisance param-

eters in our statistical analysis, we do not discuss them

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

The CP even Yukawa coupling yt on the other hand

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

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

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

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

our statistical analysis of �WZ is crucial for assessing

the ability to test custodial symmetry in a model inde-

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

t �
5
)t,

(5)

w
h
ere

b
oth

C
P
even

(y
t )
an

d
C
P
od

d
cou

p
lin

gs
(ỹ
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ou

r
re-

su
lts

for
th
e
sen

sitivity
to

�
W

Z
.
T
h
is
is
b
ecau

se
it
enters

on
ly

into
th
e
C
P

od
d
h
V
�
e↵
ective

cou
p
lin

gs
w
h
ich

,
as

d
iscu

ssed
,
are

w
eakly

correlated
w
ith

th
e
C
P
even

e↵
ec-

tive
cou

p
lin

gs
(see

E
q. (4))

into
w
h
ich

�
W

Z
enters. T

hu
s,

th
ou

gh
w
e
in
clu

d
e
C
P
od

d
cou

p
lin

gs
as

nu
isan

ce
p
aram

-

eters
in

ou
r
statistical

an
alysis,

w
e
d
o
n
ot

d
iscu

ss
th
em

fu
rth

er
h
ere,

b
u
t
see

[24]
for

a
d
etailed

d
iscu

ssion
.

T
h
e
C
P

even
Y
u
kaw

a
cou

p
lin

g
y
t
on

th
e
oth

er
h
an

d

d
oes

enter
into

th
e
sam

e
C
P

even
h
V
V

e↵
ective

cou
-

p
lin

gs
in

E
q.

(4)
an

d
is

th
erefore

h
igh

ly
correlated

w
ith

�
W

Z
.
T
hu

s,
th
ou

gh
w
e
are

n
ot

assessin
g
th
e
sen

sitivity

to
th
e
top

Y
u
kaw

a
sector

[24],
h
ow

it
is

treated
d
u
rin

g

ou
r
statistical

an
alysis

of
�
W

Z
is

cru
cial

for
assessin

g

th
e
ab

ility
to

test
cu
stod

ial
sym

m
etry

in
a
m
od

el
in
d
e-

p
en
d
ent

w
ay

u
sin

g
h

!
4`

d
ecays.

A
fter

in
p
u
tin

g
th
e

Z/�
h h

h

Z/�

Z/�

3

h

Z

Z

V1

V2

h
W

V1

V2

h
t

F
IG

.2.
R
elevant

contributions
to

the
hV

V
e↵ective

couplings
m
ediating

H
iggs

to
four

lepton
decays

as
show

n
in

F
ig.1.O

n
the

left
is
the

tree-level
contribution

m
ediated

by
the

Z
boson

pairs,
w
hile

in
the

m
iddle

and
right

are
exam

ple
one-loop

diagram
s

m
ediated

by
the

W
boson

and
top

quark,
respectively.

ing
Z
and

H
iggs

bosons
[56–58].

T
he

already
w
eak

sen-

sitivity
to

these
h
Z
Z
e↵ective

couplings
m
akes

disentan-

gling
the

contributions
involving

gZ
and

gW
from

other

loop
contributions

to
these

couplings
di�

cult.
W
e
w
ill

therefore
sim

ply
m
odel

these
loop

e↵ects
w
ith

the
cZ

ef-

fective
coupling

2
in

E
q.

(4)
and

treat
it
as

a
nuisance

param
eter

in
our

statisticalanalysis
of
�
W

Z
.A

s
w
as

the

case
for

the
top

Y
ukaw

a
[24]

and
w
ill

be
show

n
below

,

once
su�

cient
statistics

are
obtained,

the
sensitivity

to

�
W

Z
is
negligibly

a↵ected
by

w
hether

or
not

w
e
allow

these
Z
Z

e↵ective
couplings

to
vary.

T
hus,

as
w
as

also

the
case

for
the

top
Y
ukaw

a
[24],

the
sensitivity

to
�
W

Z

is
dom

inated
by

the
contributions

entering
via

cZ
�
and

especially
c�

in
E
q.

(4).

U
nlike

the
top

Y
ukaw

a
couplings,

the
tree

level
cou-

pling
gW

w
illalso

enter
into

other
one-loop

diagram
s
[56,

57]involving
the

W
boson

that
cannot

be
param

eterized

by
the

operators
of

the
type

in
E
q.

(4),
such

as
pen-

tagon
diagram

s
w
ith

photons
connecting

the
final-state

leptons
or

am
plitudes

involving
box

diagram
s.T

here
are

also
realphoton

em
ission

e↵ects
in
h!

4`
[56–58]w

hich

can
be

non-negligible
in

certain
regions

of
phase

space,

but
w
hich

can
also

be
included

[55].
T
he

key
point

how
-

ever
is
that,in

addition
to

being
suppressed

over
m
ost

of

the
phase

space
[55],

these
corrections

do
not

contribute

at
one

loop
to

the
Z
�
or

�
�
e↵ective

couplings
in
E
q.(4)

to
w
hich

w
e
are

m
ost

sensitive
in

h
!

4`
[22,

23].
W
e

thus
neglect

them
in
this

prelim
inary

study,but
including

them
m
ay

further
aid

in
sensitivity

and
a
detailed

inves-

tigation
of

their
e↵ects

w
ill

be
w
orthw

hile
once

enough

data
is
obtained

for
higher

precision
m
easurem

ents.

A
fter

the
W

and
top

loops,
the

next
largest

contri-

bution
to

the
e↵ective

Z
�
and

�
�
couplings

com
es

from

the
bottom

quark
contribution.T

his
e↵ect

is
suppressed

by
⇠

(m
b/m

t)
2
in

the
m
atrix

elem
ent

relative
to

the

top
contribution,

w
hich

is
itself

subdom
inant

to
the

W

loop.
T
hus,

to
a
su�

ciently
good

approxim
ation,

the

Z
�
and

�
�
e↵ective

couplings
o

n

l

y

receive
contributions

at
this

order
from

the
W

boson
and

top
quark

loops

in
F
ig.2.Furtherm

ore,in
the

lim
it
ofnegligible

loop
m
o-

2
W
e
h
ave

also
in
clu

d
ed

th
e
ad
d
ition

al
e↵
ective

Z
Z
cou

p
lin

gs
(in

-

clu
d
in
g
C
P
od

d
on
es)

con
sid

ered
in

[23],
b
u
t
as

th
ey

h
ave

on
ly

a
sm

all
e↵
ect

on
ou
r
resu

lts
w
e
d
o
n
ot

d
iscu

ss
th
em

exp
licitly.

m
entum

e↵ects
in

w
hich

w
e
w
ork,

these
are

given
sim

-

ply
by

the
e↵ective

couplings
w
hich

control
H
iggs

de-

cays
to

o

n

-

s

h

e

l

l

�
�
and

Z
�
pairs.

T
hese

one-loop
con-

tributions
have

been
com

puted
for

h!
Z
�
[59,

60]
and

h!
�
�
[61,62](including

pseudoscalar
couplings

[63]for

the
top)

and
can

be
straightforw

ardly
incorporated

[24]

into
the

analytic
expressions

for
the

h!
4`

fully
di↵er-

ential
cross

section
com

puted
in

[20,
21].

W
ith

this
w
e

can
go

on
to

perform
various

statistical
tests

to
assess

the
possibility

of
probing

�
W

Z
in

h!
4`

decays.
M
ore

details
of

this
im
plem

entation
can

be
found

in
[24].

C
om

m
en

ts
on

top
Y
u
kaw

a
sector

A
s
has

been
discussed,

though
w
e
are

probing
�
W

Z

through
the

loop
generated

h
Z
�
and

h
�
�
e↵ective

cou-

plings,
there

is
generically

also
a
top

quark
contribu-

tion.
W
hen

attem
pting

to
establish

�
W

Z
,
w
e
can

as-

sess
the

sensitivity
given

specific
assum

ptions
about

the

top
Y
ukaw

a
couplings.

Ideally
how

ever,
w
e
w
ould

like
to

probe
�
W

Z
and,

in
particular,

establish
its

overall
sign

independently
of

the
top

Y
ukaw

a
sector.

T
he

top
quark

couplings
to

the
H
iggs

can
be

param
etrized

generically
w
ith

the
operators,

L
t�

m
t

v
h
t̄(yt

+
iỹt�

5)t,

(5)

w
here

both
C
P
even

(yt)
and

C
P
odd

couplings
(ỹt)

are

present
and

can
in

principle
be

positive
or

negative.T
he

presence
of

ỹt
how

ever,
w
ill

have
little

e↵ect
on

our
re-

sults
for

the
sensitivity

to
�
W

Z
.T

his
is
because

it
enters

only
into

the
C
P
odd

h
V
�
e↵ective

couplings
w
hich,

as

discussed,
are

w
eakly

correlated
w
ith

the
C
P
even

e↵ec-

tive
couplings

(see
E
q.(4))

into
w
hich

�
W

Z
enters.T

hus,

though
w
e
include

C
P
odd

couplings
as

nuisance
param

-

eters
in

our
statistical

analysis,
w
e
do

not
discuss

them

further
here,

but
see

[24]
for

a
detailed

discussion.

T
he

C
P
even

Y
ukaw

a
coupling

yt
on

the
other

hand

does
enter

into
the

sam
e
C
P

even
h
V
V

e↵ective
cou-

plings
in

E
q.

(4)
and

is
therefore

highly
correlated

w
ith

�
W

Z
.
T
hus,

though
w
e
are

not
assessing

the
sensitivity

to
the

top
Y
ukaw

a
sector

[24],
how

it
is
treated

during

our
statistical

analysis
of

�
W

Z
is

crucial
for

assessing

the
ability

to
test

custodial
sym

m
etry

in
a
m
odel

inde-

pendent
w
ay

using
h

!
4`

decays.
A
fter

inputing
the

3

h
Z

Z
V1

V2

h W

V1

V2

h t

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

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

mediated by the W
boson and top quark, respectively.

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

sitivity to these hZZ e↵ective couplings makes disentan-

gling the contributions involving gZ and gW from other

loop contributions to these couplings di�cult. We will

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

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

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

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

once su�cient statistics are obtained, the sensitivity to

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

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

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

is dominated by the contributions entering via cZ� and

especially c� in Eq. (4).

Unlike the top Yukawa couplings, the tree level cou-

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

57] involving the W boson that cannot be parameterized

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

tagon diagrams with photons connecting the final-state

leptons or amplitudes involving box diagrams. There are

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

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

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

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

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

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

to which we are most sensitive in h !
4` [22, 23]. We

thus neglect them in this preliminary study, but including

them may further aid in sensitivity and a detailed inves-

tigation of their e↵ects will be worthwhile once enough

data is obtained for higher precision measurements.

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

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

the bottom quark contribution. This e↵ect is suppressed

by ⇠ (m
b/m

t) 2 in the matrix element relative to the

top contribution, which is itself subdominant to the W

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

Z� and �� e↵ective couplings
o

n

l

y receive contributions

at this order from the W
boson and top quark loops

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

2
We have also included the additional e↵ective ZZ couplings (in-

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

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

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

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

cays to
o

n

-

s

h

e

l

l �� and Z� pairs. These one-loop con-

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

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

the top) and can be straightforwardly incorporated [24]

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

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

can go on to perform various statistical tests to assess

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

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

Comments on top Yukawa sector

As has been discussed, though we are probing �WZ

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

plings, there is generically also a top quark contribu-

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

sess the sensitivity given specific assumptions about the

top Yukawa couplings. Ideally however, we would like to

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

independently of the top Yukawa sector.

The top quark couplings to the Higgs can be

parametrized generically with the operators,

L
t � m

t
v ht̄(yt + iỹt� 5

)t,

(5)

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

present and can in principle be positive or negative. The

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

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

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

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

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

though we include CP odd couplings as nuisance param-

eters in our statistical analysis, we do not discuss them

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

The CP even Yukawa coupling yt on the other hand

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

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

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

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

our statistical analysis of �WZ is crucial for assessing

the ability to test custodial symmetry in a model inde-

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

h

h

h

Z/�

Z/�

Triple Higgs coupling also comes into NLO 
corrections.  

Only contributes when Z’s are in final state. 
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ACCESS HIGGS POTENTIAL

47

Currently we have no 
information about Higgs 
potential. 

SM uses Mexican hat, but 
no direct evidence for that. 

Triple Higgs coupling is 
first place to access 
potential. 
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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

Traditional way to measure 
triple Higgs coupling is via 
di-Higgs production. 

Cross section is quite small.
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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

As can be inferred from the figure and also seen in Table 1 the largest cross section is
given by the gluon fusion channel which is one order of magnitude larger than the vector
boson fusion cross section. All processes are ∼ 1000 times smaller than the corresponding
single Higgs production channels, implying that high luminosities are required to probe
the Higgs pair production channels at the LHC.

√
s [TeV] σNLO

gg→HH [fb] σNLO
qq′→HHqq′ [fb] σNNLO

qq̄′→WHH [fb] σNNLO
qq̄→ZHH [fb] σLO

qq̄/gg→tt̄HH [fb]

8 8.16 0.49 0.21 0.14 0.21

14 33.89 2.01 0.57 0.42 1.02

33 207.29 12.05 1.99 1.68 7.91

100 1417.83 79.55 8.00 8.27 77.82

Table 1: The total Higgs pair production cross sections in the main channels at the LHC
(in fb) for given c.m. energies (in TeV) with MH = 125 GeV. The central scales which
have been used are described in the text.

3.1 Theoretical uncertainties in the gluon channel

3.1.1 Theoretical uncertainty due to missing higher order corrections

The large K–factor for this process of about 1.5 − 2 depending on the c.m. energy
shows that the inclusion of higher order corrections is essential. An estimate on the size
of the uncertainties due to the missing higher order corrections can be obtained by a
variation of the factorization and renormalization scales of this process. In analogy to
single Higgs production studies [35,37] we have estimated the error due to missing higher
order corrections by varying µR, µF in the interval

1

2
µ0 ≤ µR = µF ≤ 2µ0 . (21)

As can be seen in Fig. 8 we find sizeable scale uncertainties ∆µ of order ∼ +20%/−17%
at 8 TeV down to +12%/−10% at 100 TeV. Compared to the single Higgs production
case the scale uncertainty is twice as large [35,37]. However, this should not be a surprise
as there are NNLO QCD corrections available for the top loop (in a heavy top mass
expansion) in the process gg → H while they are unknown for the process gg → HH .

3.1.2 The PDF and αS errors

The parametrization of the parton distribution functions is another source of theoretical
uncertainty. First there are pure theoretical uncertainties coming from the assumptions
made on the parametrization, e.g. the choice of the parametrization, the set of input
parameters used, etc. Such uncertainties are rather difficult to quantify. A possibility
might be to compare different parameter sets, such as MSTW [54], CT10 [55], ABM11 [56],
GJR08 [57], HERA 1.5 [58] and NNPDF 2.3 [59]. This is exemplified in Fig. 9 where
the predictions using the six previous PDF sets are displayed. As can be seen there
are large discrepancies over the whole considered c.m. energy range. At low energies
the smallest prediction comes from ABM11 which is ∼ 22% smaller than the prediction

14

Baglio, et. al. [arXiv:1212.5581].
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LHC PROSPECTS
Preliminary studies by experiments show that 
measurement is very difficult even 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
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Limit Setting

> Based on these results, we should be able to exclude values of the self-
coupling strength larger than 8.7xSM, and smaller than -1.3xSM
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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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OTHER LOOP PROCESSES
Triple Higgs coupling appears in many loop processes 
including Higgs production and Higgs decay to photons.
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Figure 1. Example of a 2-loop diagram with an insertion of the effective operator O6 that
contributes to the gg ! h amplitude at O(�).

to take the infinite quark-mass limit. In such a case, one arrives at the classic Shifman-
Vainshtein-Zakharov result c(0)g = 1/12 ' 0.083 derived first in [41].

The O(�) correction to the coefficient cg arises from both 2-loop Feynman diagrams
and 1-loop counterterm graphs involving a Higgs wave function renormalisation. To find the
former type of contribution, we apply EFT techniques (see for instance [42] for a non-trivial
application to Higgs production) and employ a hard-mass expansion procedure ⌧t ! 1 to
the full 2-loop diagrams involving a top-quark loop and a h3 vertex that arises from the
insertion of O6. A prototype graph of such a contribution is shown in Figure 1. After
setting mh = 0 and Taylor expanding in the external momenta, this technique reduces the
calculation to the evaluation of 2-loop vacuum bubbles with a single mass scale, which can
all be expressed in terms of Gamma functions (cf. [38]).

The correction proportional to the O(�) contribution to the Higgs wave function renor-
malisation constant

Zh = 1 +
�

(4⇡)2
Z(1)
h , (4.4)

is instead found from the 1-loop Higgs-boson selfenergy with one and two insertions of O6.
By a straightforward calculation, we obtain the analytic result

Z(1)
h =

⇣
9� 2

p
3⇡

⌘
c̄6 (c̄6 + 2) . (4.5)

Combining both contributions, we arrive at

c(1)g = � 1

12

✓
1

4
+ 3 ln

µ2
w

m2
t

◆
c̄6 +

Z(1)
h

2
c(0)g , (4.6)

with c(0)g given in (4.2). As a powerful cross-check of our calculation, we have extracted
the O(�) correction to the coefficient cg arising from 2-loop diagrams by matching in ad-
dition the gg ! 2h and gg ! 3h Green’s functions, obtaining in all three cases the exact
same result. Details on the renormalisation of the bare 2-loop gg ! h amplitude can be
found in Appendix C. Given the good convergence of the infinite quark-mass expansion
in the case of c(0)g , we believe that our analytic expression (4.6) should approximate the
full O(�) correction to the on-shell 2-loop form factor quite well. To make this statement
more precise would require an explicit calculation of the relevant gg ! h amplitudes that

– 6 –
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Figure 2: Structure of the �SM
3 -dependent part inM1

�SM

3

for processes involv-

ing massive vector bosons in the final or in the intermediate states (VBF,
HV and H ! V V ⇤ ! 4f).
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Figure 3: Sample of �SM
3 -dependent diagrams in tt̄H production.

receives contributions from qq̄ ! tt̄H and gg ! tt̄H. Another is VBF,
where both W -boson-fusion and Z-boson-fusion contribute. Moreover, each
subprocess contributes in proportion to the parton distribution weights.

In order to evaluate the C1 coe�cients of the various processes, we gener-
ated the relevant amplitudes using the Mathematica package FeynArts [43].
For all the cases involving only one-loop amplitudes, we computed the cross
sections and decay rates with the help of FormCalc interfaced to Loop-

Tools [44] and we checked the partonic cross sections at specific points
in the phase space with FeynCalc [45, 46]. In processes involving massive
vector bosons in the final or in the intermediate states (VBF, HV and
H ! V V ⇤ ! 4f), the �3-dependent parts in M1

�SM

3

have a common struc-

ture, see Fig. 2. In the case of the tt̄H production the sensitivity to �3 comes
from the one-loop corrections to the tt̄H vertex and from one-loop box and
pentagon diagrams. A sample of diagrams containing these �3-dependent
contributions is shown in Fig. 3.

The presence of not only triangles but also boxes and pentagons in the
case of tt̄H production provides an intuitive explanation of why the �3 con-
tributions cannot be captured by a local rescaling of the type that a standard
-framework would assume for the top-Higgs coupling. Similarly, not all the
contributions given by the corrections to the HV V vertex can be described
by a scalar modification of its SM value via a V factor, due to the di↵erent
Lorentz structure at one loop and at the tree level.

The computation of �(gg ! H), the related �(H ! gg), and of �(H !
��) is much more challenging and deserves a more detailed discussion. These

12
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Figure 5: Diagrams contributing to the C1 coe�cient in �(H ! ��). The
diagrams in the second row have multiplicity 2.

the opposite. Because some of the vertices that arise from the gauge-fixing
function contain a ⇠ factor, this exchange is not always an allowed operation
and in order to check the correctness of our approach we recomputed1 the
full two-loop EW corrections to �(H ! ��) in the unitary gauge. The
corrections were computed as in Ref. [51] via a Taylor expansion in the
parameters q2/(4m2

t ), q
2/(4m2

W ), q2/(4m2
H) up to and including O(q6/m6)

terms finding perfect agreement with the result of Ref. [51].
Once we verified that in the SM the calculation in the unitary gauge

is equivalent to the one in a R⇠ gauge, the coe�cient C1 is obtained eval-
uating the diagrams in the unitary gauge that contain one trilinear Higgs
interaction. The latter amounts to add to the contribution of the diagrams
in Fig. 4, with the gluons replaced by photons, the contribution of the dia-
grams in Fig. 5. The result is presented in Appendix B. We would like to
remark that the sum of the diagrams in Fig. 5 is finite in the unitary gauge
but it is not finite in a generic R⇠ gauge.

4 Results

In this section we discuss the numerical impact of the �3-dependent contri-
butions on the most important observables in single Higgs production and
decay at the LHC. We begin by listing and commenting the size of the C1

and C2 factors in Eq. (7), which parametrise the �3-dependent contributions.

1To our knowledge this is the first-ever two-loop computation of a physical observable
performed in the unitary gauge.

14

Gorbahn and Haisch [arXiv:1607.03773]. Degrassi et.al. [arXiv:1607.04521].
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OTHER LOOP PROCESSES
Constraints are similar(ly bad).
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Figure 8: Left: �2 for the di↵erent sets of observables presented in Tab. 5:
the dotted red line represents P1, the solid black line P2, the dashed magenta
line P3, and the blue dash-dotted line P4. The two horizontal lines represent
��2 = 1 and ��2 = 3.84. Right: corresponding p-value. The various Pn

data sets are colour-coded in the same way. The horizontal line is p = 0.05.

For the future scenarios (Fn), we consider

• F1: “CMS-II” (300 fb�1),

• F2: “CMS-HL-II” (3000 fb�1),

as presented in Tab. 1 of Ref. [9]. A summary of the sets of data used in
each fit is presented in Tab. 5.

As shown in Fig. 8, we identify the 1� and 2� intervals assuming a �2

distribution. Following this procedure and using the gluon-gluon-fusion and
VBF data from Tab. 8 of Ref. [5] (scenario P2 in Tab. 5) we obtain

best� = �0.24 , 1�� = [�5.6, 11.2] , 2�� = [�9.4, 17.0] , (19)

where the best� is the best value and 1�� , 2�� are respectively the 1� and
2� intervals. The choice of P2 as reference set is motivated by the measured
significance for the di↵erent production processes, which in the 8 TeV anal-
yses is above 5� only for ggF and VBF (see Tab. 14 in Ref. [5]). Moreover,
P2 returns the most stringent values for 1�� and 2�� . The other data sets
presented in Tab. 5 are reported in Fig. 8. Notice how the minimum of the
distribution in the figure jumps to ⇠ 10 when the tt̄H production channel
is included. This e↵ect originates from the anomalous values presented in
Ref. [5] for µ̄f

tt̄H
, especially with f = WW . Similarly, the low compatibility

of µ̄f
V H with SM predictions is the reason behind larger 1�� and 2�� intervals

in P3.
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Figure 9: In the left and right plots, respectively �2(�) and p-value(�) for
“CMS-II” (solid black line) and “CMS-HL-II” (blue dashed line)

In order to ascertain the goodness of our fit, we computed the p-value
as a function of �:

p-value(�) = 1� F�2

(n)

(�2(�)) , (20)

where F�2

(n)

(�2(�)) is the cumulative distribution function for a �2 distri-

bution with n degrees of freedom, computed at �2(�). In the right-hand
side of Fig. 8 we report the p-value(�) corresponding to di↵erent data sets.
Requiring that p > 0.05, we are able to exclude, at more than 2�, that a
model with an anomalous coupling � < �14.3 can explain the data in P2.

We repeat the same procedure for ATLAS and CMS at 300 fb�1 and
3000 fb�1, using the uncertainties reported in Tab. 1 of [9] and, as a first
step, assuming that the central value of the measurements in every channel
coincides with the predictions of the SM. In Fig. 9 we report the two cases
“CMS-II” (300 fb�1) and “CMS-HL-II” (3000 fb�1).

Within this approach, best values are by definition: best� = 1. For the
1� and 2� intervals, and for the region where the p-value is larger than 0.05,
we find that the “CMS-II” (300 fb�1) case gives

1�� = [�1.8, 7.3] , 2�� = [�3.5, 9.6] , p>0.05
� = [�6.7, 13.8] , (21)

while for the “CMS-HL-II” (3000 fb�1) we obtain

1�� = [�0.7, 4.2] , 2�� = [�2.0, 6.8] , p>0.05
� = [�4.1, 9.8] . (22)

This simplified approach provides a first (rough) idea of the typical intervals
that can be expected. A more reliable approach consists of considering, still
within the SM assumption, all the possible central values that could be mea-
sured. To this aim, we produce a collection of pseudo-measurements {µ̄f

i },

23

Current data Future projections
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WHY CLIMB EVEREST?
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“Because it’s there…The 
answer is instinctive, a 
part, I suppose, of man’s 
desire to conquer the 
universe.”  
— George Mallory, 1923 
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WHY STUDY THE HIGGS?
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“Because it’s there…The 
answer is instinctive, a 
part, I suppose, of man’s 
desire to conquer the 
universe.”  
— George Mallory, 1923 
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HIERARCHY PROBLEM

56

SM Higgs has a hierarchy 
problem.  

Quantum correction make 
Higgs mass sensitive to 
high scale physics. 

relatively light charginos and neutralinos in the superpartner spectrum. (Of course, after

EWSB, these physical states may also contain admixtures of electroweak gauginos.)

hu hut hu hu

t̃

FIG. 1. Higgs mass corrections

Next, we turn to quantum loops. We assume that q̃L, t̃R have approximately the same

mass, mt̃, for simplicity, and we also neglect the µ and A-terms. We work pre-EWSB since we

are concerned with sensitivity to parametrically higher scales. By evaluating the diagrams

in figure 1, we find that the m2
hu

parameter receives the following correction:

δm2
hu

= −
3y2t
4π2

m2
t̃ ln

(

ΛUV

mt̃

)

(5)

Naturalness therefore requires, very roughly,

mt̃ ! 400GeV. (6)

There are also electroweak gauge/gaugino/Higgsino one-loop contributions to Higgs mass-

squared. Again, working before electroweak symmetry breaking (gaugino-Higgsino mixing)

and just looking at the stronger SU(2)L coupling, the Higgs self-energy diagrams are in

figure 2.
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FIG. 2. Higgs mass correction

The Higgs mass correction is then given by

δm2
hu

=
3g2

8π2
(m2

W̃
+m2

h̃
) ln

ΛUV

mW̃

. (7)
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Electron has classical self energy.

Eself ⇠
1

4⇡✏0

e2

re
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HISTORICAL ANALOGY

58

Electron has classical self energy.

Eself ⇠
1

4⇡✏0

e2

re
e�

Energy (mass) is sensitive to short distance (high energy).

Problem if electron is pointlike, begins to be an issue  
for r ~ 4 fm, well above current maximum size.

me c
2 ⇠ m0 c

2 + Eself
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HISTORICAL ANALOGY
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e�
e+
e�

e+ e�

e�
e+

At high energy, start to see  
electron-positron pairs.

Only log-sensitive to actual radius.

New particle (positron) comes in  
and saves separation of scales.

Eself ⇠
e2

4⇡✏0

mec

~ log

⇣mec re
~

⌘
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HIGGS SELF ENERGY
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Higgs self-energy sensitive to high energy scale.

Eself ⇠
y

2⇡
⇤

relatively light charginos and neutralinos in the superpartner spectrum. (Of course, after

EWSB, these physical states may also contain admixtures of electroweak gauginos.)

hu hut hu hu

t̃

FIG. 1. Higgs mass corrections

Next, we turn to quantum loops. We assume that q̃L, t̃R have approximately the same

mass, mt̃, for simplicity, and we also neglect the µ and A-terms. We work pre-EWSB since we

are concerned with sensitivity to parametrically higher scales. By evaluating the diagrams
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Naturalness therefore requires, very roughly,

mt̃ ! 400GeV. (6)

There are also electroweak gauge/gaugino/Higgsino one-loop contributions to Higgs mass-

squared. Again, working before electroweak symmetry breaking (gaugino-Higgsino mixing)

and just looking at the stronger SU(2)L coupling, the Higgs self-energy diagrams are in
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Higgs self-energy sensitive to high energy scale.
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High energy 
scale

15,270,932,974,520,497,610,934,762,105,716  
- 15,270,932,974,520,497,610,934,762,105,714  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Higgs self-energy sensitive to high energy scale.

Standard Model violates decoupling principle: 
hierarchy problem.

Eself ⇠
y

2⇡
⇤

relatively light charginos and neutralinos in the superpartner spectrum. (Of course, after

EWSB, these physical states may also contain admixtures of electroweak gauginos.)
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Next, we turn to quantum loops. We assume that q̃L, t̃R have approximately the same

mass, mt̃, for simplicity, and we also neglect the µ and A-terms. We work pre-EWSB since we

are concerned with sensitivity to parametrically higher scales. By evaluating the diagrams

in figure 1, we find that the m2
hu

parameter receives the following correction:
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(5)

Naturalness therefore requires, very roughly,

mt̃ ! 400GeV. (6)

There are also electroweak gauge/gaugino/Higgsino one-loop contributions to Higgs mass-

squared. Again, working before electroweak symmetry breaking (gaugino-Higgsino mixing)

and just looking at the stronger SU(2)L coupling, the Higgs self-energy diagrams are in

figure 2.
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Adding new particles can cancel sensitivity (to a log).

relatively light charginos and neutralinos in the superpartner spectrum. (Of course, after

EWSB, these physical states may also contain admixtures of electroweak gauginos.)

hu hut hu hu

t̃

FIG. 1. Higgs mass corrections

Next, we turn to quantum loops. We assume that q̃L, t̃R have approximately the same

mass, mt̃, for simplicity, and we also neglect the µ and A-terms. We work pre-EWSB since we

are concerned with sensitivity to parametrically higher scales. By evaluating the diagrams

in figure 1, we find that the m2
hu

parameter receives the following correction:

δm2
hu

= −
3y2t
4π2

m2
t̃ ln

(

ΛUV

mt̃

)

(5)

Naturalness therefore requires, very roughly,

mt̃ ! 400GeV. (6)

There are also electroweak gauge/gaugino/Higgsino one-loop contributions to Higgs mass-

squared. Again, working before electroweak symmetry breaking (gaugino-Higgsino mixing)

and just looking at the stronger SU(2)L coupling, the Higgs self-energy diagrams are in

figure 2.

hu hu

h̃u

W̃

W

huhu hu hu hu

W hu

huhu

FIG. 2. Higgs mass correction

The Higgs mass correction is then given by

δm2
hu

=
3g2

8π2
(m2

W̃
+m2

h̃
) ln

ΛUV

mW̃

. (7)

11

Particle has to have same coupling to the Higgs.

Eself ⇠
y

2⇡
mt log(⇤/mt)



DANIEL STOLARSKI     November 22, 2016      University of Toronto Seminar

BSM PHYSICS
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Can use Higgs coupling to stop to directly probe other 
fields that couple to Higgs.

Work in progress.

Z/�

Z/�
t̃

t̃

t̃

Independent of decay, do not have to carry colour. 
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h ! 4`• 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. 

• This can be used to place model-independent bounds 
(or discover) new physics which couples to the Higgs.
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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

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,
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