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We explore the sensitivity of the Higgs decay to four leptons, the so-called golden channel, to
higher dimensional loop-induced couplings of the Higgs boson to ZZ, Z+v, and vy pairs, allowing
for general CP mixtures. The larger standard model tree level coupling hZ*Z, is the dominant
“background” for the loop induced couplings. However this large background interferes with the
smaller loop induced couplings, enhancing the sensitivity. We perform a maximum likelihood analysis
based on analytic expressions of the fully differential decay width for h — 4¢ (40 = 2e2u, 4e, 4p)
including all interference effects. We find that the spectral shapes induced by Higgs couplings to
photons are particularly different than the hZ*Z, background leading to enhanced sensitivity to
these couplings. We show that even if the h — v and h — 4/ rates agree with that predicted by
the Standard Model, the golden channel has the potential to probe both the CP nature as well as
the overall sign of the Higgs coupling to photons well before the end of a high-luminosity LHC.

INTRODUCTION

With the recent discovery of the Higgs boson at the
LHC [1, 2] the focus now shifts to the determination
of its detailed properties and in particular whether or
not it possesses any anomalous couplings not predicted
by the Standard Model (SM). The Higgs decay to elec-
trons and muons through electroweak gauge bosons, the
so called golden channel, has been well established as a
means towards accomplishing this goal as evidenced by
the many studies of this channel [3-30]. Various meth-
ods were established to probe the Higgs couplings to
ZZ pairs motivating experimental studies of their CP
properties [31-33] where CP odd/even mixtures as large
as ~ 40% are found to still be allowed. However, apart
from recent studies [34-37], the potential for the h — 4¢
(40 = 2e2u, 4e,4) decay to probe the Higgs couplings to
Z~ and v pairs (we do not distinguish between on/off-
shell vector bosons) has largely been neglected.

It is typically thought that these contributions are too
small to be detected in the golden channel since they only
first occur at loop level with the photon forced to be off-
shell. The study of these couplings is thus done solely
using the rates of the decays h — Zv and h — 7 re-
spectively. In this note we show that large differences in
shapes of the kinematic distributions allow for the possi-
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bility of measuring these couplings in the golden channel
even if no significant deviations from the SM prediction
are seen in the overall decay rates of h — ~v, h — 44,
or h — Z~. Interference effects, in particular those with
the tree level SM hZ"Z,, operator, also allow for the CP
properties of these couplings to be studied.

The sensitivity to the loop induced couplings of the
Higgs to photons is especially strong. Using a maximum
likelihood analysis based on an analytic framework devel-
oped in [36], we find that the golden channel has excellent
prospects to begin directly probing these couplings dur-
ing LHC running with ~ 100 — 400fb~! of luminosity
(depending on detector performance and production un-
certainties) with less optimistic prospects for the Zv and
even less so for the loop induced ZZ couplings

EXAMINING THE GOLDEN CHANNEL

Higgs Couplings to EW Bosons

We consider the leading contributions to the Higgs cou-
plings to neutral electroweak gauge bosons allowing for
general CP odd/even mixtures as well as for ZZ, Z~
and v+ to contribute simultaneously. These couplings are
parametrized by the following Lagrangian,

h ~
£ (2472 mE 20, + AF2 21 Zyy + AGE 2V 2,

4v

+ 240 F 2y + 200 P Dy AP Py + AV PR, ), W

where we have taken h real. We consider only up to di-
mension five operators and Z,, is the Z field while V,,, =
0.V, — 0,V,, are the usual bosonic field strengths. The
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dual field strengths are defined as ‘N/l“, = %GWMVP". We
work within Higgs effective theory and approximate all
couplings to be real, dimensionless, and constant.



The Fully Differential Decay Rate

For the purpose of our analysis it is useful to note that
the fully differential decay width for h — 4¢ [35, 36] is a
sum over terms quadratic in the couplings which we can
write schematically as,

dFiHM

S Ay x i, 2)

where the sum isover n,m = 1,2,3 and ¢,j = ZZ, Z~v, vy
(note AZY = A7 = 0). We also define dO = dM2dMZdS)
which represents the differential volume element, or
phase space, in terms of two invariant masses correspond-
ing to the two lepton pairs (M;, M) and five angles
(Q) [36, 37]. It will also be useful to define,

dri : e ALY
MM — AT AJ* nm
0 = Al AT x 70 (3)

The various projections for each combination of opera-
tors can be obtained from Eq.(3) by integration over the
appropriate set of variables.

The Differential Mass Spectra

The power of the golden channel comes from the large
number of observables available in the 4¢ final state and
their correlations which provide a vast amount of in-
formation. Focusing on only decay observables and tak-
ing the Higgs mass as input, we have the two invariant
masses, corresponding to the two lepton pairs, and three
angles of relevance as discussed above (see [35-37] for
more details). The shapes of the distributions, d'%  /dO
in Eq.(3), are in general quite different for the various
Z 7, Z~ and 7y~ contributions allowing for strong discrim-
inating power between the different possible operators.

Since the invariant masses serve as such strongly dis-
criminating variables [18, 38-40], we examine these dis-
tributions to get a qualitative picture of the relative sen-
sitivity. These are presented in Fig. 1 for the 2e2u final
state where we show the distributions for the invariant
mass which reconstructs closest to the Z mass which we
call M; and the ‘off-shell’ invariant mass which we call
Ms;. We show the distributions (all normalized to one)
for the four CP even operators squared corresponding to
|AZZ|2 |AZZ|2 |AZ7|2, and |A]"|2. One can see that for
both the M; and M, distributions, the shape of |AJ7]?
(green) is the operator most easily distinguished from the
|A#Z|2 ‘background’ (black). The next most distinguish-
able operator, mostly in Mo, is |AZ7|? (orange) followed
by |A%%|? (blue) which as expected most closely resem-
bles the |A#Z|? background. Shapes for CP odd squared
terms follow a similar pattern and are thus not shown.
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FIG. 1. Top: The normalized differential mass spectrum for
M; in the 2e2u final state for the CP even terms squared
plotted on top of the SM ‘background’ shown in black. Bot-
tom: The differential mass spectrum for M3 in the 2e2u final
state for the same combination of operators.

The Integrated Magnitudes

It is also illuminating to show what we call the inte-
grated magnitude of the various combination of operators
defined for each pair of couplings as,
dlis

o nm

—im o, @

1] AT AJ*
Hnm AnAm X/

where the IT% = are strictly non-zero even in the case of
CP violation. We show in Fig. 2 all possible combinations
of IT¥  for AZ% = 2, corresponding to the tree level SM
value, while all loop induced couplings are set to one. We
then normalize to the (tree level) SM value for the h — 4€
decay width (I'J). The values shown are for 11, /T5M

in the 2e2y final state [36] with cuts and reconstructlon
corresponding to a ‘CMS-like’ phase space [2] (defined in
the results section). By examining the diagonal terms we
see that the largest integrated magnitudes are for the Z
and vy contributions while the tree level SM contribu-
tion given by the diagonal A% entry is equal to one by
definition.

The values in Fig. 2 were obtained for all loop induced
couplings set equal to one. Of course in the SM and in
most new physics models we expect these couplings to be
< O(1072 = 1073) or much smaller. We therefore again



A3AA

A2AA

A3ZA

A2ZA

A3ZZ 0.0092 0.023 0.034 0.035 0.07

A2ZZ 0.025 0.0051 BO:0948 0.023

A1ZZ

| [ |
A2ZA A3ZA A2AA  A3AA

A1ZZ A2ZZ A3ZZ

FIG. 2. The total integrated magnitudes, II1%,, defined in
Eq.(4), which correspond to the pairs of couplings A% AZ*. To
obtain the values here we have set A?Z = 2 with all other
couplings to one and normalized to the (tree level) SM value
for the h — 4¢ decay width (see text).
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FIG. 3. The same as Fig. 2, but with A% = 2 and all other
couplings to ~ 0.008.

show 114 /T3M for the 2e2u final state in Fig. 3, but
now with AZ% = 2 and all loop induced couplings set to
~ 0.008. The SM combination |AZ#|? is equal to one (by
definition). Of the others, the interference terms between

the signal operators and A% dominate.

From these discussions we expect that we should have
the strongest sensitivity to the vy 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.

RESULTS

To obtain our results we use the framework developed
and described in detail in [36]. We will take the SM tree
level prediction of A% = 2 as input and fit to the re-
maining six couplings simultaneously. For all of our re-
sults we combine the 2e2u, 4e, and 4p channels by com-
puting the fully differential decay width for each final
state [35, 36] (including identical final state interference
for 4e and 4p) and combining them into one likelihood.

Fit and Phase Space Definition

We define our six dimensional parameter space as,
A= (AJ7 A7 A9 AT AY AT ()

To estimate the sensitivity we obtain what we call an
‘effective’ o or average error defined as [41],

—

<|A_Ao|>7 (6)

g =

NE

where A is the value of the best fit parameter point ob-
tained by maximization of the likelihood with respect
to A. Here A, represents the ‘true’ value with which our
data sets are generated. We then find o by conducting a
large number of pseudoexperiments with a fixed number
of events and obtaining a distribution for A which will
have some spread centered around the average value. We
then translate the width of this distribution into our ef-
fective o which converges to the usual interpretation of
o when the distribution for A is perfectly gaussian.

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

e pry > 20,10,7,7 GeV for lepton pr ordering,
e |ny| < 2.4 for the lepton rapidity,
e 40 GeV < M; and 12 GeV < M.

Here M; and M, are the reconstructed masses of the two
lepton pairs. In reconstructing M; and My we always
impose M; > M, and take M; to be the reconstructed
invariant mass for a particle and anti-particle pair which
is closer to the Z mass.

Sensitivity as Function of Number of Events

Using the definition in Eq.(5) we fit to a ‘true’ param-
eter point A, = (0,0,0,0,0,0) which corresponds to the
tree level SM prediction and holds at loop level until get-
ting to a precision of O(1072 — 1073). In Fig. 4 we show
the result for o vs Ng for the six parameters defined in
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FIG. 4. The results for the effective o defined in Eq.(6) of
each coupling as a function of the number of signal events Ng
for a true point A, = (0,0,0,0,0,0) (see text). Error bars are
shown, but they are smaller than the dot sizes.

Eq.(1). We indicate by the green dashed line the value
~ 0.008, corresponding to the magnitude of the leading
order SM prediction for A" at 125 GeV [42]. On the top
axis we also show an estimate for the expected LHC lu-
minosity multiplied by efficiency while the vertical gray
dashed line indicates a rough estimate for the final LHC
luminosity which will be achieved (~ 3000fb~1). We have
used production cross sections for both gluon fusion and
vector boson fusion as well as the h — 4¢ branching frac-
tion values provided by the LHC Higgs Cross Section
Working Group [43, 44].

We see in Fig. 4 that the sensitivity to the v+ couplings
is significantly greater than for Z+ and even more so than
for ZZ. This was to be expected from our considerations
of the differential spectra as well as integrated magni-
tudes defined in Eq.(4). In fact we see that for the vy
couplings, 0(A3%) reaches values < O(107?) with 2 800
events which corresponds to roughly 100f6~! of lumi-
nosity assuming 100% efficiency. We estimate this num-
ber of events can be reached with ~ 300 —400fb~! after
accounting for detector efficiencies [32].

Establishing the hyy CP Properties

The results shown in Fig. 4 indicate that the golden
channel should be able to establish the CP nature and
overall sign of the Higgs couplings to photons for cou-
plings roughly of the same size as those predicted by
the SM. To demonstrate this we perform a second pa-
rameter extraction. This time we fit to the ‘true’ point
A, = (0,0,0,0,—0.008,0) again allowing all couplings to

float. We have chosen A]” = —0.008 which is the leading
contribution predicted by the SM at 125 GeV [42].

We show in Fig. 5 the results for a large set of pseu-
doexperiments each containing 12800 events. This corre-
sponds roughly to an integrated luminosity of 3000fb~1
assuming a uniform efficiency of 60% [32]. We show fit re-
sults in the 2D plane for A" vs AJ” where the turquoise
circles correspond to the 68% and 95% confidence inter-
vals obtained in our fit. The pink ring indicates the pro-
jected 1o confidence interval which will be achieved in the
h — ~7 decay channel [45] for the same luminosity. The
pink ring makes it clear that the h — ~~ process is only
sensitive to the combination |A437|?+|A37|? and thus can
not directly probe the CP nature of these couplings. We
also show in the thin green line the very strong, but
highly model dependent, constraint coming from the elec-
tron EDM [46, 47]. For this constraint we have assumed
the couplings of the Higgs to first generation fermions is
of order their SM value and that the mass of the states
which generate these operators is ~ TeV. This constraint
can be completely relaxed in other models [46]. The green
line makes it clear that even with these model dependent
assumptions, EDM measurements can not establish the
overall sign of the Higgs photon coupling.
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FIG. 5. The results of our parameter extraction (turquoise
circles) in h — 4¢ for the true point A, = (0,0,0,0,—0.008,0)
(represented by the star) compared to h — v rate (pink ring)
and EDM constraints (thin green line).

CONCLUSIONS

We have examined the expected sensitivity of the
h — 4/ golden channel to the loop induced couplings
of the Higgs boson to ZZ, Z~, and vy gauge boson pairs
for values approximating those predicted by the Stan-



dard Model. We have demonstrated qualitatively that the
golden channel has excellent prospects of directly estab-
lishing the CP nature of the Higgs couplings to photons,
well before the end of LHC running, with less optimistic
prospects for the ZZ and Z+ loop induced couplings.

Specifically, we find that for standard ‘CMS-like’ cuts
and reconstruction with ~ 100 — 400fb~! of luminosity
the LHC will reach the precision necessary to begin dis-
tinguishing between zero and values corresponding to the
loop induced Standard Model effects which generate the
Higgs coupling to photons and, in particular, the overall
sign of this coupling can be established. This of course
warrants further study, but indicates that the golden
channel is capable of directly probing the CP properties
of the Higgs couplings to photons at the LHC, something
which is not currently possible by any other means.
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