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Discovery of the Higgs 
completes the 
Standard Model. 

Is it the minimal SM 
Higgs? 

Could it be a window 
to new physics?
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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-Þt! / ! SM for the overall combined analysis (solid vertical line) and
separate combinations grouped by production mode tag, predominant decay mode, or both.
The ! / ! SM ratio denotes the production cross section times the relevant branching fractions,
relative to the SM expectation. The vertical band shows the overall ! / ! SM uncertainty. The
horizontal bars indicate the ± 1 standard deviation uncertainties in the best-Þt ! / ! SM 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 ! "" 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.

Rate measurements agree with the SM at ~20%. 
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FIG. 1: (a) Two decay planes ofZi ! ! i ø! i , i = 1 , 2. The polar angles" i shown are deÞned in the

rest frames of Zi with respect to öki , while the azimuthal angles shown are in fact2# " $1 = " $1

and # " $2. (b) The coordinate system in the CM frame and the deÞnition of the production angle

! .

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

of the two ZÕs system as:

özCM = ök1 , öyCM =
ökq # ök1

|ökq # ök1|
, öxCM = öyCM # özCM =

" ökq + ök1(ökq áök1)

|ökq # ök1|
. (1)

Furthermore, we deÞneZ1 as the rest frame of theZ1 boson by boosting the CM frame

alongök1, while Z2 is obtained by Þrst rotating CM frame with respect to öyCM by ! and then

boosting alongök2. The production angle! and decay angles{ "1, "2, #1, #2} are deÞned 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 Z1,2 frame.

¥ #1,2: azimuthal angle of$1,2 in the Z1,2 frame.

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

three-momenta of$1,2 in the Z1,2 frame can be written as

%p! i in the Z i 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 Þve different variables.

Study                                         

In               ,  conservation of 4-momentum means !
there is no additional information. 

h ! !!

h ! 4e/4! /2e2! : one of the discovery channels.                                      
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HIGGS TO LEPTONS
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Often called                         ,  this is a misnomer.  

Leading order:

h ! ZZ(*)

Study                                         h ! 4e/4! /2e2! : one of the discovery channels.                                      
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FIG. 2. One-loop contributions from top quark (left) and W boson to h ! V1V2 ! 4! (Vi = Z, " ).

After the W and top, the next largest contribution
to the e! ective Z ! and !! couplings comes from the
bottom quark contribution. This e ! ect is suppressed
by ! (mb/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 couplingsonly 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 theZ ! and !! e! ective couplings
in Eq. (1) are only Þrst 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 theZ 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 ÔbackgroundÕ to our top
Yukawa ÔsignalÕ.

Discussion of Signal and ÔBackgroundsÕ

To be more explicit, we can write theh " 4" amplitude
up to one loop as follows,

M 4! = M 0
SM + M 1

EW + M 1
t . (3)

The leading term M 0
SM arises from the tree levelhZZ

coupling,

L 0
SM #

m2
Z

v
hZ µ Zµ , (4)

which is generated during EWSB and is responsible for
giving the Z boson its mass. The second termM 1

EW in-
volves all SM one-loop contributionsindependent of the
top Yukawa, though there are one-loop corrections from
top quark loops to the Z boson propagator for exam-
ple. Finally, M 1

t encodes the one-loop contribution sensi-
tive to the top Yukawa coupling and which enters via the
Þrst diagram in Fig. 2.1 In this work, we will treat M 1

t as

1 There is also a wave function renormalization for the Higgs that
depends on the top Yukawa, but this does not a ! ect kinematic

our signal and Þt for the parameters in Eq. (2), while we
will treat the rest of the matrix element as ÔbackgroundÕ
which we keep Þxed. 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 ÔbackgroundÕ inM 1
EW

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

M 1
EW = øM 1

EW + M V V
EW , (5)

where we have deÞned,

M V V
EW = M ZZ

EW + M Z "
EW + M ""

EW . (6)

These contributions all have the form of Fig. 1 and will
be examined more closely below.

There are many contributions to øM 1
EW , all of which

are computable and can in principle be extracted
from [82, 83]. Some of these one loop contributions can
be absorbed into shifts of the tree level couplings. Others
can be modeled using e! ective operators. There are also
real photon emission e! ects in h " 4" [82Ð84] 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 Þxed when Þtting 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 inh " 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 deÞne the Higgs part of our Ôback-
groundÕ (in contrast to non-Higgs background to be dis-
cussed) as,

M h
BG = M 0

SM + M V V
EW . (7)

This part of the h " 4" amplitude will be treated as Þxed
during the parameter extraction procedure.

As mentioned, our ÔsignalÕ is then the top quark loop
in the Z ! and !! e! ective couplings which we callM Z "

t

shapes at one loop and since we are not using the overall rate in
our likelihood analysis, we can ignore it.

Z/ !

Z/ !

h

Next-to-leading order contributions !
mediated by photon. 
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After the W and top, the next largest contribution
to the e! ective Z ! and !! couplings comes from the
bottom quark contribution. This e ! ect is suppressed
by ! (mb/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 couplingsonly 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 theZ ! and !! e! ective couplings
in Eq. (1) are only Þrst 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 theZ 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 ÔbackgroundÕ to our top
Yukawa ÔsignalÕ.

Discussion of Signal and ÔBackgroundsÕ

To be more explicit, we can write theh " 4" amplitude
up to one loop as follows,

M 4! = M 0
SM + M 1

EW + M 1
t . (3)

The leading term M 0
SM arises from the tree levelhZZ

coupling,

L 0
SM #

m2
Z

v
hZ µ Zµ , (4)

which is generated during EWSB and is responsible for
giving the Z boson its mass. The second termM 1

EW in-
volves all SM one-loop contributionsindependent of the
top Yukawa, though there are one-loop corrections from
top quark loops to the Z boson propagator for exam-
ple. Finally, M 1

t encodes the one-loop contribution sensi-
tive to the top Yukawa coupling and which enters via the
Þrst diagram in Fig. 2.1 In this work, we will treat M 1

t as

1 There is also a wave function renormalization for the Higgs that
depends on the top Yukawa, but this does not a ! ect kinematic

our signal and Þt for the parameters in Eq. (2), while we
will treat the rest of the matrix element as ÔbackgroundÕ
which we keep Þxed. 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 ÔbackgroundÕ inM 1
EW

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

M 1
EW = øM 1

EW + M V V
EW , (5)

where we have deÞned,

M V V
EW = M ZZ

EW + M Z "
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EW . (6)

These contributions all have the form of Fig. 1 and will
be examined more closely below.

There are many contributions to øM 1
EW , all of which

are computable and can in principle be extracted
from [82, 83]. Some of these one loop contributions can
be absorbed into shifts of the tree level couplings. Others
can be modeled using e! ective operators. There are also
real photon emission e! ects in h " 4" [82Ð84] 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 Þxed when Þtting 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 inh " 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 deÞne the Higgs part of our Ôback-
groundÕ (in contrast to non-Higgs background to be dis-
cussed) as,

M h
BG = M 0

SM + M V V
EW . (7)

This part of the h " 4" amplitude will be treated as Þxed
during the parameter extraction procedure.

As mentioned, our ÔsignalÕ is then the top quark loop
in the Z ! and !! e! ective couplings which we callM Z "

t

shapes at one loop and since we are not using the overall rate in
our likelihood analysis, we can ignore it.

Z/ !

Z/ !

h

Next-to-leading order contributions !
mediated by photon. 

These can be used to probe other Higgs couplings.
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alongök1, while Z2 is obtained by Þrst rotating CM frame with respect to öyCM by ! and then
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follows:
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The azimuthal production angle is irrelevant and chosen to be zero. In these deÞnitions,
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%p! i in the Z i 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)
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Distributions encode 
information about tensor 
structure.
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FIG. 1. Normalized distributions for ! (top), cos ! i (middle),
and M 2 (bottom) for m! = 125 GeV. Each plot shows curves
from our three di " erent scenarios with ah blue (solid), as red
(dashed), and aZ " green (dot-dashed).

The top two panels in Fig. 1 show that the angular
distributions, particularly that of cos ! provide good dis-
criminating power between a Higgs-like scenarioah , and
the two non-Higgs-like possibilities. The third plot shows
that the M 2 distribution is di ! erent for all three scenar-
ios, and the di! erence is even more pronounced for small
values ofM 2. This can be seen from the following simple
analysis. Forah , the matrix element goes to a constant as
M 2 → 0, and a phase space factor ofM 2dM2 makes the
rate go to zero. For as, the matrix element goes asM 2

for small M 2 because of the derivative in the operator,
so d" falls as M 3

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

the rate goes as 1/M 2. As we will see below, realistic
detector cuts such as those on leptonpT will change this
low M 2 behavior, but this simple analysis shows that if
the experiments could push down theM 2 reach of the
events, they would gain discriminatory power.

We do not include a plot for M 1 because in all sce-
narios, it looks similar with a large peak at M Z that has
width of " Z . The M 1 distribution does, however, provide
some discrimination power in that the number of events
well below M Z di! ers for our three di! erent scenarios.
For example, in the ah scenario, 70% of the events will
lie more than 2" Z away from M Z , while the correspond-
ing fraction for as (aZ ! ) is 64% (84%). The majority of
these non-resonant events haveM 1 < M Z .

If the four lepton events are dominated by aZ ! , then
there should also be decays to on-shell photons. It has
been pointed out that searching for the Higgs in decays
to Z " is a promising channel [52]. While there is as yet
no direct limit in this channel, [3] uses the measurement
of the Z " cross section to place a limit on the ratio of the
Z " mode to the four lepton mode to be about 40. Given
this, we take the Z " 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 aZ ! . We generategg → # → 4$ events
where $ = 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

¥ |%| < 2.5

¥ 50 GeV < M 1 < 110 GeV

¥ M 2 > 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! 1 and cos! 2 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 e! ect on cos! 1, but the rate for cos! 2 ∼ ± 1 is
suppressed. This is because in that conÞguration, one
of the leptons is nearly aligned with the boost direction
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The top two panels in Fig. 1 show that the angular
distributions, particularly that of cos ! provide good dis-
criminating power between a Higgs-like scenarioah , and
the two non-Higgs-like possibilities. The third plot shows
that the M 2 distribution is di ! erent for all three scenar-
ios, and the di! erence is even more pronounced for small
values ofM 2. This can be seen from the following simple
analysis. Forah , the matrix element goes to a constant as
M 2 ! 0, and a phase space factor ofM 2dM2 makes the
rate go to zero. For as, the matrix element goes asM 2

for small M 2 because of the derivative in the operator,
so d" falls as M 3

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

the rate goes as 1/M 2. As we will see below, realistic
detector cuts such as those on leptonpT will change this
low M 2 behavior, but this simple analysis shows that if
the experiments could push down theM 2 reach of the
events, they would gain discriminatory power.

We do not include a plot for M 1 because in all sce-
narios, it looks similar with a large peak at M Z that has
width of " Z . The M 1 distribution does, however, provide
some discrimination power in that the number of events
well below M Z di! ers for our three di! erent scenarios.
For example, in the ah scenario, 70% of the events will
lie more than 2" Z away from M Z , while the correspond-
ing fraction for as (aZ ! ) is 64% (84%). The majority of
these non-resonant events haveM 1 < M Z .

If the four lepton events are dominated by aZ ! , then
there should also be decays to on-shell photons. It has
been pointed out that searching for the Higgs in decays
to Z " is a promising channel [52]. While there is as yet
no direct limit in this channel, [3] uses the measurement
of the Z " cross section to place a limit on the ratio of the
Z " mode to the four lepton mode to be about 40. Given
this, we take the Z " 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 aZ ! . We generategg ! # ! 4$ events
where $ = 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

¥ |%| < 2.5

¥ 50 GeV < M 1 < 110 GeV

¥ M 2 > 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! 1 and cos! 2 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 e! ect on cos! 1, but the rate for cos! 2 # ± 1 is
suppressed. This is because in that conÞguration, 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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Z/ !

Z/ !

h

Photon in Þnal 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

h
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CMS cuts optimized for 
discovery: 

Want to gain sensitivity 
to NLO effects.

M 1 > 40, M 2 > 12, M !! > 4
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FIG. 1. Top: M 1 ! M 2 doubly di ! erential distribution assum-
ing only the AZZ

2 operator deÞned in Eq. (3) is Ôturned onÕ for
the 2e2µ Þnal state (left) and the 4 e Þnal state (right). Mid-
dle: Same as top Þgures, but now forAZ !

2 couplings. Bot-
tom: Same as top Þgures, but now for theA!!

2 couplings. For
all distributions standard CMS lepton pairings are applied
(see text) and the pink lines indicate the M 1 > 40 GeV and
M 2 > 12 GeV cuts used by CMS [5]. ÒWrong pairingÓ 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 showAZ!
2 , and the bottom ones show

A!!
2 . The distributions for the AZZ

1 ÔbackgroundÕ 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
M 1 and M 2 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 nearM 1,2 = 0 is removed and events
are instead spread in the bulk of theM 1-M 2 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 Þnal state, M 1 and M 2 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 M 1 and M 2 and the standard cuts e" ectively
remove this component. For the 4e and 4µ Þnal states,
the identical Þnal 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 M 1 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 Ô�� eventsÕ the lepton pair that is chosen to make up
M 1 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 Ôwrong pairingÕ e" ect
is shown in Fig. 2. It should be noted however that due
to quantum interference no event is purelyZZ , 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 theirM 1 " M 2
distributions are similar (but again not identical) to those
for the CP even couplings.

Z

Z !

h

M 1

M 2

e+

e!

e!

e+

! !

! !

e!

e!

e+
e+

M 1

M 2

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 signiÞcantly increases the acceptance of such
events in the 4e and 4µ channels.

This Òwrong pairingÓ 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 4 e and 4µ
channels. This can be seen explicitly in Fig. 3 where we
show sensitivity curves for the Ôaverage errorÕ�(A!!

2 ) on
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CMS cuts optimized for 
discovery: 

ModiÞed ÒRelaxed - " Ó  

S/B gets worse, but 
sensitivity improves.

M 1 > 40, M 2 > 12, M !! > 4

9

the s-channelqøq ! Z ! 4! (green) component both of
which are much larger than the t-channelqøq ! "" ! 4!
(red) and qøq ! ZZ ! 4! (blue) components. This leads
us to suspect that including the non-Higgs background
will have the largest e! ect on the sensitivity to the hZ "
couplings and indeed this will turn out to be the case.

4lM
100 150 200 250 300

a.
u.

-610

-510

-410

-310

-210

-110

1

10
Total

 4l!ZZ 

 4l! "Z

 4l! ""

Madgraph

 4l!Z 

Example signal

FIG. 6. The four lepton invariant mass spectrum for the
qøq ! 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
qøq ! ZZ ! 4! (blue), qøq ! Z " ! 4! (gold), qøq ! "" ! 4!
(red) and s-channel qøq ! 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] withpdfs for the gg ! h
production mode following the procedure in [18]. To
model the detector resolution we have smeared the signal
M 4! 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 theM 1 and
M 2 invariant masses. We also plot this gaussian signal on
top of the qøq ! 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! Þnal states must be constructed and combined into
one likelihood. Furthermore, along with ßoating the six
parameters in Eq. (4), we must now also ßoat 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 simpliÞed 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 Þnd this simpliÞed 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 qøq ! 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 Þtting 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 qøq ! 4! background has a much larger e! ect
on the sensitivity to the hZ " couplings than h"" .

Background e! ects on hZ " : More speciÞcally, 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-
Þciency for background events is signiÞcantly 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 qøq ! 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 Þt with half of the amount
of background, still including a gaussian of# = 2 GeV
and Þnd that # 9000 are now needed with Relaxed" #
cuts to achieve sensitivity to # SM values of thehZ " 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 beneÞts of reducing the amount of background in

M !! > 4,

M !! (OSSF) !" (8.8, 10.8)

Chen, Harnik, Vega-Morales, [arXiv:1503.05855].
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P( !" |ai ) =
|M (!" )|2

!
d!" |M ( !" )|2

Phase space 
point

Underlying 
model

Want to extract maximum information from 
kinematic distributions. 

Compute the probability of each event given 
underlying model. !
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P( !" |ai ) =
|M (!" )|2

!
d!" |M ( !" )|2

Compute the probability of each event given underlying 
model.

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

L (ai ) =
N!

j =1

P( !" j |ai )
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Z/ !

Z/ !

h

LetÕs measure the Top Yukawa coupling.

Can probe CP nature of top Yukawa coupling. 

h øt (y + i ÷y"5) t

SM y " 1 & ÷y " 0
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FIG. 4. Left: 1� contours for yt vs. ÷yt 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 Þt as in Fig. 3 with ßoating ZZ couplings is performed with the true point represented
by the star and corresponding roughly to the SM prediction. We show the 1 � conÞdence 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� conÞdence 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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from tth , h ! ##, and h ! Z # searches have been used assuming 3000 fb! 1 [104Ð106] (see Table I).
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20,000 events ~ !
3,000 fb -1 @ 100 TeV 

Further improved. 
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Can we do this at a lepton collider? 

Cleaner environmentÉ
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Can we do this at a lepton collider? 

Cleaner environmentÉ

! (e+ e! ! Zh,
"

s = 240 GeV) # 300 fb

L (TLEP) ! 500/ fb/ year

BR(h ! 4! ) " 10! 4
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LEPTON COLLIDER

 17

Can we do this at a lepton collider? 

Cleaner environmentÉ

15 events per year.

! (e+ e! ! Zh,
"

s = 240 GeV) # 300 fb

L (TLEP) ! 500/ fb/ year

BR(h ! 4! ) " 10! 4
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h

Z

Z

h

Z
Z

Can probe same coupling with crossed diagram. 

No longer have to pay branching ratio penalty.
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h

Z
Z

7

di! erential cross sections for several
!

se+ e! and set the corresponding parameter! t or ! a

equal to 1. From the Þgure, it is quite clear that the di! erential cross sections arising from

!"#$%& δ! !"#$%& δ"

'(#$%& δ! '(#$%& δ"

"##$%& δ! "##$%& δ"

(##$%& δ! (##$%& δ"

! )*# ! #*( #*# #*( )*#

! #*##(

#*###

#*##(

#*#)#

#*#)(

+,- α

. σ

σ.+,- α

FIG. 5. Di ! erential scattering cross section as a function of the scattering angle with
!

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
!

s = 240GeV, the contribution from ! a

is zero because there is no imaginary part ofC0(m2
t ). When

!
se+ e! > 2mt there are nonzero

contributions from ! a as expected.

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

AF B "

! 1
0 dcos" d!

d cos" #
! 0

! 1 dcos" d!
d cos"

#tot

In Fig. 6, we plot AF B as a function of
!

se+ e! with ! a = 1 for polarized and unpolarized

electron/positron beam.

From the Þgure we can see that the asymmetry can reach 0.7% for
!

se+ 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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3

V1

V2

h

t
V1

V2

h

W V1

V2

h

W

FIG. 2. One-loop contributions from top quark (left) and W boson to h ! V1V2 ! 4! (Vi = Z, " ).

After the W and top, the next largest contribution
to the e! ective Z ! and !! couplings comes from the
bottom quark contribution. This e ! ect is suppressed
by ! (mb/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 couplingsonly 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 theZ ! and !! e! ective couplings
in Eq. (1) are only Þrst 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 theZ 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 ÔbackgroundÕ to our top
Yukawa ÔsignalÕ.

Discussion of Signal and ÔBackgroundsÕ

To be more explicit, we can write theh " 4" amplitude
up to one loop as follows,

M 4! = M 0
SM + M 1

EW + M 1
t . (3)

The leading term M 0
SM arises from the tree levelhZZ

coupling,

L 0
SM #

m2
Z

v
hZ µ Zµ , (4)

which is generated during EWSB and is responsible for
giving the Z boson its mass. The second termM 1

EW in-
volves all SM one-loop contributionsindependent of the
top Yukawa, though there are one-loop corrections from
top quark loops to the Z boson propagator for exam-
ple. Finally, M 1

t encodes the one-loop contribution sensi-
tive to the top Yukawa coupling and which enters via the
Þrst diagram in Fig. 2.1 In this work, we will treat M 1

t as

1 There is also a wave function renormalization for the Higgs that
depends on the top Yukawa, but this does not a ! ect kinematic

our signal and Þt for the parameters in Eq. (2), while we
will treat the rest of the matrix element as ÔbackgroundÕ
which we keep Þxed. 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 ÔbackgroundÕ inM 1
EW

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

M 1
EW = øM 1

EW + M V V
EW , (5)

where we have deÞned,

M V V
EW = M ZZ

EW + M Z "
EW + M ""

EW . (6)

These contributions all have the form of Fig. 1 and will
be examined more closely below.

There are many contributions to øM 1
EW , all of which

are computable and can in principle be extracted
from [82, 83]. Some of these one loop contributions can
be absorbed into shifts of the tree level couplings. Others
can be modeled using e! ective operators. There are also
real photon emission e! ects in h " 4" [82Ð84] 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 Þxed when Þtting 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 inh " 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 deÞne the Higgs part of our Ôback-
groundÕ (in contrast to non-Higgs background to be dis-
cussed) as,

M h
BG = M 0

SM + M V V
EW . (7)

This part of the h " 4" amplitude will be treated as Þxed
during the parameter extraction procedure.

As mentioned, our ÔsignalÕ is then the top quark loop
in the Z ! and !! e! ective couplings which we callM Z "

t

shapes at one loop and since we are not using the overall rate in
our likelihood analysis, we can ignore it.

Z/ !

Z/ !

h

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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Z

Z

h h
W

W

ø!

!

Can also measure these couplings at tree level. 
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Z

Z

h

h
W

W

ø!

!

2

2

DeÞne the ratio of those two couplings: 

Tree level measurement: 

#WZ #
ghWW

ghZZ

$
g2

hWW

g2
hZZ

= #2
WZ
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Run 1 LHC
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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 modiÞers 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 proÞle likelihood ratio corresponding to a 1� (2�) CL interval for the parameter of
interest, assuming the asymptotic�2 distribution of the test statistic.

28

ATLAS + CMS, arXiv:1606.02266.

Tree level processes 
have no information 
about sign of          . #WZ
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Build up likelihood 
with data. 

Will be function !
of          . 

What is probability 
that it is negative?

5

WZ!
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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 ! W Z = 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 ! W Z is negative. See text for more details.

Pinning down the sign of ! W Z

Our Þrst exploration begins with assessing how much
data will be needed to pin down the overall sign of
! W Z . 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 , ÷yt ). 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 ! W Z . When generating pseudodatasets
we consider two possibilities. The Þrst is that the SM is
the true underlying model which predicts ! W Z = 1. As a
second case we also consider the other allowed possibility
by custodial symmetry of ! W Z = ! 1/ 2. An example of
the posterior likelihood is shown in Fig. 3 for one pseu-

6 During this integration, we include a ßat 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
ÔsoftÕ 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 " Õs (see text) as
a function of luminosity. In purple we show the SM, while
in green we show the case of a custodial Þveplet. In the light
shaded bands the top Yukawa couplings are Þxed 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 dominantqøq ! 4# background.

dodataset containingO(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 ! W Z . Given
the observed pseudodataset, we obtain from the posterior
likelihood a p-value that the true value of ! W Z 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 deÞne a corresponding Ôe! ectiveÕ" by
how much of the tail we have to integrate a (normalized)
gaussian to get an equivalent area ofp and converting
that distance into an e! ective " . This procedure is then
repeated over many pseudodatasets giving a distribution
of e! ective " Õs which represent the probability that the
sign of ! W Z is negative.

In Fig. 4 we show the distribution of e! ective " Õs 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 ! W Z (as is the case for a custodial Þveplet)
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 " Õs. In purple we show the SM while

! W Z

2,000 eventsY. Chen,  J. Lykken, M. Spiropulu, DS, R. 
Vega-Morales, Phys.Rev.Lett.117, no.
24, 241801, 2016 [arXiv:1608.02159].
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Can distinguish two 
different cases with 
(high-luminosity) LHC 
data. 

Nearly independent of 
top Yukawa coupling. 
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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 ! W Z = 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 ! W Z is negative. See text for more details.

Pinning down the sign of ! W Z

Our first exploration begins with assessing how much
data will be needed to pin down the overall sign of
! W Z . 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 ! W Z . When generating pseudodatasets
we consider two possibilities. The first is that the SM is
the true underlying model which predicts ! W Z = 1. As a
second case we also consider the other allowed possibility
by custodial symmetry of ! W Z = ! 1/ 2. An example of
the posterior likelihood is shown in Fig. 3 for one pseu-

6 During this integration, we include a ßat 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
ÔsoftÕ 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 " Õs (see text) as
a function of luminosity. In purple we show the SM, while
in green we show the case of a custodial Þveplet. In the light
shaded bands the top Yukawa couplings are Þxed 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 dominantqøq ! 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 ! W Z . Given
the observed pseudodataset, we obtain from the posterior
likelihood a p-value that the true value of ! W Z 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 ! W Z 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 ! W Z (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, Phys.Rev.Lett.117, no.
24, 241801, 2016 [arXiv:1608.02159].
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Work in progress. 
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ỹt
however,willhave
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sultsforthesensitivity
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only
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the
CP

odd
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V#

e!ective
couplingswhich,as

discussed,are
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correlated
with

the
CP

even
e!ec-

tivecouplings(seeEq.(4))into
which!W

Z
enters.Thus,

though
weincludeCP

odd
couplingsasnuisanceparam

-

eters
in
our

statisticalanalysis,we
do

notdiscuss
them

furtherhere,butsee
[24]fora

detailed
discussion.

The
CP

even
Yukawa

coupling
yt
on

the
other

hand

does
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e
CP

even
h
V
V

e!ective
cou-

plingsin
Eq.(4)and

istherefore
highly

correlated
with

!W
Z
.Thus,though

we
are

not
assessing

the
sensitivity

to
the

top
Yukawa

sector
[24],how

it
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treated

during

our
statistical

analysis
of!W

Z
is
crucial

for
assessing

the
ability

to
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custodialsym
m
etry

in
a
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odelinde-
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way

using
h

!
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decays.After
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the
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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 ! W Z . As was the

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

once su" cient statistics are obtained, the sensitivity to

! W Z 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 ! W Z

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 only receive contributions

at this order from the W boson and top quark loops

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

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

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

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

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

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

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

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

the top) and can be straightforwardly incorporated [24]

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

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

can go on to perform various statistical tests to assess

the possibility of probing ! W Z 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 ! W Z

through the loop generated hZ# and h## e! ective cou-

plings, there is generically also a top quark contribu-

tion. When attempting to establish ! W Z , we can as-

sess the sensitivity given specific assumptions about the

top Yukawa couplings. Ideally however, we would like to

probe ! W Z 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 �
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 ! W Z . 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 ! W Z 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

! W Z . Thus, though we are not assessing the sensitivity

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

our statistical analysis of ! W Z 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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p
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U
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tree
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[56,

57]
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by
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p
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the

lim
it
ofnegligible

loop
m
o-

2
W

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!ecton
our

results
w

e
do

notdiscuss
them

explicitly.

m
entum

e!ects
in

w
hich

w
e
w
ork,

these
are

given
sim

-

ply
by

the
e!ective

couplings
w
hich

control
H
iggs

de-

cays
to

on-shell##
and

Z
#
pairs.

T
hese

one-loop
con-

tributions
have

been
com

puted
for

h
!

Z
#
[59,

60]
and

h
!

##
[61,62](including

pseudoscalar
couplings

[63]for

the
top)

and
can

be
straightforw

ardly
incorporated

[24]

into
the

analytic
expressions

for
the

h
!

4"
fully

di!er-

ential
cross

section
com

puted
in

[20,
21].

W
ith

this
w
e

can
go

on
to

perform
various

statistical
tests

to
assess

the
possibility

of
probing

!
W

Z
in

h
!

4"
decays.

M
ore

details
of

this
im
plem

entation
can

be
found

in
[24].

C
om

m
ents

on
top

Yukaw
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 ! W Z . As was the

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

once su" cient statistics are obtained, the sensitivity to

! W Z 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 ! W Z

is dominated by the contributions entering via cZ ! and

especially c! in Eq. (4).

Unlike the top Yukawa couplings, the tree level cou-

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

57] involving the W boson that cannot be parameterized

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

tagon diagrams with photons connecting the final-state

leptons or amplitudes involving box diagrams. There are

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

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

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

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

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

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

to which we are most sensitive in
h

!
4" [22, 23]. We

thus neglect them in this preliminary study, but including

them may further aid in sensitivity and a detailed inves-

tigation of their e! ects will be worthwhile once enough

data is obtained for higher precision measurements.

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

bution to the e! ective Z# and ## couplings comes from

the bottom quark contribution. This e! ect is suppressed

by
⇠ (m

b/m
t ) 2

in the matrix element relative to the

top contribution, which is itself subdominant to the W

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

Z# and ## e! ective couplings only receive contributions

at this order from the
W

boson and top quark loops

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

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

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

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

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

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

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

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

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

the top) and can be straightforwardly incorporated [24]

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

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

can go on to perform various statistical tests to assess

the possibility of probing ! W Z 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 ! W Z

through the loop generated
hZ# and

h## e! ective cou-

plings, there is generically also a top quark contribu-

tion. When attempting to establish ! W Z , we can as-

sess the sensitivity given specific assumptions about the

top Yukawa couplings. Ideally however, we would like to

probe ! W Z 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 � 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 ! W Z . 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 ! W Z 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

! W Z . Thus, though we are not assessing the sensitivity

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

our statistical analysis of ! W Z 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 ZÕs are in Þnal state. 
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ACCESS HIGGS POTENTIAL

 27

Currently we have no 
information about Higgs 
potential. 

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

Triple Higgs coupling is 
Þrst place to access 
potential. 
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HIERARCHY PROBLEM

 28

SM Higgs has a hierarchy 
problem.  

Quantum correction make 
Higgs mass quadratically 
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

÷t

FIG. 1. Higgs mass corrections

Next, we turn to quantum loops. We assume that ÷qL , ÷tR have approximately the same

mass,m÷t , for simplicity, and we also neglect theµ andA-terms. We work pre-EWSB since we

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

in Þgure 1, we Þnd that them2
hu

parameter receives the following correction:

! m2
hu

= !
3y2

t

4" 2
m2

÷t ln
!

! UV

m÷t

"
(5)

Naturalness therefore requires, very roughly,

m÷t ! 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 strongerSU(2)L coupling, the Higgs self-energy diagrams are in

Þgure 2.

hu hu

÷hu

÷W

W

huhu hu hu hu

W hu

huhu

FIG. 2. Higgs mass correction

The Higgs mass correction is then given by

! m2
hu

=
3g2

8" 2
(m2

÷W + m2
÷h) ln

! UV

m ÷W
. (7)

11

$m2
h %

#2
t

8%2
&2
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CANCELLATION

 29

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

÷t

FIG. 1. Higgs mass corrections

Next, we turn to quantum loops. We assume that ÷qL , ÷tR have approximately the same

mass,m÷t , for simplicity, and we also neglect theµ andA-terms. We work pre-EWSB since we

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

in Þgure 1, we Þnd that them2
hu

parameter receives the following correction:

! m2
hu

= !
3y2

t

4" 2
m2

÷t ln
!

! UV

m÷t

"
(5)

Naturalness therefore requires, very roughly,

m÷t ! 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 strongerSU(2)L coupling, the Higgs self-energy diagrams are in

Þgure 2.

hu hu

÷hu

÷W

W

huhu hu hu hu

W hu

huhu

FIG. 2. Higgs mass correction

The Higgs mass correction is then given by

! m2
hu

=
3g2

8" 2
(m2

÷W + m2
÷h) ln

! UV

m ÷W
. (7)

11

Particle has to have same coupling to the Higgs.

$m2
h %

#2
t

8%2
m2

÷t log
&2

m2
÷t
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BSM PHYSICS

 30

Can use Higgs coupling to stop to directly probe other 
Þelds that couple to Higgs.

Work in progress with Paul Smith.

Z/ !

Z/ !

÷t

÷t

÷t

Independent of decay, do not have to carry colour. 
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GOLDEN CHANNEL

 31

Z

Z

hHiggs decay to four leptons often !
called ÒGolden Channel.Ó 



DANIEL STOLARSKI     June 5, 2019      CAP Congress 2019

PLATINUM CHANNEL

 32

Simple models can give rise 
to Higgs decays to as many 
as 8 leptons.  h

h' !

h' ! A' !

A' !

A' !

A' !
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PLATINUM CHANNEL

 32

Simple models can give rise 
to Higgs decays to as many 
as 8 leptons.  h

h' !

h' ! A' !

A' !

A' !

A' !
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DARK PHOTON

 33

( %&F! ' F' !! '

Posit new spin 1 Þeld which has small !
mixing with photon.

Battaglieri et. al. arXiv:1707.04591. 
Beacham et. al. arXiv:1901.09966. 
Talk yesterday by D. McKeen.

AA' !

New physics with many applications !
such as dark matter.
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DARK HIGGS

 34

Want to give mass to the dark photon. 

Can do so using usual Higgs mechanism. 

Requires new scalar charged under dark 
electromagnetism. 

( %D! h' !D! h' !) V(h' !)

Dark Higgs will generically mix with SM Higgs. 

( %#(h' !)2 (h)2
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AA' !

INGREDIENTS

 35

Have all the ingredients we need.

#(h' !)2 (h)2

h' !

h' ! h

h

D! h' !D! h' !

h' !

h' ! A' !

A' !

&F! ' F' !! '

f

øf
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AA' !

INGREDIENTS

 35

Have all the ingredients we need.

#(h' !)2 (h)2

h' !

h' ! h

h

h ! h' !h' !

D! h' !D! h' !

h' !

h' ! A' !

A' !

&F! ' F' !! '

f

øf
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AA' !

INGREDIENTS

 35

Have all the ingredients we need.

#(h' !)2 (h)2

h' !

h' ! h

h

h ! h' !h' !

D! h' !D! h' !

h' !

h' ! A' !

A' !

h' ! ! A' !A' !

&F! ' F' !! '

f

øf
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AA' !

INGREDIENTS

 35

Have all the ingredients we need.

#(h' !)2 (h)2

h' !

h' ! h

h

h ! h' !h' !

D! h' !D! h' !

h' !

h' ! A' !

A' !

h' ! ! A' !A' !

&F! ' F' !! '

f

øf

A' ! ! øf f
f = ( , q
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AA' !

INGREDIENTS

 35

Have all the ingredients we need.

#(h' !)2 (h)2

h' !

h' ! h

h

h ! h' !h' !

D! h' !D! h' !

h' !

h' ! A' !

A' !

h' ! ! A' !A' !

&F! ' F' !! '

f

øf

A' ! ! øf f
f = ( , q

h ! h' !h' ! ! 4A' ! ! 8 f
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KINEMATICS

 36

Rate can be large if all steps are on-shell. 

mh' !
* mh/2 " 62GeV

mA' !
* mh' !

/2

Also want dark photon to be not too light so it can 
experimentally distinguished from a photon. 

mA' !
+ 1GeV



DANIEL STOLARSKI     June 5, 2019      CAP Congress 2019

CURRENT LIMITS

 37

n( , 4
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CURRENT LIMITS

 37

n( , 4
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CURRENT LIMITS

 38
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!
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! ! ! ! "#$ %&' () "#$* �� ! +),- ./ ! !

Can recast CMS 
search.  

Higgs decay to 
two dark Higgs 
allowed at few 
per cent level.  

Depends on 
lepton 
efÞciencies.
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DEDICATED SEARCH

 39
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"(!""

!

! ! !!"# "

!"
!#

"#
!

!
!

!
$

! ! ! ! "#$ %&' () "#$* �� ! +),- ./ ! !Can do dedicated 
search requiring  
! n leptons.   

Require hard 
leptons to pass 
trigger. 

Cut away QCD 
dilepton 
resonances. Can improve by orders of magnitude!
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DEDICATED SEARCH

 39
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search requiring  
! n leptons.   

Require hard 
leptons to pass 
trigger. 

Cut away QCD 
dilepton 
resonances. Can improve by orders of magnitude!
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CORRELATED SIGNAL

 40

Can also modify golden channel.

#(h' !)2 (h)2

h' !

h' ! h

h

D! h' !D! h' !

h' !

h' ! A' !

A' !

&F! ' F' !! '

h ! A' !A' ! ! 4 (

AA' !

&F! ' F' !! '

f

øf

Gopalakrishna, Jung, Wells, 0801.3456. 
Davoudiasl, Lee, Lewis, Marciano, 1304.4935. 
Curtin et. al. 1312.4992. 
Falkowski, Vega-Morales, 1405.1095. 
Curtin, Essig, Gori, Shelton, 1412.0018. 
Bakhet, Khlopov, Hussein, 1507.02594.
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CORRELATED SIGNAL

 40

Can also modify golden channel.

#(h' !)2 (h)2

h' !

h' ! h

h

h ) h' !mixing

D! h' !D! h' !

h' !

h' ! A' !

A' !

&F! ' F' !! '

h ! A' !A' ! ! 4 (

AA' !

&F! ' F' !! '

f

øf

Gopalakrishna, Jung, Wells, 0801.3456. 
Davoudiasl, Lee, Lewis, Marciano, 1304.4935. 
Curtin et. al. 1312.4992. 
Falkowski, Vega-Morales, 1405.1095. 
Curtin, Essig, Gori, Shelton, 1412.0018. 
Bakhet, Khlopov, Hussein, 1507.02594.
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CORRELATED SIGNAL

 40

Can also modify golden channel.

#(h' !)2 (h)2

h' !

h' ! h

h

h ) h' !mixing

D! h' !D! h' !

h' !

h' ! A' !

A' !

h' ! ! A' !A' !

&F! ' F' !! '

A' ! ! øf f

h ! A' !A' ! ! 4 (

AA' !

&F! ' F' !! '

f

øf

f = ( , q
Gopalakrishna, Jung, Wells, 0801.3456. 
Davoudiasl, Lee, Lewis, Marciano, 1304.4935. 
Curtin et. al. 1312.4992. 
Falkowski, Vega-Morales, 1405.1095. 
Curtin, Essig, Gori, Shelton, 1412.0018. 
Bakhet, Khlopov, Hussein, 1507.02594.
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4 LEPTON SIGNAL

 41

Many experimental searches, this ATLAS one 
currently most sensitive.
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Many experimental searches, this ATLAS one 
currently most sensitive.
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4 LEPTON SIGNAL

 42

Can compare in 
branching ratio to 
two dark photons. 

Comparison is 
model 
dependant. 

! ℓ
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CONCLUSIONS

 43

h ! 4!¥ Kinematic distributions in                 can provide 
information that is independent from and 
complimentary to rate measurements.   

¥ Can measure CP violation in top Yukawa, sign of 
coupling to gauge bosons, or BSM models. 

¥ Dedicated searches for the Òplatinum channelÓ with 
more than four leptons can be sensitive to decades of 
parameter space. 

¥ SigniÞcant improvements with future LHC data.



THANK 
YOU
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EDM BOUNDS

 45

neutr. EDM
el. EDM

Hg EDM

Higgsprod.

SM

! 1.0 ! 0.5 0.0 0.5 1.0

! 0.4

! 0.2

0.0

0.2

0.4

" t

"# t

" u,d,e$ 1
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" t
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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 3000fb�1, which assumed 1/

!
L scaling of the experimental uncertainties with

luminosity L , and also anticipates that the theory errors will be halved by then [4]. In
Fig. 2 we therefore take ! g = 1 .00 ± 0.03 and ! � = 1 .00 ± 0.02 as the possible future fit
inputs (centered around the SM predictions).

Since the EDMs depend linearly on ÷! t , the projected order-of-magnitude improve-
ments of the EDM constraints directly translate to order-of-magnitude improvements of
the bounds on ÷! t . For instance, the electron EDM is projected to be sensitive to values of
÷! t = O(10�4) which implies that one can probe scales up to ! = O(25 TeV) 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 ofdn 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

Ð 10 Ð
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Depend on knowing Higgs coupling to Þrst generation. 

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

whereM !! are all six lepton pair invariant masses and we
explicitly remove events with opposite sign same ßavor
(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 ÔRelaxed! ! Õ cuts.

While these cuts perform signiÞcantly 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-Higgsqøq " 4"
background discussed above as it can have a signiÞcant
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 Þt 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 Þtting 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 [82Ð84] may become
relevant. For this reason we also will discuss results uti-
lizing CMS-like cuts [68] for which these contributions
are phase space suppressed [85], but this will not quali-
tatively a " ect the discussion.

Sensitivity as Function of Luminosity

In Fig. 3 we show sensitivity curves for#(yt ) (red) and
#(÷yt ) (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 Þts we have uti-
lized the Relaxed! ! cuts discussed above and include
both signal and the dominant qøq " 4" background. We
have combined the 2e2µ, 4e,4µ channels and Þt to a ÔtrueÕ
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 ÷yt

than to the vector-like coupling yt . This is because the
CP even component of the top loop is dominated by
the W loop, but the CP odd couplings ÷yt does not have
to compete with an analogousW contribution. We also
study the e" ect of ßoating the e" ective ZZ couplings
(solid curves) deÞned in Eq. (12), versus holding these
couplings Þxed (dashed curves). The values chosen for
theseZZ e" ective couplings are only representative and
whether we take their true value to be zero orO(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 Þt 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 theZZ , Z ! , and !! intermediate
states [67, 68].
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FIG. 3. Sensitivity curves for ! (yt ) (top, red) and ! (÷yt ) (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 Þts we have utilized the Relaxed# "
cuts discussed in the text and included both the h " 4"
(4" $ 2e2µ, 4e,4µ) signal and the qøq " 4" background. We Þt
to a ÔtrueÕ 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 ßoat-
ing (solid) the e#ective ZZ couplings (see Eq. (12)) versus
keeping them Þxed (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 signiÞcantly 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. 2. One-loop contributions from top quark (left) and W boson to h ! V1V2 ! 4! (Vi = Z, " ).

After the W and top, the next largest contribution
to the e! ective Z ! and !! couplings comes from the
bottom quark contribution. This e ! ect is suppressed
by ! (mb/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 couplingsonly 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 theZ ! and !! e! ective couplings
in Eq. (1) are only Þrst 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 theZ 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 ÔbackgroundÕ to our top
Yukawa ÔsignalÕ.

Discussion of Signal and ÔBackgroundsÕ

To be more explicit, we can write theh " 4" amplitude
up to one loop as follows,

M 4! = M 0
SM + M 1

EW + M 1
t . (3)

The leading term M 0
SM arises from the tree levelhZZ

coupling,

L 0
SM #

m2
Z

v
hZ µ Zµ , (4)

which is generated during EWSB and is responsible for
giving the Z boson its mass. The second termM 1

EW in-
volves all SM one-loop contributionsindependent of the
top Yukawa, though there are one-loop corrections from
top quark loops to the Z boson propagator for exam-
ple. Finally, M 1

t encodes the one-loop contribution sensi-
tive to the top Yukawa coupling and which enters via the
Þrst diagram in Fig. 2.1 In this work, we will treat M 1

t as

1 There is also a wave function renormalization for the Higgs that
depends on the top Yukawa, but this does not a ! ect kinematic

our signal and Þt for the parameters in Eq. (2), while we
will treat the rest of the matrix element as ÔbackgroundÕ
which we keep Þxed. 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 ÔbackgroundÕ inM 1
EW

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

M 1
EW = øM 1

EW + M V V
EW , (5)

where we have deÞned,

M V V
EW = M ZZ

EW + M Z "
EW + M ""

EW . (6)

These contributions all have the form of Fig. 1 and will
be examined more closely below.

There are many contributions to øM 1
EW , all of which

are computable and can in principle be extracted
from [82, 83]. Some of these one loop contributions can
be absorbed into shifts of the tree level couplings. Others
can be modeled using e! ective operators. There are also
real photon emission e! ects in h " 4" [82Ð84] 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 Þxed when Þtting 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 inh " 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 deÞne the Higgs part of our Ôback-
groundÕ (in contrast to non-Higgs background to be dis-
cussed) as,

M h
BG = M 0

SM + M V V
EW . (7)

This part of the h " 4" amplitude will be treated as Þxed
during the parameter extraction procedure.

As mentioned, our ÔsignalÕ is then the top quark loop
in the Z ! and !! e! ective couplings which we callM Z "

t

shapes at one loop and since we are not using the overall rate in
our likelihood analysis, we can ignore it.

Z/ !

Z/ !

h h

Z/ !

Z/ !

Top and W contribute to same operators, can 
substitute one for the other. 

What happens if you ßoat both couplings?
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Use prior for top Yukawa 
coupling in numerical Þt. 

Keep it approximately 
perturbative as it is in all 
realistic models. 
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Can ßoat multiple 
couplings 
simultaneously.  

Full LHC run will give 
lots of information. 
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FIG. 5. Probability of mistaking a Standard Model Higgs
(custodial singlet) for a custodial Þveplet or vice versa. For
these curves we utilize ÔCMS-likeÕ phase space cuts (red) and
ÔLooseÕ phase space cuts (blue and green) as discussed in
text. In the green curve the top Yukawa couplings are Þxed 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 Þveplet, we plot an
ÔapproximateÕNS along with luminosity.

Sensitivity to |! W Z | at LHC and beyond

Using the parameter extraction methods developed
in [21Ð24] we examine more generally the sensitivity to
|! W Z | 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 deÞned in [21, 23, 52] as,

" (! W Z ) =

!
#
2

! |ö! W Z " ø! W Z |#, (7)

where ö! W Z is the value of the best Þt parameter point
obtained by maximization of the likelihood with re-
spect to ! W Z . Here ø! W Z represents the ÔtrueÕ 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

SN
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FIG. 6. Sensitivity curves for the Ôaverage errorÕ" (! W Z ) de-
Þned 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 Þt to a ÔtrueÕ point
of ! W Z = 1 as found in the SM and include the dominant
qøq ! 4# background. See text for more information.

a given number of (expected) events8 and obtaining a
distribution for ö! W Z . 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 deÞ-
nition converges to the usual gaussian interpretation of a
" when the distribution of ö! W Z is perfectly gaussian. We
repeat this procedure for a range of number of signal
events to obtain " (! W Z ) as a function of NS.

We show in Fig. 6 sensitivity curves for " (! W Z ) 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 Þt
to a ÔtrueÕ point of! W Z = 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 deÞned in [24]. We also
show a second luminosity axis assuming the nominal ef-
Þciency (& 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, Phys.Rev.Lett.117, no.
24, 241801, 2016 [arXiv:1608.02159].
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Figure 2: One-loop Feynman diagrams for gg ! ! 1! 2, with (a) ! 1! 2 =
h0h0, h0H 0, H 0H 0, A0A0 and (b) ! 1! 2 = h0A0, H 0A0, due to virtual quarks and squarks
in the MSSM.
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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 forgg ! ! 1! 2, with (a) ! 1! 2 =
h0h0, h0H 0, H 0H 0, A0A0 and (b) ! 1! 2 = h0A0, H 0A0, due to virtual quarks and squarks
in the MSSM.
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As can be inferred from the Þgure and also seen in Table 1 the largestcross 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] ! NLO

gg! HH [fb] ! NLO
qq! ! HHqq ! [fb] ! NNLO

qøq! ! W HH [fb] ! NNLO
qøq! ZHH [fb] ! LO

qøq/gg! tøtHH [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 c orrections

The large K Ðfactor for this process of about 1.5 # 2 depending on the c.m. energy
shows that the inclusion of higher order corrections is essential. Anestimate 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 errordue to missing higher
order corrections by varyingµR, µF in the interval

1
2

µ0 $ µR = µF $ 2µ0 . (21)

As can be seen in Fig. 8 we Þnd 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 processgg% H while they are unknown for the processgg% HH .

3.1.2 The PDF and ! S 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 di" cult to quantify. A possibility
might be to compare di#erent parameter sets, such as MSTW [54], CT10 [55], ABM11 [56],
GJR08 [57], HERA 1.5 [58] and NNPDF 2.3 [59]. This is exempliÞed in Fig. 9 where
the predictions using the six previous PDF sets are displayed. As canbe 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 difÞcult even at high-lumi.

Non-resonant HH! ("" )(bb!) 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 
efÞciency (bottom-left), and the photon efÞciency (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(bøb)H(!! )(" / " S M = 1) 8.4±0.1 6.7±0.1 1.8±0.1
H(bøb)H(!! )(" / " S M = 0) 13.7±0.2 10.7±0.2 3.1±0.1
H(bøb)H(!! )(" / " S M = 2) 4.6±0.1 3.7±0.1 0.9±0.1
H(bøb)H(!! )(" / " S M = 10) 36.2±0.8 27.9±0.7 8.2±0.4
bøb!! 9.7±1.5 5.2±1.1 4.5±1.0
cøc!! 7.0±1.2 4.1±0.9 2.9±0.8
bøb! j 8.4±0.4 4.3±0.2 4.1±0.2
bøb j j 1.3±0.2 0.9±0.1 0.4±0.1
j j !! 7.4±1.8 5.2±1.5 2.2±1.0
tøt(" 1 lepton) 0.2±0.1 0.1±0.1 0.1±0.1
tøt! 3.2±2.2 1.6±1.6 1.6±1.6
tøtH(!! ) 6.1±0.5 4.9±0.4 1.2±0.2
Z(bøb)H(!! ) 2.7±0.1 1.9±0.1 0.8±0.1
bøbH(!! ) 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(" / " S 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 (ÒbarrelÓ) and events with at least one photon in the endcap calorimeter region (Òend-capÓ).
The quoted errors are from MC statistics only. The Þnal two rows show thetotal background and the
resulting signal signiÞcance, S/

#
B, in 3000 fb! 1 ; combining the ÒbarrelÓ and ÒendcapÓ categories in

quadrature the Þnal signiÞcance reaches$ 1.3# .

11

ATLAS bb##

CMS bb##

CMS bbWW
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LHC PROSPECTS
Theorist studies are more optimistic (still need HL). 

Studies in bb ##, bb$$, bbWW, 4b, !

ranging from 2-6 % signiÞcance.
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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 e! ective operator O6 that
contributes to the gg ! h amplitude at O(�).

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

The O(�) correction to the coe! cient cg arises from both 2-loop Feynman diagrams
and 1-loop counterterm graphs involving a Higgs wave function renormalisation. To Þnd 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 ! # to
the full 2-loop diagrams involving a top-quark loop and ah3 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 ofO6.
By a straightforward calculation, we obtain the analytic result

Z (1)
h

=
!
9 $ 2

%
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 coe! cient cg arising from 2-loop diagrams by matching in ad-
dition the gg ! 2h and gg ! 3h GreenÕs functions, obtaining in all three cases the exact
same result. Details on the renormalisation of the bare 2-loopgg ! h amplitude can be
found in Appendix C. Given the good convergence of the inÞnite quark-mass expansion
in the case ofc(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 relevantgg ! h amplitudes that

Ð 6 Ð
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Figure 2: Structure of the ! SM
3 -dependent part in M 1

! SM
3

for processes involv-

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

receives contributions from qøq ! tøtH and gg ! tøtH . Another is VBF,
where both W -boson-fusion andZ -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 packageFeynArts [43].
For all the cases involving only one-loop amplitudes, we computed the cross
sections and decay rates with the help ofFormCalc interfaced to Loop-
Tools [44] and we checked the partonic cross sections at speciÞc points
in the phase space with FeynCalc [45, 46]. In processes involving massive
vector bosons in the Þnal or in the intermediate states (VBF, HV and
H ! V V! ! 4f ), the ! 3-dependent parts in M 1

! SM
3

have a common struc-

ture, see Fig. 2. In the case of thetøtH production the sensitivity to ! 3 comes
from the one-loop corrections to thetøtH 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 oftøtH 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 modiÞcation 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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H
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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-Þxing
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 ), q2/ (4m2
W ), q2/ (4m2

H ) up to and including O(q6/m 6)
terms Þnding perfect agreement with the result of Ref. [51].

Once we veriÞed 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 Þnite in the unitary gauge
but it is not Þnite 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 theC1

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

1To our knowledge this is the Þrst-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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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: correspondingp-value. The various Pn

data sets are colour-coded in the same way. The horizontal line isp = 0 .05.

For the future scenarios (Fn), we consider

¥ F1: ÒCMS-IIÓ (300 fb! 1),

¥ F2: ÒCMS-HL-IIÓ (3000 fb! 1),

as presented in Tab. 1 of Ref. [9]. A summary of the sets of data used in
each Þt 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
signiÞcance 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 Þgure jumps to " 10 when the tøtH production channel
is included. This e! ect originates from the anomalous values presented in
Ref. [5] for øµf

tøtH , especially with f = W W . Similarly, the low compatibility

of øµf
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
ÒCMS-IIÓ (solid black line) and ÒCMS-HL-IIÓ (blue dashed line)

In order to ascertain the goodness of our Þt, we computed thep-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 thep-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 Þrst
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
ÒCMS-IIÓ (300 fb! 1) and ÒCMS-HL-IIÓ (3000 fb! 1).

Within this approach, best values are by deÞnition: " best
! = 1. For the

1# and 2# intervals, and for the region where thep-value is larger than 0.05,
we Þnd that the ÒCMS-IIÓ (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 ÒCMS-HL-IIÓ (3000 fb! 1) we obtain

" 1#
! = [ ! 0.7, 4.2] , " 2#

! = [ ! 2.0, 6.8] , " p> 0.05
! = [ ! 4.1, 9.8] . (22)

This simpliÞed approach provides a Þrst (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{ øµf

i } ,

23

Current data Future projections



DANIEL STOLARSKI     June 5, 2019      CAP Congress 2019

DETAILS

 57

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 bodyh ! 2!" decay
is also sensitive to theCP 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 inh ! 4! to begin probing values of Yukawa
couplings which are of the same order as theO(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 [16Ð25] 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 qøq ! 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 (M 4! )

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 forh ! 4!
and qøq ! 4! are combined with the (CTEQ6l1 [97, 98])
parton distributions for the gg and qøq 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 DeÞnition

Before presenting our results, we Þrst deÞne 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 Þtting procedure. Thus we de-
Þne our multi-dimensional parameter space as,

$%= ( yt , ÷yt |AZZ
2 , AZZ

3 , AZZ
4 ). (13)

Note in particular that we are taking the tree level hZZ
coupling as Þxed and equal to its SM value in Eq. (4).

To estimate the sensitivity we obtain what we call an
Ôe! ectiveÕ#(%) or average error deÞned in [68] as,

#(%) =

!
&
2

"|ö%# $%o|$, (14)

where ö% is the value of the best Þt parameter point
obtained by maximization of the likelihood with re-
spect to $%. Here $%o represents the ÔtrueÕ 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 Þxed number of events and obtaining a distribution for
ö%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 ö%is perfectly
gaussian. We repeat this procedure for a range of number
of signal events (NS) to obtain #(%) as a function of NS.

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 deÞned as:

¥ 115 GeV < M 4! < 135 GeV

¥ pT > (20, 10, 5, 5) GeV for lepton pT ordering,

¥ |' ! | < 2.4 for the lepton rapidity,

¥ M !! > 4 GeV, M !! (OSSF) /%(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/BR SM )
for given luminosities.

the Þt for the 1! allowed region in the yt ! ÷yt 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 theqøq " 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 (µi = ! / ! SM or BR/BR SM ) for each
measurement given by,

µ(tth ) # y2
t + 0 .42 ÷y2

t (15)

µ(h " ##) # (1.28! 0.28yt )
2 + (0 .43 ÷yt )2

µ(h " Z #) # (1.06! 0.06yt )
2 + (0 .09 ÷yt )2,

where for µ(tth ) we use the cross section at 14 TeV for
the approximate value in terms ofyt and ÷yt [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 theµi 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 yt and ÷yt 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 theZ # and ## ef-
fective operators [56, 64, 67]. Furthermore, the parameter
Þtting done in this study is qualitatively di " erent since
(ignoring ZZ couplings) only two parameters (yt , ÷yt ) are
ßoated 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 yt and ÷yt are not
drastically di " erent.

The current 1! conÞdence intervals obtained intth
(green band on the left) [5] andh " ## (blue band on the
right) [103] direct searches are shown on the left in Fig. 4
where 100h " 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 [104Ð106]. We see in these results that if we as-
sume the Higgs couplings toZZ and W W are positive,
eventually h " 4" should be able to establish the overall
sign of yt independently of any other measurements of
the top Yukawa. We further see the possibility of using
h " 4" as a consistency check withtth 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 totth ,
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 potentialCP 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 conÞrming 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" Ôgolden chan-
nelÕ 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 toh " ## and h " Z # two body decays
as well asgg " h and tth searches for studying the top
Yukawa. A detailed study of the sub-dominant one-loop
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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/BR SM )
for given luminosities.
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µ(tth ) # y2
t + 0 .42 ÷y2

t (15)

µ(h " ##) # (1.28! 0.28yt )
2 + (0 .43 ÷yt )2

µ(h " Z #) # (1.06! 0.06yt )
2 + (0 .09 ÷yt )2,
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2 , AZ !
3 , A!!

2 , A!!
2 ) when us-
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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 conÞrming 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].
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and future colliders. We have considered the leading ef-
fects in order to give a proof of principle that this channel
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measurement toh " ## and h " Z # two body decays
as well asgg " h and tth searches for studying the top
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