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The ratio of the Higgs couplings to WW and ZZ pairs, Ay, is a fundamental parameter in electroweak
symmetry breaking as well as a measure of the (approximate) custodial symmetry possessed by the gauge

boson mass matrix. We show that Higgs decays to four leptons are sensitive, via tree level or one-loop

interference effects, to both the magnitude and, in particular, overall sign of Ay,. Determining this sign

requires interference effects, as it is nearly impossible to measure with rate information. Furthermore,

simply determining the sign effectively establishes the custodial representation of the Higgs boson. We find
that h — 47 (40 = 2e2u, 4e, 4p) decays have excellent prospects of directly establishing the overall sign at
a high luminosity 13 TeV LHC. We also examine the ultimate LHC sensitivity in 7 — 47 to the magnitude
of Ay . Our results are independent of other measurements of the Higgs boson couplings and, in particular,

largely free of assumptions about the top quark Yukawa couplings which also enter at one loop. This makes

h — 4¢ a unique and independent probe of electroweak symmetry breaking and custodial symmetry.

DOI: 10.1103/PhysRevLett.117.241801

Introduction.—The precise nature of electroweak sym-
metry breaking (EWSB) is one of the fundamental ques-
tions the LHC is poised to answer. Measurements of the
recently discovered [1,2] Higgs-like boson at 125 GeV are a
critical component of this program, and the details of its
interactions with the heavy gauge bosons, the W and the Z,
are of particular importance. Measurements of Higgs
decays indicate that its couplings to WW and ZZ pairs
are mediated at tree level via the operators,

h
Lzw D » (92m5 212, + 2gwmy, WHTW). (1)

The standard model (SM) predicts the values of g, and gy,
but the SM need not give the full picture of EWSB. As we
discuss below, there are viable alternative theories with
exotic Higgs sectors that predict different values of these
couplings and, in particular, the ratio Ay, = gw/gz. This
ratio, which can, in principle, be positive or negative,
gives crucial information on the nature of EWSB and the
electroweak properties of /.

While global fits to Higgs decay rates can probe the
magnitude of Ay, [3-6] in a fairly model independent
manner, interference effects are needed to probe the overall
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sign. Combined measurements of the rare production
channels tH and ZH may allow for sensitivity to the
overall sign of Ay, [6] through interference effects, but this
requires a fit of the observables in multiple channels as well
as various assumptions about the presence (or lack) of
effects from physics beyond the SM. Finally, the rate of
these processes is quite small and current data has very little
sensitivity to the sign. It would thus be valuable to have an
independent probe free of such considerations and that is
directly sensitive to the overall sign of Ay.

We propose to exploit tree level or one-loop interference
effects in Higgs boson decays to four charged leptons
(electrons and muons) as a new avenue for studying Ay .
These decays have been shown to be a powerful probe of the
spin of the Higgs boson as well as the CP and tensor
structure of its effective couplings to gauge boson pairs
[7-43]. The sensitivity to Ay, arises from interference
between the tree level ZZ mediated process and one-loop
amplitudes involving the W boson which contribute to the
effective hVV couplings. Since the interference depends
linearly on Ay, this makes h — 4¢ (4¢ = 2e2u, 4e, 4u)
decays sensitive to both the magnitude and, in particular,
overall sign of Ay;. There is also typically a contribution
from top quark loops. This has been utilized to study the CP
properties of the top quark Yukawa sector [44] by exploiting
analogous one loop or tree level interference effects.

We also consider the assumption that the Higgs scalar
potential respects the well-known “custodial” global SU(2)
symmetry [45] as implied by electroweak precision data [46].
In this case Ay, depends only on the custodial representation
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[47] of h, which is restricted to be either a singlet as in the SM,
or fiveplet as found in the Georgi-Machacek (GM) model
[48-51] and its supersymmetric incarnation [52-54]. This
allows only two possibilities [47] for the ratio:

Awz = +1(singlet), Awz = —=1/2  (fiveplet). (2)
While there are loop-level custodial symmetry breaking
corrections [50,51,53] to Ay, induced via hypercharge and
Yukawa interactions, they are much too small to give the
O(1) corrections needed to change the sign of the tree level
predictions in Eq. (2). Therefore, a determination of the sign
of Ay, effectively establishes the custodial representation of
the Higgs boson.

We comment that although current data favor |Ay| = 1,
the central value is below one and |[ly,| = 1/2 is still
consistent at ~3¢ [5,6]. While a value of Ay, = —1 would
indicate violation of custodial symmetry, this is a logical
possibility. Furthermore, there exist models [53] where
violation of custodial symmetry can occur while still
predicting p = 1 at tree level. Thus, directly establishing
the overall sign is still important.

We utilize the h — 47 framework developed in
Refs. [19,26,28,36,38,40,44], which uses all kinematic
observables in the normalized fully differential decay width
to perform a matrix element analysis of the sensitivity to
Awz. Since we are only interested in a ratio of couplings, we
can take advantage of this to use only shape information.
Thus, because rate information is not used, our analysis is
largely independent of the uncertainties and assumptions
associated with Higgs production effects.

Under minimal assumptions about the top Yukawa sector,
we estimate that a 13 TeV LHC will become sensitive to the
overall sign of Ay, in h — 4¢ decays with ~1300 signal
events corresponding to O(800) fb~! of data assuming SM
production and decay rates. We also estimate how much data is
needed to distinguish between the two predictions of custodial
symmetry [see Eq. (2)] as well as the ultimate LHC sensitivity
inh — 42 to |Ay,|. We find that h — 4£ decays should serve
as a unique and complementary, but independent, probe of
EWSB and custodial symmetry at the LHC and beyond.

Probing electroweak symmetry breaking at the LHC.—
We now examine various ways to probe Ay, with i — 47
decays at a 13 TeV LHC. An in depth discussion of how
Awz enters into the h — 47 amplitude through the AVV
effective couplings, as well as details on how the top
Yukawa sector and dominant 47 background are incorpo-
rated into our analysis can be found in Refs. [40,44,55].
We will consider both “CMS-like” phase space cuts [56,57]
and a set of “Loose” cuts as defined in Refs. [40,44],
which greatly relax the requirement on the lepton pair
invariant masses, allowing them to be as low as 4 GeV.
More details on the discussion and statistical analysis
procedures presented here can also be found in
Refs. [19,26,28,36,38,40,44,55] for the interested reader.

Pinning down the sign of Ayz.—We begin by assessing
how much data are needed to pin down the overall sign
of Ayz. As discussed, this cannot be done with rate
measurements alone and, under the assumption of custodial
symmetry, effectively establishes the custodial representa-
tion of the Higgs boson.

Following Ref. [44] we construct the likelihood from the
(normalized) signal and background fully differential cross
sections. This likelihood is a function of the couplings (g, gw)
defined in Eq. (1) as well as y,, which we treat as a nuisance
parameter. The likelihood is built for each pseudo-data-set,
and integrated over y, (or fixing it to its true value) to obtain the
posterior likelihood as a function only of Ay,. When gen-
erating pseudo-data-sets, we consider two possibilities. The
first is the SM as the true model, which predicts 1y, = 1. In
the second case we consider the other allowed possibility by
custodial symmetry of Ay, = —1/2. An example of the
posterior likelihood is shown in Fig. 1 for one pseudo-data-
set containing O(2000) signal events assuming Ay, = 1.

We treat the normalized posterior likelihood as a proba-
bility density of the extracted true value of Ay,,. Given the
observed pseudo-data-set, we obtain from the posterior like-
lihood a p value that the true value of Ay, is negative by taking
the ratio of the area on the negative side of zero (shaded in
turquoise in Fig. 1) to the total area. For each p value we
define a corresponding “effective” ¢ by how much (number of
standard deviations) of the tail we have to integrate a
(normalized) Gaussian to get an equivalent area of p. This
is repeated over many pseudo-data-sets giving a distribution
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FIG. 1. Example of the posterior likelihood for one pseudo-
data-set containing ((2000) signal events and generated for the
SM case with Ay, = 1. The shaded turquoise region is translated
into a probability (see Fig. 2) that the sign of Ay, is negative. See
text for more details.
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FIG. 2. Probability, in units of effective ¢’s, that the sign of
Awz 18 negative as a function of luminosity. See text for more
information.

of ¢’s which we interpret as the probability that the sign of
Awz 1s negative.

In Fig. 2 we show the distribution of effective ¢’s for two
separate cases. A negative value for the effective ¢ indicates
that the peak of the likelihood is on the negative side of Ay,
whereas a positive value represents a distribution centered on
the positive side. The dots indicate the median value while the
colored bands represent the central 68.3% interval of the
distribution of effective ¢’s. In purple we show the SM while
in green we show the case of a custodial fiveplet. For both
cases we have considered two possibilities. The first (light
shaded bands) is where y, is fixed to the true values, as
predicted in the SM (y, = 1) and for a custodial fiveplet
(v, = 0). In the second case (dark shaded bands), we assume
only |y,| < 2 viathe use of a prior probability density function
[58]. To interpret in terms of luminosity, we account for all
relevant selection efficiencies [40,59] assuming SM produc-
tion (gg — h plus VBF [60,61]) times branching ratio into
47 [62].

We see in Fig. 2 that if the true model is the SM, a
13 TeV LHC should begin pinning down the sign of Ay,
with O(800) fb~! of data, corresponding to O(1300) signal
events for the more inclusive Loose cuts. While the
sensitivity is degraded, whether we treat y, as a nuisance
parameter which we integrate over or fix it to its true value,
it does not qualitatively change this conclusion.

Of course, when fixing y, to its true value, we can
establish the sign of 1y, with more confidence. We see this
in Fig. 2, where for the SM case an expected ¢ = 4 can be
obtained at very high LHC luminosities when Yy, is fixed,
while only ¢ 2 2 is expected when integrated over. As
constraints on the top Yukawa from direct measurements,
such as fth production [5,64,65], increase in precision,

stronger priors can be used leading to an increase in
sensitivity to Ay,. We also see a stronger sensitivity to
the SM case than to the fiveplet case due to the smaller
value of |Ay,| for the fiveplet.

We thus see that a high luminosity LHC has excellent
prospects of establishing the overall sign of Ay, in h — 47
decays. As emphasized, under the assumption of custodial
symmetry this also effectively establishes the custodial
nature of the Higgs boson. Crucially, this does not rely on
other measurements of Higgs boson couplings and is
largely independent of the top Yukawa sector.

Testing custodial symmetry.—Motivated by considera-
tions of custodial symmetry [47], we consider hypothesis
testing to assess how much data is needed to discriminate
between the two possibilities for Ay, predicted by custodial
symmetry in Eq. (2). Since custodial symmetry restricts the
possibilities to two discrete choices, this makes it particu-
larly suited to hypothesis testing.

We use the techniques developed in Ref. [18] and
utilized in Refs. [26,66,67] to construct a test statistic that
measures the separation power between the two models
allowed by custodial symmetry. This is done by construct-
ing the likelihood ratio between the singlet and fiveplet
hypotheses. Pseudoexperiments are conducted to obtain a
distribution of these likelihood ratios, first assuming the
SM as the “true’ hypothesis and then repeated assuming the
fiveplet is true. In each case, a distribution of likelihood
ratios is obtained. The overlap (or lack thereof) between
these two distributions is converted into a measure of the
ability to discriminate between the two models. We follow
closely the procedure in Ref. [26] with the additional step
that we now include a nuisance parameter in y,. We also
present our results in terms of p values instead of o’s.

In Fig. 3 we show the probability of mistaking a SM
Higgs (custodial singlet) for a custodial fiveplet or vice
versa as a function of data. Since there are small
(subpercent) differences in selection efficiencies between
the singlet and fiveplet, we plot the approximate number of
signal events (Ng on bottom axis) to go along with the
luminosity (top axis). We have again assumed SM pro-
duction (gluon fusion plus VBF) times branching ratio and
utilized the CMS-like phase space cuts (red) as well as the
Loose phase space cuts (blue and green) discussed above
and defined in Ref. [44]. In the green curve Ay, and y, are
fixed to their true values. In the red and blue curves y, is
treated as a nuisance parameter and integrated over while
imposing |y,| <2 and fixing Ay, to its true value.

We see that i — 47 decays should have the ability to
discriminate between the two predictions of custodial
symmetry for Ay, at 95% confidence with O(3000) signal
events corresponding to >2000 fb~! of data. This con-
clusion is not greatly affected by whether we fix y, to its
true value or treat it as a nuisance parameter. We also see
that CMS-like cuts (red) are somewhat less sensitive than
the more inclusive Loose cuts [40].
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FIG. 3. Probability of mistaking a standard model Higgs boson

(custodial singlet) for a custodial fiveplet or vice versa in terms of
p value. See text for more information.

Sensitivity to |Awz| at LHC and beyond.—Using
the parameter extraction methods developed in
Refs. [36,38,40,44], we examine the sensitivity to |dyz|.
For this analysis we follow very closely the procedure based
on a maximization of the likelihood which is described in
Ref. [44], to which we refer the reader for more details.

We show in Fig. 4 curves for the average error, 6(Ayy),
defined in Refs. [36,39,40,44] as a function of the number of
signal events (bottom axis) and luminosity x efficiency (top
axis) assuming SM production (gg — h plus VBF at 13 TeV
[60,61]). We also show a second luminosity axis assuming
the nominal efficiency (~30%) for the Loose cuts. We fit to a
true point of Ay, = 1 again for both CMS-like (black) and
Loose phase space cuts (blue, pink, and purple) [44]. We
consider both y, as fixed (blue) and as a nuisance parameter
for which we consider two separate cases. In the first we
impose |y,;| < 2 (black and purple), but otherwise allow it to
vary freely while in the second, no prior is applied (pink).

We see in Fig. 4 that O(1) precision on Ay, may be
achievable with ~500-800 signal events depending on
whether y, is fixed or treated as a free nuisance parameter.
Assuming 100% efficiency and SM production rates, this
would require <100 fb~!, though more realistically
~300 fb~! is needed. We see, as expected, that once
sufficient statistics are achieved, the sensitivity is much
stronger when y, is fixed. As direct measurements of y,
from #th production [5,64,65] become more precise, more
restrictive priors on the top Yukawa can be used to enhance
the sensitivity to Ay, close to that achievable when fixing
v,. In this case, the ultimate LHC sensitivity could reach
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N
N 4
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FIG. 4. o(lyz) or average error (as defined in

Refs. [36,39,40,44]) versus the number of signal events (bottom)
and luminosity x efficiency (top). See text for more information.

0O(20%-30%), again assuming 100% selection efficiencies
and ~3000 fb~!,

Conclusions.—We have examined the possibility of using
Higgs decays to four leptons to study the ratio of its couplings
to WW and ZZ pairs, Ay . This ratio is a crucial parameter of
electroweak symmetry breaking and a probe of the well-
known custodial symmetry of the gauge boson mass matrix.
Utilizing all observables in the normalized fully differential
decay width, we construct a matrix element analysis to
perform various statistical tests to assess the ability of
h — 4¢ decays to probe the magnitude and phase of Ay.

In particular, we have emphasized that this channel is a
uniquely effective probe of the sign of 1y, and, furthermore,
under the assumption of custodial symmetry, simply estab-
lishing the overall sign of Ay, effectively determines the
custodial representation of the Higgs boson. We have
performed a likelihood shape analysis to estimate how much
data will be needed to establish the sign at a 13 TeV LHC.
We find that &7 — 4¢ decays will begin to become sensitive
to the overall sign of Ay, with as few as ~1300 signal events
corresponding to ((800) fb~! of data assuming SM pro-
duction and decay rates. As additional data is collected, the
LHC should be able to firmly establish the overall sign, and
therefore the custodial nature of the Higgs boson.

We have also performed hypothesis testing to assess
the ability to discriminate between the two predictions of
custodial symmetry for 1y, in Eq. (2) and find they can be
distinguished at 95% confidence with ~3000 signal events
corresponding to >2000 fb~! of data, again assuming SM
production and decay rates. In addition, we have examined
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the ultimate LHC sensitivity to |dy,| and estimate a
precision of ((20-50)% may be achievable by the end
of the high luminosity LHC running.

Finally, we have emphasized the ability of h — 47
decays to probe Ay, without relying on other measure-
ments of the Higgs boson couplings to electroweak vector
bosons or the top quark. This makes 4 — 47 deays a unique
and independent probe of electroweak symmetry breaking
at the LHC and beyond at future colliders.
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