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Physics Possibilities in h→ 4` and h→ 2`γ

I Hypothesis testing and multi-parameter extraction at LHC
I Probing Higgs CP properties ⇒ searching for CP violation
I Measuring/constraining effective hVV Couplings

(Y. Chen, RVM + others: 1211.1959, 1310.2893, 1404.1336, 1410.4817, 1411.3441, 1503.05855)

I New Observables for CP violation in Higgs decays
(Y. Chen, A. Falkowski, I. Low, RVM: 1405.6723)

I Exotic Higgs decays
(A. Falkowski, RVM: arXiv:1404.1095)

I Probing top Yukawa CP properties
(Y. Chen, D. Stolarski, RVM: 1505:01168)

I Testing SU(2)L ⊗ U(1)Y gauge invariance and EFT
(Y. Chen, A. Falkowski, R. Harnik RVM: Ongoing)

I Testing Custodial symmetry
(Y. Chen, J. Lykken, M. Spiropulu D. Stolarski, RVM: Ongoing)



ID-ing the Higgs with Kinematic Distributions

I Sensitivity to Higgs couplings
and underlying loop effects
comes from the many kinematic
differential distributions and
their correlations

I They contain information about
CP properties and tensor
structure of Higgs couplings
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Constructing a MEM Likelihood Analysis
I A likelihood can be formed out of probability density functions (pdfs)

using some set of observables as follows

11

to. Furthermore, for a specific model one can take the predic-
tion for the values of the various couplings and simply multi-
ply by the numbers given in Fig. 4-5 to get a feel for whether
those couplings might be probed in the golden channel. For
most realistic models, all couplings apart from A1ZZ are gen-
erated by higher dimensional operators and are expected to
be small. Of course, these rates do not contain information
about the shapes in the various distributions so in principal
the sensitivity is greater than might be inferred from these
values. In Sec. VII A of the Appendix we also show the same
partial fractions for a ‘CMS-like’ phase space as well as show
the same tables for the standard model prediction. Of course
for a scalar resonance with a mass much larger or smaller than
125 GeV these numbers can change significantly.

B. Simplified Analysis

In order to demonstrate the flexibility and potential of our
framework, we perform a simplified generator level analy-
sis neglecting any detector e↵ects and at a fixed center of
mass energy of

p
s = m' = 125 GeV . To do this we con-

struct a maximum likelihood analysis using the fully di↵er-
ential cross sections in Eqs.(19) and (49) to build the signal
plus background pdf from which the total likelihood will be
constructed. Thus we have,

PS+B(O|FB , ~A) = FB ⇥ PB(ŝ, M1, M2, ~⌦) (50)

+(1 � FB) ⇥ PS(m2
h, M1, M2, ~⌦|~�)

where O = (ŝ, M1, M2, ~⌦) is our final set of observables and f
is the background fraction, which we must also extract. The
signal and background pdfs are given by,

PS(m2
h, M1, M2, ~⌦|~�) =

d�h!4`

dM2
1 dM2

2 d~⌦

PB(ŝ, M1, M2, ~⌦) =
d�qq̄!4`

dM2
1 dM2

2 d~⌦
, (51)

where they have been normalized over O (at fixed
p

s). With
the pdfs in hand we can now write the likelihood of obtaining
a particular data set containing N events as,

L( ~A) =
NY

O
P(O| ~A) (52)

After constructing L(f,~�) we then maximize with respect to

f and ~� to extract the values which maximize the likelihood
�̂ and f̂ for a given data set. To asses the error we then re-
peat this for a large number of pseudo experiments to obtain
distributions for �̂ and f̂ with a corresponding spread. Below
we show the results for an example parameter point. More
details on this procedure can be found in [30] and [31].

C. Fit Definition

To examine the Higgs couplings to neutral gauge bosons,
we take as our hypothesis the vertex in Eq.(1). We can use an
overall phase rotation to make one of the parameters real. Fur-
thermore, we can avoid the need for the absolute normaliza-
tion if we instead fit to ratios of couplings. Which parameter

to make real and which ratios to construct explicitly is a mat-
ter of choice the most convenient of which depends on the fit
being performed. Thus, in terms of the vertex as defined in
Eqs.(2), we are explicitly fitting to,

�µ⌫
ij (k, k0) / Rij

1 V µ⌫
1 + Rij

2 V µ⌫
2 + Rij

3 V µ⌫
3 (53)

where Rij
n are complex ratios defined as Rij

n = Anij/|A| where
|A| is some normalization to be chosen for each fit. Since one
of the Rij

n can always be made real there are in principal
twelve undetermined parameters to fit for when neglecting
the overall normalization (note RZ�

1 = R��
1 = 0). Fitting to

ratios also makes any dependence on the production variables,
~pT and Y minimal since they mainly only a↵ect selection ef-
ficiencies when detector e↵ects are eventually included [30].

D. Example Parameter Extraction

As a demonstration of our ability to perform parameter
extraction, we analyze the following example parameter point:

• ~� ⌘ (A1ZZ = 1, A2ZZ = 0, A3ZZ = 5.1, A2Z� =
0.05, A3Z� = �0.1, A2�� = 0.07, A3�� = �0.08).

Note that even though A2ZZ is zero we still fit for it and there-
fore it is floated when performing the maximization. Thus we
allow for all operators in Eq.(3) to be ‘turned on’ simultane-
ously, but we assume all coe�cients to be real. Our framework
can easily also allow for non-zero phases, but we do not con-
sider them here for simplicity. The pseudo-data set to which
we fit is obtained by generating large samples from the an-
alytic expressions using a simply constructed event genera-
tor5. We generate both signal and background events at fixed
energy

p
s = 125 GeV and M1,2 > 4 GeV . Since we seek

only to demonstrate the validity of our parameter extraction
framework, we focus on the 2e2µ final state for simplicity. It
would be interesting, however, to perform a dedicated study
and examine how the sensitivity of the 2e2µ final state com-
pares to the 4e/4µ final state for di↵erent choices of phase
space, but we leave this for future work. The parameter ex-
traction is performed by maximizing the likelihood function
as described above.

We first perform a simultaneous extraction of all param-
eters including the correlations assuming a pure signal sam-
ple. We show in Fig. 6 one dimensional results for a large set
of pseudo experiments containing 1000 events each. We have
explicitly fit to the ratios of couplings Rij

n = Anij/|A| where
here we take |A| = |A1ZZ | (thus fixing RZZ

1 = 1). The dis-
tribution for the extracted parameters obtained for the set of
pseudo experiments is shown in blue with the true value indi-
cated by the red vertical line. One can see that the true value
sits near the center of the distribution, an indication that
the maximization procedure is working properly and that the
global maximum of the likelihood function is in fact being
obtained in each pseudo experiment. The e�ciency of con-
vergence in our maximization is & 99% and takes on the order
of a few minutes to complete [31].

Of course there are also correlations between the param-
eters. To see this we can examine the di↵erent parameters

5 The event generator can be obtained from [38].

(where O is set of observables and ~A a set of undetermined parameters)

I For pp → h→ 4` we construct the pdf from the differential cxn:

4

of Hermitian operators,

L � 1

4v
h
⇣
2ghm2

ZZµZµ + gZZµ⌫Zµ⌫ + g̃ZZµ⌫ eZµ⌫

+ 2gZ�Fµ⌫Zµ⌫ + 2g̃Z�Fµ⌫ eZµ⌫

+ g�Fµ⌫Fµ⌫ + g̃�Fµ⌫ eFµ⌫

⌘
, (2)

where we have taken h real and allowed only up to di-
mension five operators and Zµ is the Z field while Vµ⌫ =
@µV⌫�@⌫Vµ is the usual bosonic field strengths. The dual

field strengths are defined as eVµ⌫ = 1
2✏µ⌫⇢�V ⇢�. Thus for

this Lagrangian we would have all couplings real with
AZZ

1 ⌘ gh, AZZ
2 ⌘ gZ , AZZ

3 ⌘ g̃Z and similarly for Z�
and ��. This makes Eq.(1) a convenient parametrization
for fitting to Lagrangian parameters that might be gen-
erated in various models at dimension five or less. For a
purely Standard Model Higgs we have AZZ

1 ⌘ gh = 2,
while all other coe�cients are ⇡ 0. The parameteriza-
tion in Eq.(1) can of course be mapped onto Lagrangians
with dimension greater than five with appropriate trans-
lation of the parameters. We work explicitly with the
vertex in Eq.(1) used to calculate the fully di↵erential
cross section for h ! 4` and when performing parameter
extraction, but again this can easily be changed in our
framework. We also define the full set of parameters as,

~A ⌘ (AZZ
1 , AZZ

2 , AZZ
3 ; AZ�

2 , AZ�
3 ; A��

2 , A��
3 ), (3)

which will be used for the remainder of this study.

C. Signal and Background
Di↵erential Cross Sections

In the case of signal we have computed analytically the
fully di↵erential cross section in the observables described
in Sec.IIA for the process h ! ZZ + Z� + �� ! 4`
using the parametrization in Eq.(1). We have included all
possible interference e↵ects between tensor structures as
well as identical final states in the case of 4e/4µ. For the
irreducible background we have computed analytically
the process qq̄ ! ZZ +Z� +�� ! 4` which includes the
s-channel (resonant) 4` process as well as the t-channel
(diboson production) 4` process and again includes all
possible interference e↵ects. All vector bosons are allowed
to be on or o↵-shell and we do not distinguish between
them in what follows. The details of these calculations
can be found in [19, 35, 36] along with the validation
procedures and detailed studies of the distributions as
well as the various interference e↵ects. We have combined
these analytic expressions with functions parametrizing
the production spectra and implemented them into our
analysis framework.

We note that it is important to include all possible
Higgs couplings including the Z� and �� contributions
in the signal di↵erential cross section since the Higgs ap-
pears to be mostly Standard Model-like [40] and we are
primarily searching for small anomalous deviations from

the Standard Model prediction. Thus when attempting to
extract specific couplings we must be sure that one small
e↵ect is not being mistaken for another. This is particu-
larly relevant because we find many of the couplings are
correlated. Including all possible couplings and doing a
simultaneous fit ensures that we minimize the possibility
of misinterpretation or of introducing a bias when at-
tempting to extract these couplings. Searching for these
small e↵ects is also why it is important to include the in-
terference e↵ects between the identical final state leptons
as well as the relevant detector e↵ects and background.

III. CONSTRUCTION OF THE PDF

To be able to perform a fit for the e↵ective Higgs cou-
plings, we must first obtain the probability density func-
tion (pdf ) for the observables as a function of the unde-

termined parameters ( ~A). This pdf consists of two com-
ponents which we assume to be factorized: the parton
level (‘decay’) di↵erential cross section as discussed in
Section II C, and the production spectrum. This can be
expressed as,

P (~pT , Y,�, ŝ, M1, M2, ~⌦| ~A) = (4)

Wprod(~pT , Y,�, ŝ) ⇥ d�4`(ŝ, M1, M2, ~⌦| ~A)

dM2
1 dM2

2 d~⌦
.

The parton level fully di↵erential cross section is treated
as being at fixed ŝ where one obtains the input ŝ value
from the production spectrum Wprod. The production
spectrum for the signal and background depend on the
parton distribution functions and can not be computed
analytically. For the signal in which we assume decays
on-shell, the ŝ spectrum is taken to be a delta function
centered at m2

h. We discuss in more detail how Wprod is
obtained for the signal and background in Sec. III D.

We explicitly assume that the decay process can be
factorized from the production mechanism and as men-
tioned previously will eventually average over ~pT , Y and
�. Of course the expression in Eq.(4) represents the gen-
erator level pdf, while a realistic treatment involves the
pdf after taking into account detector e↵ects. We study
this in more detail below and discuss the basic proce-
dure for obtaining the detector level pdf via an explicit
integration over all of the center of mass variables. The
particular details of the various steps as well as a number
of validations can be found in an accompanying technical
note [36].

A. Obtaining pdf in Terms of Detector Observables

A realistic treatment of the signal and background re-
quires obtaining the pdfs in terms of detector level ob-
servables. This can be done by a convolution of the gen-
erator level pdf introduced in Eq.(4) with a transfer func-
tion which parametrizes the e↵ects of the lepton selec-

I Construct ratios Λ = L(Aa)/L(Ab)⇒ hypothesis testing
I Perform parameter extraction via maximization of the likelihood
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give one important example, we generate pdfs with nar-
rower or wider lepton response functions to parameterize
our knowledge of the lepton momentum resolution. If we
define the nominal pdf to be P0(O) and the alternative
as P1(O), one can parameterize the dependence of the
likelihood on a nuisance parameter n by interpolating
between the nominal and the alternative pdfs as follows:

P(O|n) = (1 � n) P0(O) + n P1(O)

= P0(O) + n [P1(O) � P0(O)] . (27)

It is instructive to observe that, for all values of n, the
normalization of the total pdf stays the same. Given the
asymmetric nature of many systematic uncertainties, it is
more appropriate to generate many “check-points” along
the axis of n and to do piece-wise interpolation with-
out the need of worrying about the normalization. Non-
central values of n are a priori disfavored, therefore one
can impose a prior on top of the interpolated likelihood:

P(O|n) = P(O|n)G(n), (28)

where G(n) is typically a Gaussian centered at the central
value of n. In the case of multiple systematic uncertain-
ties, one can replace n by a vector of nuisance parameters
~n, and the prior G(n) by G(~n). In general G(~n) is a mul-
tivariate Gaussian-like function with primary axes which
are some combination of di↵erent nuisance parameter di-
rections. However one can carefully define the nuisance
parameters such that correlations between them are neg-
ligible. In this limit G(~n) can be written as the product
of many Gaussian-like functions.

In this paper, we have included the dominant system-
atic uncertainties resulting from imperfect knowledge of
the lepton momentum scale and resolution. Future work
will incorporate a more exhaustive list of systematic un-
certainties, including those resulting from uncertainties
in the production spectra, uncertainties in the Higgs
boson mass, and uncertainties on sub-dominant back-
grounds.

V. FIT AND STATISTICAL PROCEDURE

Here we discuss the maximization procedure used to
extract the undetermined parameters and the use of
pseudo experiments to quantify the uncertainty as well as
present our fit definition. To perform the maximization
of the likelihood we have incorporated the MINUIT [49]
function minimization code into our framework. Further
details of these procedures can be found in [36].

A. Maximization Procedure

One important feature of the procedure is that the
computationally intensive component of evaluating the
likelihood only needs to be done for the events in the final
dataset used in the fit for a given experiment. Therefore

the computationally expensive pieces can be calculated
on the computing grid prior to the analysis of the data,
and the fit for parameter extraction itself is then com-
pleted within a few seconds. This allows for a great deal
of flexibility when fitting the undetermined parameters.

Once the likelihood L( ~A) for a particular dataset is
obtained, a simple maximization procedure to find the
global maximum is performed to obtain the value of
the parameters which maximizes the likelihood, Â. Thus

Â represents the most likely value of ~A for a given
dataset. Schematically we have,

@L( ~A)

@ ~A

���
~A=Â

= 0. (29)

To quantify the uncertainty on the extracted value Â we
perform a large number of pseudo-experiments N each
containing N events and perform the maximization for
each pseudo-experiment. A distribution for Â is obtained
with a spread � and average value Ā. The true value Ao

will sit within some interval of the extracted value Â for
a given pseudo experiment and as the number of pseudo
experiments is taken to infinity the average value of Â will
converge to the true value; i.e. Ā ! Ao as N ! 1. The
results to be shown in Sec. VI represent a rough esti-
mate of the final precision of the analysis, while a precise
quantification of the measurement precision including all
sub-dominant backgrounds and systematic uncertainties
are left to an ongoing study [37].

B. Finding the Global Maximum

In practice the maximization in Eq.(29) is done by
a simple scan of the likelihood function starting from
some random initial point in the parameter space. Of
particular importance in this step is ensuring that the
point in parameter space that this procedure converges
to is actually the global maximum and not simply a local
maximum, as the statistical fluctuations of a particular
dataset can lead to the appearance of multiple local max-
ima in the likelihood. This can lead to biases or imprecise
estimations of the undetermined parameters.

We illustrate this e↵ect in Fig. 8 where we show ‘arrow
plots’ for an example two-dimensional fit to two di↵erent
datasets containing the same number of events and same
‘true’ value for the undetermined parameters. We show a
large number of arrows whose tails begin at some initial
point in a two dimensional parameter space and whose
heads point to the final point reached in the maximiza-
tion scan. On the left we see the same endpoint is reached
regardless of the initial starting point indicating there is
a clear global maximum. On the right we see two separate
accumulations to which the arrow heads point indicating
two local maxima. We have carefully accounted for this
e↵ect in our maximization procedure and find a very high
convergence rate in general (& 99%) to the global maxi-
mum of the likelihood. More details of this procedure can
be found in [36].



Anomalous Higgs Couplings in h→ 4`

I We consider h→ VV → 4`
where 4` ≡ 2e2µ, 4e, 4µ and
VV = ZZ ,Zγ, γγ

I Can parametrize the hVV
couplings with an effective
Lagrangian (up to D = 5)

Signal and Background

L

Signal

Background



Many studies of h→ 4` and h→ 2`γ decays before and after discovery...

R. M. Godbole, D. Miller, M. Muhlleitner: 0708.0458
Q. Cao, C. Jackson, W.Y. Keung, I. Low: 0911.3398
Y. Gao, A. V. Gritsan, Z. Guo, K. Melnikov, M. Schulze, et. al: 1001.3396
A. De Rujula, J. Lykken, M. Pierini, C. Rogan, M. Spiropulu: 1001.5300
J. Gainer, K. Kumar, I. Low, RVM: 1108.2274
S. Bolognesi, Y. Gao, A. V. Gritsan, K. Melnikov, et. al: 1208.4018
R. Boughezal, T. LeCompte, F. Petriello: 1208.4311
Avery, Bourilkov, Chen, Cheng, Drozdetskiy, et. al: 1210.0896
J.M. Cambell, W.T. Giele, C. Williams: 1205.3434
J.M. Cambell, W.T. Giele, C. Williams: 1204.4424
J. Gainer, J. Lykken, et. al.: 1304.4936
P. Artoisenet, P. de Aquino, F. Demartin, F. Maltoni, et. al: 1306.6464
Sun, Yi and Wang, Xian-Fu and Gao, Dao-Neng: 1309.4171
Anderson, S. Bolognesi, F. Caola, Y. Gao, A. V. Gritsan, et al.: 1309.4819
T. Chen, J. Gainer, et. al.: 1310.1397
Gonzales-Alonso, Isidori: 1403.2648
J. Gainer, J. Lykken, K. T. Matchev, S. Mrenna, M. Park: 1403.4951
M. Beneke, D. Boito, Y. Wang: 1406.1361
M. Gonzalez-Alonso, A. Greljo, G. Isidori, D. Marzocca1412.6038
M. Gonzalez-Alonso, A. Greljo, G. Isidori, and D. Marzocca: 1504.04018
M. Bordone, A. Greljo, G. Isidori, D. Marzocca, A. Pattori: 1507.02555
+ many others as well as various ATLAS and CMS studies



Probing Anomalous Couplings in h→ 4` at LHC
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I Perform 6D fit to ZZ ,Zγ, γγ
‘anomalous’ Higgs couplings

I Stronger sensitivity to Zγ
and γγ effective couplings

I Can probe Zγ and γγ CP
properties at HL-LHC
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Framework in CMS Analysis
CMS PAS HIG-14-014, arXiv: 1411.3441

I A multi-dimensional Higgs couplings extraction framework
Y. Chen, N. Tran, RVM: arXiv:1211.1959, Y. Chen, RVM: arXiv:1310.2893,

Y. Chen, E. DiMarco, J. Lykken, M. Spiropulu, RVM, S. Xie: arXiv:1401.2077, arXiv:1410.4817

I Used in recent CMS study of anomalous hVV couplings in h→ 4`
20 6 Results
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Figure 4: Expected and observed likelihood scans for fa2(left) and fa3(right) obtained using the
kinematic discriminant method (KD, black) and multidimensional distribution method (MD,
red). The likelihoods are computed assuming the a2/a1 and a3/a1 coupling ratios are real.

coverage is expected in the asymptotic limit [89].

For the scans shown in Figure 5a the likelihood is computed from the kinematic discriminant
method assuming fL1 is 0 or p and all other amplitudes have their SM values. Here the dis-
crimination is based on three-dimensional probability density functions (Dbkg, DL1, D0h+). The
fit finds (expects) the best fit points at fL1 cos(fL1) = 0.22+0.10

�0.16(0.00+0.16
�0.87) when the phase is 0

or p, fL1 = 0.22+0.10
�0.16(0.00+0.16

�0.00) when fL1 = 0, and fL1 = 0.00+0.08
�0.00(0.00+0.87

�0.00) when fL1 = p.
In Figure 5b fL1 is profiled while all other parameters are set to the SM predictions or a second
ZZ amplitude and its phase fai are profiled along with fL1 ( fa2, fa2 or fa3, fa3). The fits find
(expect) the best fit points to be at fL1 = 0.35+0.15

�0.29(0.00+0.87
�0.00) when profiling fL1. Furthermore,

fL1 = 0.28+0.20
�0.15(0.00+0.87

�0.00) when profiling fL1, fa2, and fa2 and fL1 = 0.42+0.10
�0.33(0.00+0.88

�0.00) when
profiling fL1, fa3, and fa3. In this case the likelihood is computed from the kinematic discrimi-
nant method only and the discrimination power is based on the three-dimensional probability
density functions (Dbkg, DL1, D0� or D0h+).

For the scans shown in Figure 5c the likelihood is computed from the kinematic discriminant
method assuming the a2/a1 amplitude ratio is real and all other amplitudes have their SM
values. Here the likelihood is based on three-dimensional probability density functions (Dbkg,
D0h+, Dint). The best fit values when the amplitude ratio is real, fa2 = 0 or p are reported
above. In Figure 5d fa2 is profiled while all other parameters are set to the SM predictions or a
second ZZ amplitude and its phase fai are profiled along with fa2 ( fL1,fL1 or fa3,fa3). The fits
find (expect) the best fit points to be at fa2 = 0.32+0.28

�0.32(0.00+0.59
�0.00) when profiling fa2. Further-

more, fa2 = 0.11+0.16
�0.11(0.00+0.73

�0.00) when profiling fa2, fL1, and fL1 and fa2 = 0.28+0.29
�0.28(0.00+0.59

�0.00)
when profiling fa2, fa3, and fa3. In this case the likelihood is computed from the Kinematic
Discriminant Method only and the discrimination power is based on the three-dimensional
probability density functions (Dbkg, D0h+, D0� or DL1).

For the scans shown in Figure 5e the likelihood is computed from the kinematic discriminant
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Figure 4: Expected and observed likelihood scans for fa2(left) and fa3(right) obtained using the
kinematic discriminant method (KD, black) and multidimensional distribution method (MD,
red). The likelihoods are computed assuming the a2/a1 and a3/a1 coupling ratios are real.

coverage is expected in the asymptotic limit [89].

For the scans shown in Figure 5a the likelihood is computed from the kinematic discriminant
method assuming fL1 is 0 or p and all other amplitudes have their SM values. Here the dis-
crimination is based on three-dimensional probability density functions (Dbkg, DL1, D0h+). The
fit finds (expects) the best fit points at fL1 cos(fL1) = 0.22+0.10

�0.16(0.00+0.16
�0.87) when the phase is 0

or p, fL1 = 0.22+0.10
�0.16(0.00+0.16

�0.00) when fL1 = 0, and fL1 = 0.00+0.08
�0.00(0.00+0.87

�0.00) when fL1 = p.
In Figure 5b fL1 is profiled while all other parameters are set to the SM predictions or a second
ZZ amplitude and its phase fai are profiled along with fL1 ( fa2, fa2 or fa3, fa3). The fits find
(expect) the best fit points to be at fL1 = 0.35+0.15

�0.29(0.00+0.87
�0.00) when profiling fL1. Furthermore,

fL1 = 0.28+0.20
�0.15(0.00+0.87

�0.00) when profiling fL1, fa2, and fa2 and fL1 = 0.42+0.10
�0.33(0.00+0.88

�0.00) when
profiling fL1, fa3, and fa3. In this case the likelihood is computed from the kinematic discrimi-
nant method only and the discrimination power is based on the three-dimensional probability
density functions (Dbkg, DL1, D0� or D0h+).

For the scans shown in Figure 5c the likelihood is computed from the kinematic discriminant
method assuming the a2/a1 amplitude ratio is real and all other amplitudes have their SM
values. Here the likelihood is based on three-dimensional probability density functions (Dbkg,
D0h+, Dint). The best fit values when the amplitude ratio is real, fa2 = 0 or p are reported
above. In Figure 5d fa2 is profiled while all other parameters are set to the SM predictions or a
second ZZ amplitude and its phase fai are profiled along with fa2 ( fL1,fL1 or fa3,fa3). The fits
find (expect) the best fit points to be at fa2 = 0.32+0.28

�0.32(0.00+0.59
�0.00) when profiling fa2. Further-

more, fa2 = 0.11+0.16
�0.11(0.00+0.73

�0.00) when profiling fa2, fL1, and fL1 and fa2 = 0.28+0.29
�0.28(0.00+0.59

�0.00)
when profiling fa2, fa3, and fa3. In this case the likelihood is computed from the Kinematic
Discriminant Method only and the discrimination power is based on the three-dimensional
probability density functions (Dbkg, D0h+, D0� or DL1).

For the scans shown in Figure 5e the likelihood is computed from the kinematic discriminant
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Figure 7: The observed 2D likelihood scan for fa2 vs fa3 fractions, obtained using the kinematic
discriminant method (KD, black) and multidimensional distribution method (MD, red). The
likelihoods are computed assuming the a2/a1 and a3/a1 coupling ratios are real.

alternative signal hypotheses are taken to be the same as for the SM Higgs boson (the 2e2µ
channel is taken as a reference). Since the observed signal strength is very close to unity, the
two results for the expected separations are also similar.

In case of the spin-one studies, we have performed hypothesis testing for a discrete set of val-
ues for parameter fb2. The distribution of test statistic and observed value in the case of the SM
Higgs boson versus an example spin-one hypothesis with mixture fb2=0.8 using decay only
information are shown in Figure 9 (left). The expected and observed separations from the test
statistic distributions are summarized in Table 8 and in Figure 10. Figure 9 (right) shows a like-
lihood scan of �2D ln L as a function of f (JP), in case of the qq̄ production mode. The expected
and observed non-interfering fraction measurements are also summarized in Table 8, as well as
in Figure 11. In case of production independent scenarios the f (JP) results are extracted using
the efficiency of qq ! X. All the results are consistent with the expected SM contribution to
the signal.

In case of the spin-two studies, we have computed the test statistics and performed hypothesis
testing for all models and discriminants discussed in Section 5.2.2. The following terms are
tested here for the first time; c2(2+

h2), c3(2+
h3), c6(2+

h6), c7(2+
h7), c9(2�h9), c10(2�h10). Previous CMS

results tested c1 = c5(2+
m) in all three production scenarios, as well as c1 << c5(2+

b ), c4(2+
h ) and

c7(2�h ) terms from gg production [10]. This analysis tests both qq̄ and production independent
scenarios for these three untested cases. The results presented here and previous CMS results
cover all lowest order terms in the amplitude when we do not consider mixing of these spin-
two scenarios.

The example distribution of test statistic and observed value in the case of the SM Higgs boson
versus the spin-two hypothesis any ! 2�h10 are shown in Figure 12 (left). Figure 12(right)
shows the likelihood scan of the spin-two hypotheses as a function of f (JP), in the decay only
discriminant case.

I Used in a limited scope and validated with other frameworks
I Can begin utilizing full power of framework in future LHC studies



Probing top and W Loop Effects in h→ 4`

I The W and top loops contribute to effective hVV couplings

Thursday, January 21, 2016 9:46 AM
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I Can study the nature of the top and W couplings to the Higgs

Directly Probing the Higgs’ Custodial Nature
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We examine the possibility of using Higgs to four lepton decays to directly establish the custodial
nature of the Higgs boson. This is accomplished by exploiting the fact that h ! 4` decays are
sensitive, via tree level/1-loop interference e↵ects, to the ratio of the tree level Higgs couplings to
WW and ZZ pairs. This ratio, �WZ , is well known to be a measure of the custodial symmetry
possessed by the gauge boson mass matrix and Higgs sector. We point out that simply establishing
the overall sign of �WZ e↵ectively establishes the custodial representation of the Higgs boson. We
then show that using the full kinematic information from each event in h ! 4` decays allows for
discrimination between ±�WZ at the 95% confidence level with O(X) signal events which should
be achievable with X � Y fb�1 of data at the LHC depending on production and experimental
uncertainties. We then examine other possibilities for testing custodial symmetry via h ! 4` decays
under various assumptions about the top quark Yukawa sector. We find that by end of LHC running,
h ! 4` decays may be able to simultaneously establish both the custodial nature of the Higgs boson
and the CP properties of its couplings to the top quark independently of other measurements.

INTRODUCTION

The Standard Model (SM) Higgs sector has an ap-
proximate SU(2)L ⇥SU(2)R symmetry which after elec-
troweak symmetry breaking (EWSB) is broken to its di-
agonal subgroup SU(2)V , the famous custodial symme-
try [1]. This global symmetry of the gauge boson mass
matrix implies the following tree level relation,

⇢tree ⌘ m2
W

c2
W m2

Z

= 1, (1)

a fact which confirmed experimentally to within an
O(1%) precision [2]. If there are contributions to EWSB
beyond the SM, this implies either that the full Higgs sec-
tor respects custodial symmetry as in the SM, or there
are percent-level cancellations unmotivated by symmetry
arguments. Taking symmetry as our guide, any scalars
which contribute to EWSB must transform in (NL,NR)
representations of the global SU(2)L⌦SU(2)R symmetry
possessed by the Higgs sector before EWSB [3].

Under the symmetry breaking pattern SU(2)L ⇥
SU(2)R ! SU(2)V , the (NL,NR) scalars decompose
into custodial SU(2)V representations as [3],

(NL,NR) = 1 � 3 � 2N � 3 � 2N � 1, (2)

where scalars in the (4k+1) representations are CP–even
and those in the (4k+3) representations are CP–odd. The
SM prediction is of course N = 2 while for the well known
Georgi-Machacek (GM) model [4–7] we have N = 3.

Since the W± and Z transform (approximately) to-
gether as an SU(2)V triplet, for pairs of W and Z bosons
one can form the tensor products of two triplets which
decomposes under the custodial symmetry as,

3 ⌦ 3 = 1 � 3 � 5, (3)

If we assume CP conservation, it is clear that pairs of W
and Z bosons can only couple at tree level to custodial
singlets and fiveplets [3]. As can be seen from Eq. (3),
the singlet state is always present for N � 2 while the
fiveplet is also generally present whenever N � 3.

All signs indicate that the neutral Higgs-like boson re-
cently discovered at 125 GeV [9, 10] couples to pairs of
gauge bosons at tree level via,

LZW � h

v

⇣
gZm2

ZZµZµ + 2gW m2
W Wµ+W�

µ

⌘
. (4)

These couplings are generated during EWSB and are re-
sponsible for the W and Z boson masses. As we will
review in more detail below, the ratio of couplings,

�WZ = gW /gZ , (5)

is determined by the custodial representation of the Higgs
boson, which as discussed can only be a singlet or five-
plet. This allows two possibilities for �WZ [3]:

�WZ = +1 (singlet)

�WZ = �1/2 (fiveplet). (6)

While there are custodial symmetry breaking (radiative)
corrections to �WZ via hypercharge and Yukawa cou-
plings, these corrections are in general much to small []
to give the O(1) corrections needed to change the sign of
the tree level predictions in Eq. (6). Therefore, a measure-
ment of the sign of �WZ should e↵ectively and robustly
determine the custodial representation of the Higgs.

Measurements by ATLAS and CMS of h ! WW and
h ! ZZ decay rates for the 125 GeV resonance indicate
|�WZ | ⇡ 1 [12, 13], thus favoring the singlet representa-
tion, they are not sensitive to the overall sign. Combined

2

h

V1

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)

D�� = 1.282
⇣
|1 � 0.21875

ct

cV
|2 + |0.335938

c̃t

cV
|2
⌘

(5)

ghtt = �i
mt

v
(ct + ic̃t�

5), (6)

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
. (7)

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⌫ eZµ⌫

+ 4AZZ
4 @µZ⌫Z

µ⌫
⌘

, (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 searching for CP violation



Probing Top Yukawa CP Properties in h→ 4`

I Compare with other probes such
as h→ γγ, h→ Zγ, and tth

I Qualitatively different probe of
the top Yukawa CP properties

(Y. Chen, D. Stolarski, RVM: 1505.01168)
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I Not yet sensitive, but should
become at high luminosity LHC
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The Custodial Nature of the Higgs Boson
I To a very good approximation, we have at tree level:

ρtree ≡ m2
W

c2
W m2

Z
= 1

I Implies a ‘custodial’ global SU(2)C symmetry of the EW gauge
boson mass matrix and Higgs scalar sector (P. Sikivie, L. Susskind, et. al (1980))

I Restricts possible values of λWZ = gW /gZ to two possibilities:
(I. Low, J. Lykken, arXiv: 1005.0872)

λWZ = +1 (singlet)
λWZ = −1/2 (fiveplet)

I In models with EW doublets only have custodial singlets
I Custodial fiveplet can be found in custodial Higgs triplet models

(H. Georgi and M. Machacek (1985), S. Gori, M. Quiros, RVM, et.al., arXiv: 1308.4025, 1409.5737)



Pinning the Sign Down at the LHC

I Custodialy violating and NLO effects too small to generate O(1)
corrections needed to change sign from the custodial prediction

I Thus simply establishing the overall sign effectively tells us the
Higgs’ custodial nature (Y. Chen, D. Stolarski, RVM: PRELIMINARY)



Custodial Symmetry and Top CP Properties

I Can also directly extract the
ratio of couplings λW = gW /gZ

(Y. Chen, D. Stolarski, RVM: PRELIMINARY)
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quark properties simultaneously
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Diphoton and Diboson Probes of
Fermiophobic Higgs Bosons at the LHC

   New Section 2 Page 2    

Based on work found in arXiv: 1603.00962 and in collaboration with:

Antonio Delgado, Mateo Garcia-Pepin, Mariano Quiros, Jose Santiago



Fermiophobic Higgs Bosons

I EW charged scalars contributing to EWSB
I Do not couple (atleast approximatly) to
Standard Model quarks and leptons

I Cannot be produced via gluon fusion

   New Section 2 Page 4    

I Appear in many models with extended Higgs
sectors (e.g. certain 2HDM and HTM as well as custodial
Higgs triplet models such as the Georgi-Macacheck model)



Typical Searches for Higgs Bosons

I Experimental searches have thus relied on
VBF and VH production mechanisms

   New Section 2 Page 4    

I Proportional to the exotic Higgs vev
I Discovery of the SM-like 125 GeV Higgs
boson constrains these vevs to be small

I Implies VBF and VH are suppressed making
these searches (except one) obsolete



Fermiophobic Higgs Production
I Unlike in SM there is a DY Higgs pair production mechanism

W±
H0

F

H±
N

I For small vev it is the dominant production mechanism
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Fermiophobic Higgs Decays
I No bb̄ (or gg) decays V large BR into γγ,VV possible
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I At low masses γγ dominates while at high masses WW /ZZ
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CDF Multiphoton (4γ + X) Searches
(CDF Collaboration: arXiv:1601.00401)

I Lone direct constraint is very
recent CDF 4γ + `±ν search
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I Clearly relies on MH±
F
> MH0

F

and large BR for H± → H0
FW

±

I Can be used to set limits
on MH±

F
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FIG. 2. Upper limit at 95% credibility on the cross-section
ratio with respect to theory predictions, calculated for the
final selection, including the E�1

T + E�2
T > 90 GeV require-

ment. The solid line is the obtained limit, the dashed line is
the expected limit, and the shaded regions cover the 68% and
95% of possible variations of expected limit values based on
the Poisson statistics of the expected number of background
events.

the loose selection but fails the full selection, the pre-
dicted and observed numbers of events are 372 ± 68 and
370, respectively. In events with E�1

T + E�2

T < 90 GeV,
6.6 ± 1.7 events are predicted and 5 events observed.
The observed agreement supports the reliability of the
background estimation.

We perform a Bayesian limit calculation restricted
to events observed in the signal region, E�1

T + E�2

T >
90 GeV, as a function of mhf

, ranging from 10 to
105 GeV/c2, and mH± , ranging from 30 to 300 GeV/c2.
We include systematic uncertainties due to the signal ef-
ficiency, the predicted number of background events, and
the luminosity, as well as the theoretical uncertainty of
20% on the cross section of Higgs boson production [21].
Figure 2 shows the expected and the observed cross sec-
tion limits at 95% credibility for a particular choice of
mhf

and mH± , with possible variations of the expected
limits obtained by assuming 68% or 95% of Poisson fluc-
tuations of the number of background events. From
Fig. 2, the mhf

region betwen 14 and 62 GeV/c2 is ex-
cluded for mH± = 75 GeV/c2. Connecting the boundary
regions of the excluded mhf

region for various values of
mH± in the mhf

vs. mH± plane, we form contours of
the excluded mass regions and present them in Fig. 3.
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FIG. 3. Excluded mass region at a 95% credibility, calculated
for the final selection. The solid curve is the contour enclosing
the exclusion region, the dashed line encloses the median ex-
pected exclusion region, and the shaded regions cover the 68%
and 95% of possible variations of expected contours based on
the Poisson statistics of the expected number of background
events.

The region of parameters given by mhf
between 10 and

100 GeV/c2 and mH± between 30 and 170 GeV/c2 is
excluded. The result does not change significantly if we
repeat the analysis by assuming tan� = 30, while the
excluded region shrinks by approximately 20 GeV/c2 for
both of mhf

and mH± for tan� = 3.

In conclusion, we report on a search for the fermiopho-
bic Higgs boson in the two-Higgs-doublet model using
events with at least three photons in the final state, re-
sulting from the hypothetical process pp!hfH± followed
by H±!hfW ⇤ and hf!��. The observed number of
signal candidate events in data is consistent with the ex-
pected number of background events. We calculate the
upper limit on the product of the cross section and the
branching fraction at 95% Bayesian credibility for mhf

values ranging from 10 to 105 GeV/c2 and for mH± val-
ues ranging from 30 to 300 GeV/c2, and then translate
these limits into an excluded region in the mhf

vs. mH±

plane, shown in Fig. 3. The region of parameters given
by mhf

between 10 and 100 GeV/c2 and mH± between
30 and 170 GeV/c2 is excluded for tan� = 10. This is
the first search for a fermiophobic neutral Higgs boson
with mass smaller than the boson discovered at the LHC
in the two-Higgs-doublet model.

We thank the Fermilab sta↵ and the technical sta↵s

I Not applicable to cases with
custodial symmetry (M

H±
F

≈ MH0
F
)



Diphoton and Diboson Probes
(A. Delgado, M. Garcia-Pepin, M. Quiros, J. Santiago, RVM: 1603.00962)

I Diphoton and Diboson searches
can be recast to search for H0

F
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I Applies independently of H±
F

decay: less model dependent
I Requires large enough DY
Higgs pair production to
compensate for worse S/B

I Tevatron diphoton searches
at are not quite sensitive

I Optimized searches such as
CDF 4γ are needed at TEV

I Larger production cross
sections at LHC allow us
to use γγ and VV searches

I Can probe larger masses
than CDF searches

I Applicable even if (M
H±
F

≈ MH0
F
)



Custodial Fiveplet Scalars

I Well known example of a fermiophobic Higgs boson is the
custodial fiveplet found in custodial Higgs triplet models

I Can be found in non-SUSY models such as the famous
Georgi-Macacheck model and its supersymmetric cousins
(M. Garcia-Pepin, M. Quiros, RVM, et. al. arXiv:1409.5737 + others)

I In all cases a ‘custodial’ SU(2)C fiveplet scalar with no couplings
to SM fermions and no mixing to SM-like Higgs is present

I Other possibilities for fermiophobic Higgs’ are considered in:
(A. Delgado, M. Garcia-Pepin, M. Quiros, J. Santiago, RVM: 1603.00962)



Closing Fiveplet Window at 8 TeV LHC
(A. Delgado, M. Garcia-Pepin, M. Quiros, J. Santiago, RVM: 1603.00962)
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Probing Custodial Fiveplets with 13 TeV
(A. Delgado, M. Garcia-Pepin, M. Quiros, J. Santiago, RVM: Les Houches Proceedings)
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