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Anomalous Higgs Couplings in h ! 4`
I Refers to h ! VV ! 4` decay where 4` = 2e2µ, 4e, 4µ and

VV = ZZ , Z�, �� (where Z , � are in general off-shell)

I Can parametrize the hVV couplings with following Lagrangian
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Some Plots and Notes for Optimizing h ! 4` Project

1 Lagrangian and Vertex

The Lagrangian we normally use is given by,

L � h
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which leads to a vertex structure given by,
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where i = ZZ, Z�, �� and AZ�,��
1 = 0 by EM gauge invariance. We could however consider a

more general set of ZZ operators by using the Lagrangian introduced in the Florida people paper
(1403.4951),
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This leads to the vertex structure in the Feynman rules,
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So we can generalize our parametrization by using the vertex for the ZZ couplings,
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where AZZ
n = �2�n. In our normalization this would correspond to the ZZ Lagrangian,
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This is the most general dimension five or less lagrangian involving the Higgs couplings to ZZ
pairs.

1

I SM h ! 4` rate dominated by tree level AZZ
1

operator (treat as ‘BG’)
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Kinematic Distributions in h ! 4` Decay
Sensitivity to Higgs couplings comes
from the many kinematic (eight)
distributions and their correlations

They contain information about CP
properties and tensor structure of
Higgs couplings to ZZ , Z�, ��
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(Y. Chen, R. Harnik, RVM: 1404.1336)
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The ‘non Higgs’ Background
Dominant irreducible background is
primarily qq̄ ! 4` (V

1

, V
2

= Z , �)
which includes both t & s channel

Enters primarily as a resolution effect
which ‘widens’ the signal region

Different components dominate in
different regions of M

4`, but
t-channel Z� dominates around
signal region of M

4` = 125 GeV.

Since kinematic distributions largely
dominated by pole structure, implies
Higgs couplings to Z� will be most
affected by presence of qq̄ ! 4` BG
(Y. Chen, R. Harnik, RVM: 1503.05855)
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Matrix Element Method (MEM) Analysis
I We use all decay observables to construct a MEM analysis using

normalized (analytic) fully differential cxns for h ! 4` & qq̄ ! 4`
I Pseudo experiments are performed to examine sensitivity to hVV loop

induced couplings as a function of number of events (or luminosity)
I Fix AZZ

1

= 2 and perform 8D parameter fit to ‘anamolous’ couplings:
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FIG. 4. The same as Fig. 3, but with AZZ
1 = 2 and all

other couplings to � 0.008. These values are useful to estimate
the sensitivities of the various terms at late stages of LHC
running. We see that interference terms with the SM (first
row) dominate over squared terms for all Ai

2,3.

pression that there is no sensitivity in the golden channel
to couplings other than AZZ

1 for parameter points ‘close
to’ the SM. However as the discussion in previous sec-
tions indicates, one has much more information in the
h ! 4` fully di�erential decay width than just the inte-
grated magnitudes.

From our discussions of the integrated magnitudes and
di�erential spectra we naively expect that we should have
the strongest sensitivity to the �� couplings followed by
the Z� couplings and the weakest sensitivity to the loop
induced ZZ couplings. As we will show below, this indeed
turns out to be the case.

III. RESULTS

To obtain our results we use the framework devel-
oped and described in detail in [37]. We will take the
SM tree level prediction of AZZ

1 = 2 as input and fit
to the remaining six couplings simultaneously. Floating
all parameters simultaneously ensures that we account
for potentially important correlations between the vari-
ous couplings [37]. Note also that by fixing AZZ

1 = 2 we
are implicitly fitting to ratios of couplings and taking the
overall normalization as input since it can be obtained
from measurements of the total rate. This also serves to
minimize the dependence of our results on any produc-
tion e�ects we have neglected.

For all of our results we combine the 2e2µ, 4e, and
4µ channels by computing the fully di�erential decay
width for each final state [36, 37] (including identical fi-
nal state interference for 4e and 4µ) and combining them

into one likelihood. The data sets which we fit to are gen-
erated from these expressions and contain a mixture of
all three final states whose proportions are determined
by the overall normalization of the di�erential widths for
each channel. Though we do not examine this issue here,
we note that the three channels do not possess the same
sensitivity. We leave a detailed examination of this inter-
esting point to an ongoing followup study [47].

A. Fit and Phase Space Definition

We define our six dimensional parameter space as,

�A = (AZZ
2 , AZZ

3 , AZZ
4 , AZ�

2 , AZ�
3 , AZ�

4 , A��
2 , A��

3 ). (6)

To estimate the sensitivity we obtain what we call an
‘e�ective’ � or average error defined as [48],

�(A) =

�
�

2
�|Â � �Ao|�, (7)

where Â is the value of the best fit parameter point ob-
tained by maximization of the likelihood with respect
to �A. Here �Ao represents the ‘true’ value with which our
data sets are generated. The average error is then found
by conducting a large number of pseudoexperiments with
a fixed number of events and obtaining a distribution for
Â which will have some spread centered around the av-
erage value. We then translate the width of this distri-
bution into our e�ective � which converges to the usual
interpretation of � when the distribution for Â is per-
fectly gaussian. We repeat this procedure for a range of
fixed number of signal events to obtain � as a function
of number of signal events NS .

We take the Higgs mass to be mh = 125 GeV and limit
our phase space to approximate the cuts used by CMS
as indicated by following cuts and reconstruction:

• pT ` > 20, 10, 7, 7 GeV for lepton pT ordering,

• |⌘`| < 2.4 for the lepton rapidity,

• 40 GeV  M1 and 12 GeV  M2.

Here M1 and M2 are the reconstructed masses of the two
lepton pairs. In reconstructing M1 and M2 we always
impose M1 > M2 and take M1 to be the reconstructed
invariant mass for a particle and anti-particle pair which
is closer to the Z mass. Note however that two other
lepton pairings are possible and equally valid, but we
leave an exploration of these alternate reconstructions
to ongoing work [47]. For further details on the fitting
(maximization) procedure and on the statistical analysis
see [37, 38].

B. Sensitivity as Function of Number of Events

Using the definition in Eq.(6) we fit to a ‘true’ param-
eter point,

�Ao = (0, 0, 0, 0, 0, 0), (8)

(In SM Ai

2 generated at 1-loop and O(10

�2 � 10

�3) while Ai

3 only appear at 3-loop)

I All couplings floated independently and all correlations included
I As test statistic we define ‘average error’ on best fit value:
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pression that there is no sensitivity in the golden channel
to couplings other than AZZ

1 for parameter points ‘close
to’ the SM. However as the discussion in previous sec-
tions indicates, one has much more information in the
h ! 4` fully di�erential decay width than just the inte-
grated magnitudes.

From our discussions of the integrated magnitudes and
di�erential spectra we naively expect that we should have
the strongest sensitivity to the �� couplings followed by
the Z� couplings and the weakest sensitivity to the loop
induced ZZ couplings. As we will show below, this indeed
turns out to be the case.

III. RESULTS

To obtain our results we use the framework devel-
oped and described in detail in [37]. We will take the
SM tree level prediction of AZZ

1 = 2 as input and fit
to the remaining six couplings simultaneously. Floating
all parameters simultaneously ensures that we account
for potentially important correlations between the vari-
ous couplings [37]. Note also that by fixing AZZ

1 = 2 we
are implicitly fitting to ratios of couplings and taking the
overall normalization as input since it can be obtained
from measurements of the total rate. This also serves to
minimize the dependence of our results on any produc-
tion e�ects we have neglected.

For all of our results we combine the 2e2µ, 4e, and
4µ channels by computing the fully di�erential decay
width for each final state [36, 37] (including identical fi-
nal state interference for 4e and 4µ) and combining them

into one likelihood. The data sets which we fit to are gen-
erated from these expressions and contain a mixture of
all three final states whose proportions are determined
by the overall normalization of the di�erential widths for
each channel. Though we do not examine this issue here,
we note that the three channels do not possess the same
sensitivity. We leave a detailed examination of this inter-
esting point to an ongoing followup study [47].

A. Fit and Phase Space Definition

We define our six dimensional parameter space as,

�A = (AZZ
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To estimate the sensitivity we obtain what we call an
‘e�ective’ � or average error defined as [48],
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�|Â � �Ao|�, (7)

where Â is the value of the best fit parameter point ob-
tained by maximization of the likelihood with respect
to �A. Here �Ao represents the ‘true’ value with which our
data sets are generated. The average error is then found
by conducting a large number of pseudoexperiments with
a fixed number of events and obtaining a distribution for
Â which will have some spread centered around the av-
erage value. We then translate the width of this distri-
bution into our e�ective � which converges to the usual
interpretation of � when the distribution for Â is per-
fectly gaussian. We repeat this procedure for a range of
fixed number of signal events to obtain � as a function
of number of signal events NS .

We take the Higgs mass to be mh = 125 GeV and limit
our phase space to approximate the cuts used by CMS
as indicated by following cuts and reconstruction:

• pT ` > 20, 10, 7, 7 GeV for lepton pT ordering,

• |⌘`| < 2.4 for the lepton rapidity,

• 40 GeV  M1 and 12 GeV  M2.

Here M1 and M2 are the reconstructed masses of the two
lepton pairs. In reconstructing M1 and M2 we always
impose M1 > M2 and take M1 to be the reconstructed
invariant mass for a particle and anti-particle pair which
is closer to the Z mass. Note however that two other
lepton pairings are possible and equally valid, but we
leave an exploration of these alternate reconstructions
to ongoing work [47]. For further details on the fitting
(maximization) procedure and on the statistical analysis
see [37, 38].

B. Sensitivity as Function of Number of Events

Using the definition in Eq.(6) we fit to a ‘true’ param-
eter point,

�Ao = (0, 0, 0, 0, 0, 0), (8)

(Â is best fit point,

~A
o

is‘true’ value, and average taken over large set of PE)

I Consider two sets of cuts (‘CMS-like’ and ‘Relaxed’):
I pT` > 20, 10, 7, 7 GeV, |⌘`| < 2.4, 40 GeV  M1, 12 GeV  M2
I pT` > 20, 10, 5, 5 GeV, |⌘`| < 2.4, 4 GeV  M1,2 /2 (8.8, 10.8) GeV
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Probing Effective Couplings at LHC
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Wilson Coefficients in Linearly Realized EFT
- Can also perform fits in the context of SM + D6 EFT assuming EW doublet
- Constrains Wilson coefficients in SU(3)c ⌦ SU(2)L ⌦ U(1)Y invariant theory
(LHC Higgs Cross Section Working Group 2: LHCHXSWG-INT-2015-001 cds.cern.ch/record/2001958)

- Easily perform fits in any basis such as in Warsaw (left) or Higgs (right)
(B. Grzadkowski, M. Iskrzynski, M. Misiak, J. Rosiek: 1008.4884, R. S. Gupta, A. Pomarol, F. Riva: 1405.0181)

(Y. Chen, A. Falkowski, R. Harnik, RVM: PRELIMINARY)
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Probing Loop Effects in h ! 4`
I Everything discussed so far is from an ‘EFT perspective’
I Can also use h ! 4` to probe underlying loop effects
I In SM, W and top loops contribute to effective hVV couplings

h

Z
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V2

h

t
V1

V2

h

W

I Can search for deviations in coupling of Higgs to top and W

2

h
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V2

`

`

`�

`�

FIG. 1. Schematic representation of the hV V corrections to
the h � 4� amplitude where V1,2 = Z, � and � = e, µ.

PROBING CUSTODIAL SYMMETRY IN h � 4�

We parametrize the Higgs couplings to ZZ and WW
vector boson pairs as,

LZW � h

v

�1

2
gZZm2

ZZµZµ + gWW m2
W W+µW�

µ

�
, (3)

where mZ and mW are the Z and W pole masses and
gZZ = gWW = 2 in the SM. The top Yukawa couplings
are parametrized as,

Lt � mt

v
ht̄(yt + iỹt�

5)t, (4)

where mt is defined to be the pole mass found in the top
quark propagator with yt = 1, ỹt = 0 at tree level in the
SM. We will also define the following ratios,

�W =
gWW

gZZ
, �t =

yt

gZZ
, �̃t =

ỹt

gZZ
. (5)

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

M4` = M0
ZZ + M1

W + M1
t . (6)

There are also real non-Higgs backgrounds, whose leading
contributions must be accounted for as well and will be
discussed below.

As discussed above, the sensitivity to the higher di-
mensional hZZ e�ective couplings is significantly weaker
than for the hZ� and h�� e�ective couplings [43]. Fur-
thermore, though the hZZ e�ective couplings receive
contributions from top and W loops, there are also a
number of other one-loop contributions involving Z and
Higgs bosons. The already weak sensitivity to these hZZ
couplings makes disentangling the top contribution from
other contributions di�cult. We therefore simply will
model these with the set of dimension 5 operators:

LZZ � h

4v

�
AZZ

2 Zµ�Zµ� + AZZ
3 Zµ� �Zµ�

+ 4AZZ
4 �µZ�Zµ�

�
, (7)

where the AZZ
n are taken as real and constant. To study

the potential e�ects of these contributions we treat AZZ
n

L µ(h � WW ) µ(h � ��) µ(h � Z�)

Current X 1.14 ± 0.25 [48] NA

300 fb�1 X 1.0 ± 0.1 [49] 1.0 ± 0.6 [50]

3000 fb�1 X 1.0 ± 0.05 [49] 1.0 ± 0.2 [50]

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

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. (7) do not greatly a�ect our sensitivity to the top
Yukawa via the Z� and �� e�ective couplings, especially
once su�cient statistics are accumulated.

There is of course a non-Higgs background which
comes dominantly from the continuum qq̄ ! 4` pro-
cess [46] and can have important e�ects. As discussed
in [43] this background enters almost entirely due to de-
tector resolution e�ects. If detectors had perfect energy
resolution the signal region would essentially be a delta
function centered at the Higgs mass leading to an e�ec-
tively background free sample. However, imperfect de-
tector resolution has the e�ect of widening the signal re-
gion, thus introducing more non-Higgs background into
the sample and degrading the sensitivity to the hV V ef-
fective couplings [43].

For this qq̄ ! 4` background we utilize the analytic
expressions computed in [31, 39] and follow the pro-
cedure in [22, 43] to build a signal plus background
likelihood which includes the parton distribution func-
tions (pdfs) as well as crude modeling of detector reso-
lution e�ects. More details on this implementation can
be found in [22, 31, 39, 43]. For a more realistic anal-
ysis, careful treatment of detector resolution and addi-
tional background e�ects can be done with the frame-
work in [42, 46, 47], but is left to future work. However,
these detector e�ects are not expected to qualitatively
change the results obtained here.

TESTING CUSTODIAL SYMMETRY
AT THE LHC AND BEYOND

µ(h ! ��) � (0.64 gWW � 0.28 yt)
2 + (0.43 ỹt)

2 (8)

µ(h ! Z�) � (0.53 gWW � 0.06 yt)
2 + (0.09 ỹt)

2,

Show � vs. L/NS , money plots, etc. for yt, ỹt (or
Yt, �). Perhaps a Yt vs. mt money plot.

CONCLUSIONS
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PROBING CUSTODIAL SYMMETRY IN h � 4�
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To be more explicit, we can write the h ! 4` amplitude
up to one loop as follows,

M4` = M0
ZZ + M1

W + M1
t . (8)

There are also real non-Higgs backgrounds, whose leading
contributions must be accounted for as well and will be
discussed below.

As discussed above, the sensitivity to the higher di-
mensional hZZ e�ective couplings is significantly weaker
than for the hZ� and h�� e�ective couplings [43]. Fur-
thermore, though the hZZ e�ective couplings receive
contributions from top and W loops, there are also a
number of other one-loop contributions involving Z and
Higgs bosons. The already weak sensitivity to these hZZ
couplings makes disentangling the top contribution from

other contributions di�cult. We therefore simply will
model these with the set of dimension 5 operators:

LZZ � h

4v

�
AZZ

2 Zµ�Zµ� + AZZ
3 Zµ� �Zµ�

+ 4AZZ
4 �µZ�Zµ�

�
, (9)

where the AZZ
n are taken as real and constant. To study

the potential e�ects of these contributions we treat AZZ
n

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. (9) do not greatly a�ect our sensitivity to the top
Yukawa via the Z� and �� e�ective couplings, especially
once su�cient statistics are accumulated.

There is of course a non-Higgs background which
comes dominantly from the continuum qq̄ ! 4` pro-
cess [46] and can have important e�ects. As discussed
in [43] this background enters almost entirely due to de-
tector resolution e�ects. If detectors had perfect energy
resolution the signal region would essentially be a delta
function centered at the Higgs mass leading to an e�ec-
tively background free sample. However, imperfect de-
tector resolution has the e�ect of widening the signal re-
gion, thus introducing more non-Higgs background into
the sample and degrading the sensitivity to the hV V ef-
fective couplings [43].

For this qq̄ ! 4` background we utilize the analytic
expressions computed in [31, 39] and follow the pro-
cedure in [22, 43] to build a signal plus background
likelihood which includes the parton distribution func-
tions (pdfs) as well as crude modeling of detector reso-
lution e�ects. More details on this implementation can
be found in [22, 31, 39, 43]. For a more realistic anal-
ysis, careful treatment of detector resolution and addi-
tional background e�ects can be done with the frame-
work in [42, 46, 47], but is left to future work. However,
these detector e�ects are not expected to qualitatively
change the results obtained here.

TESTING CUSTODIAL SYMMETRY
AT THE LHC AND BEYOND

µ(h ! ��) � (0.64 gWW � 0.28 yt)
2 + (0.43 ỹt)

2 (10)

µ(h ! Z�) � (0.53 gWW � 0.06 yt)
2 + (0.09 ỹt)

2,

Show � vs. L/NS , money plots, etc. for yt, ỹt (or
Yt, �). Perhaps a Yt vs. mt money plot.

CONCLUSIONS
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I Interference between tree level hZZ amplitude and top loop diagram
allows us to probe top CP properties and search for CPV



Probing the Top Yukawa CP Properties

- We first examine the ability to probe the top-Higgs interactions in h ! 4`
- Fix gWW ,ZZ couplings to SM, but allow general CP mixture of top Yukawa
- We can also compare sensitivity to h ! ��, h ! Z�, and tth channels

(Y. Chen, D. Stolarski, RVM: 1505.01168)
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- The golden channel should be a useful and qualitatively different channel for
probing the top Yukawa CP properties at the LHC and future colliders



Top and W Couplings and Custodial Symmetry
We can also examine allowing W
coupling to float as well and examine
gWW vs yt and gWW vs ỹt planes

Another possibility is to probe
custodial symmetry through the ratio
of couplings �W = gWW /gZZ

(Y. Chen, D. Stolarski, RVM: PRELIMINARY)
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Ongoing Work and Conclusions

I As part of ongoing work we are also exploring:
Work in progress with Y. Chen, A. Falkowski, D. Stolarski

I Sensitivity to Higgs quartic coupling
I Other NP contributions to loops (squarks, charginos, etc.)
I Using priors from other measurements with h ! 4` MEM analysis
I Examine effective couplings in loop processes (i.e. NLO EFT)

I Conclusions:
I h ! 4` an indispensable tool to study Higgs and search for BSM
I Can use h ! 4` to study Higgs couplings to ZZ , Z�, and �� and

couplings to top, W , and Z in underlying loop processes
I It is a direct probe of CP properties of these couplings
I h ! 4` serves as complementary, but qualitatively different

measurement to h ! Z� and h ! �� on-shell decays
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