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In light of the 125 GeV Higgs (h) discovery at the Large Hadron Collider (LHC), one of the primary
goals of the LHC and possible future colliders is to understand its interactions more precisely. Here we have
studied the h-b-b̄-γ effective interaction terms arising out of gauge-invariant dimension-6 operators in a
model-independent setting, as a potential source of new physics. Their role in some detectable final states
has been compared with those coming from anomalous h-b-b̄ interactions. We have considered the bounds
coming from the existing collider and other low-energy experimental data in order to derive constraints on
the potential new physics couplings and predict possible collider signals for the two different new physics
scenarios in the context of 14 TeV LHC and a future eþe− machine. We conclude that the anomalous
h-b-b̄-γ coupling can be probed at the LHC at 14 TeV at the 3σ level with an integrated luminosity of
∼2000 fb−1, which an eþe− collider can probe at the 3σ level with ∼12ð7Þ fb−1 at ffiffiffi

s
p ¼ 250ð500Þ GeV. It

is also found that anomalous h-b-b̄ interactions, subject to the existing LHC constraints, cannot compete
with the rates driven by h-b-b̄-γ effective interactions.
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I. INTRODUCTION

The question as to whether the 125 GeV scalar, dis-
covered in 2012 [1,2], is “the Higgs” or “a Higgs”
continues to be pertinent. The second possibility may give
us a much-awaited glimpse of physics Beyond the Standard
Model (BSM). Experimentally, one of the most important
endeavors in this respect is to measure carefully the
coupling strengths of the scalar to standard model (SM)
particle pairs. This has to be backed up with theoretical
predictions on the observable consequence of deviation
from SM couplings, not only at the Large Hadron Collider
(LHC) but also at high-energy eþe− collisions.
A one-stroke pointer to “nonstandardness” could of

course be the Higgs self-coupling strength which, however,
is notoriously difficult to measure precisely, at the LHC as
well as in electron-positron machines. The (effective)
couplings of the Higgs to W, Z and photon pairs are being
probed with increasing precision, largely because of either
the abundance or the distinctiveness of the resulting final
states. The measurements related to fermion pair couplings,
especially those to bb̄ and τþτ− pairs, still exhibit consid-
erable uncertainty. For hbb̄ interaction, in particular, the
measurement of total rates of two-body decays (as reflected
in the so-called signal strength, namely, μ ¼ σ=σSM)
remains the only handle, and is beset with a substantial
error bar. The decay kinematics for h → bb̄ is difficult to

use to one’s benefit. This is because (a) the two-body decay
is isotropic in the rest frame of h, a spinless particle, and
(b) the b-hadrons mostly do not retain information such as
that of the polarization of the b-quark formed. Such
information could have potentially revealed useful clues
on the Lorentz structure of the hbb̄ coupling, where a small
deviation from the SM nature could be a matter of great
interest. This is what stonewalls investigations based on
model-independent, gauge-invariant effective couplings, of
which exhaustive lists exist in the literature [3–5].
Under such circumstances, one line of thinking,where one

may be greeted by new physics, is to look not for effective
couplings involving the Higgs-like object and a bb̄-pair, but
those which lead to three-body decays of the h rather than a
two-body one. We investigate this possibility by considering
thehbb̄γ effective interaction. This interaction should exhibit
departure from the SM character as a result of new physics in
the sector comprising the h and the bottom quark, contrib-
uting to the three-body radiative decay h → bb̄γ. Here we
focus on this kind of Higgs decay. Just like the hbb̄ effective
coupling, the anomalous “radiative coupling,” too, can be
motivated from dimension-6 gauge-invariant effective oper-
ators. However, the coefficients of such operators are
much less constrained from existing data. This immediately
implies possible excess/modification in the signal rate for
pp → hX → bb̄γX. The signal, however, can be mimicked
by not only SM channels but also radiative Higgs decays
where anomalous hbb̄ interactions play a part. We show that
current constraints allow such values of the effective hbb̄γ
coupling strength, for which the resulting three-body radi-
ativeHiggs decays can be distinguished from standardmodel
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backgrounds at the LHC as well as high-energy eþe−

colliders. Furthermore, they lead to excess bb̄γ events at a
rate which cannot be faked by anomalous hbb̄ interaction,
given the existing constraints on the latter.
The paper is organized in the following way. In Sec. II

we discuss the effective Lagrangian terms we have used for
our study and the new couplings parametrizing the BSM
contribution to the Higgs interaction terms. In this section,
we also discuss the higher-dimensional operators which
can give rise to such terms, and show the constraints on the
new parameters using Higgs measurement data at the LHC.
In Sec. III, we present our collider analyses for the two
BSM scenarios (those involving anomalous hbb̄γ as well as
hbb̄ couplings) that we consider here in the context of both
the LHC and eþe− colliders. We have also proposed a
kinematic variable which can help to distinguish between a
two-body and a three-body Higgs decay giving rise to
similar final states. We summarize and conclude in Sec. IV.

II. HIGGS-BOTTOM ANOMALOUS COUPLING

A. Parametrization of the interactions

As has already been stated, we adopt amodel-independent
approach, parametrizing the anomalous hbb̄γ vertex in terms
of Wilson coefficients that encapsulate the effects of the
high scale theory entering into low-energy physics. Such
interaction terms follow from d > 4, SUð2Þ × Uð1Þ gauge-
invariant operators. This is consistent with the assumption
that their origin lies above the electroweak symmetry break-
ing scale.
The anomalous interactions relevant for our study are as

follows:
(i) The h-b-b̄γ vertex of the form

Lhbb̄γ ¼
1

Λ2
Fμνb̄σμνðd1 þ id2γ5Þbh: ð1Þ

Such an effective coupling can arise out of
dimension-6 operators of the form [4,5]

OdB ∼
1

Λ2
ðq̄pσμνdrÞΦBμν ð2Þ

and

OdW ∼
1

Λ2
ðq̄pσμνdrÞτiΦWi

μν ð3Þ

where Φ, q and d are the scalar doublet, left-handed
quark doublet and right-handed down type quarks
respectively, and Bμν and Wμν are the Uð1Þ and
SUð2ÞL field strength tensors respectively. Λ is the
cutoff scale at which new physics sets in.1

(ii) An h-b-b̄ anomalous vertex modifying the SM
coupling strength can be a potential contributor to
the process h → bb̄γ. The modification to the SM
h-b-b̄ coupling may be written as

Lhbb̄ ¼
�
gmb

2mW

�
b̄ðc1 þ ic2γ5Þbh; ð4Þ

where mb and mW are the b-quark and W-boson
mass respectively. Again, such interactions may be
generated from dimension-6 fermion-Higgs opera-
tors of the kind [4]

Odϕ ∼
C
Λ2

ðΦ†ΦÞðq̄pdrΦÞ þ H:c: ð5Þ

for a complex C. It should be noted that both the sets
fd1; d2g and fc1; c2g include the possibility of CP-
violation, a possibility that cannot be ruled out in view
of observations such as the baryon-antibaryon asymmetry
in our Universe. Thus both of the paired parameters in each
case should affect event rates at colliders, irrespectively of
whether CP-violating effects can be discerned.
Note that only the contribution from the third family in

Eqs. (2), (3) and (5) have been included in the present
study. While all possible higher-dimensional operators are
in principle to be included in an effective field theory
approach, the proliferation of terms (and free parameters)
caused by such universal inclusion will make any phe-
nomenological study difficult. Keeping in mind and
remembering that our purpose here is to look for non-
standard Higgs signals based on b-quark interactions, we
have assumed that only the terms with p ¼ r ¼ 3 are non-
vanishing in Eqs. (2), (3) and (5).
Figure 1 illustrates how the anomalous couplings affect

the three-body decay of the Higgs boson into bb̄γ in the two
scenarios described above. As has been mentioned in the
Introduction, our interest is primarily on the first set of
anomalous operators, as they have not yet been inves-
tigated. However, any observable effect arising from them
can in principle be always faked by interactions of the
second kind, and therefore the latter need to be treated with
due merit in the study of the final states of our interest.

FIG. 1. h → bb̄γ via anomalous couplings h-b-b̄ and h-b-b̄-γ.1Throughout this work, we have assumed Λ ¼ 1 TeV.
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B. Constraints from Higgs data and other sources

The addition of a nonstandard Higgs vertex or having the
standard interaction terms with modified coefficients will
change the Higgs signal strengths (μ ¼ σ=σSM). The Higgs-
related data at the LHC already put strong constraints on
such deviations, the measured values of μ being always
consistent with unity at the 2σ level. The nonstandard
effects under consideration here will have to be consistent
with such constraints to start with. In applying these
constraints, we have taken the most updated measurements
of various μ-values provided by ATLAS and CMS so far
[6–17]. These values and their corresponding 1σ error bars,
based on the (7þ 8) TeV data, are shown in Table I. The
nonstandard effective interaction terms in Eqs. (1) and (4)
have been added to the existing SM Lagrangian using
FeynRules [18,19] modifying the CP-even coupling coef-
ficient in the h-b-b̄ vertex in the latter case to ð1þ c1Þ gmb

2mW
.

First consider the effective h-b-b̄-γ vertex scenario. This
vertex does not contribute to any of the standard Higgs
decay modes and gives rise to the three-body decay
h → bb̄γ. This invites an additional perturbative suppres-
sion by αem within the framework of the SM, and also in the
presence of the anomalous couplings fc1; c2g. However,
the dimension-6 operators shown in Eqs. (2) and (3) can in
principle boost this decay channel, depending on the values
of d1 and d2. To the best of our understanding, no dedicated
search for h → bb̄γ has been reported so far. We therefore
depend on global fits of the LHC data which yield an upper
limit of about 23% [20] on any nonstandard decay
branching ratio (BR) of the 125 GeV scalar at 95% con-
fidence level. This includes, for example, invisible decays
as well as decays into light-quark or gluon jets. In our case,
the same limit is assumed to apply on BRðh → bb̄γÞ, which
translates into a bound on the couplings jd1j; jd2j ≤ 10 for
d1 ≈ d2. However, such a large BR for h → bb̄γ might
affect the event count for a h → bb̄ study if the photon goes
untagged. Also, it might come into conflict with the
predicted two-gluon BR for the Higgs, if the invisible
decay width gets further constrained by even a small
amount. In view of this, we have carried out our analysis
with a relatively conservative choice, namely, jd1j; jd2j ≤ 5.

It is found that, even with such values, the contribution to
BRðh → bb̄γÞ is about one order higher than what could
come from purely SM interactions. Thus the effects of such
additional couplings are unlikely to be faked by SM effects.
The new physics parameters d1 and d2 are not constrained
from any other experimentally measured quantities. In
principle, d2 could be constrained from the neutron electric
dipole moment (nEDM) measurement [21–24] since the
presence of the h-b-b̄-γ vertex can lead to a contribution to
the up-quark EDM at one-loop level as shown in Fig. 2. The
contribution to the up-quark EDM (du) coming from this
anomalous vertex is given as

du
e
≃ d2

3

mumb

mW
2 −mb

2

�jVubjg
2

ffiffiffi
2

p
�

2
�

v
Λ2

�
KðΛ; mW;mbÞ ð6Þ

where KðΛ; mW;mbÞ ¼ 1
4π2

½5
8
þ 3

4
lnð Λ2

mW
2Þ − lnð Λ2

mb
2Þ�. Here

mu is the up-quark mass, mW is the mass of the W boson,
mb is the b-quark mass and v is the Higgs vacuum
expectation value respectively. As is evident from
Eq. (6), the contribution to nEDM from such a diagram
is proportional to the quark mixing element, jVubj2. The
smallness of jVubjð∼4 × 10−3Þ results in a suppressed
nEDM contribution and thus the constraint on d2 becomes
much more relaxed compared to that derived from the
nonstandard Higgs decay branching ratio constraint.
The situation is different for the anomalous effective hbb̄

vertex scenario. Since this vertex directly affects the most
dominant Higgs decay mode, i.e. h → bb̄, the existing
Higgs data impose a much more severe constraint on the
nonstandard couplings in this case, since even a small
change in the BRðh → bb̄Þ can alter the other SM Higgs
signal strengths significantly. In order to ascertain the
consequently allowed values of fc1; c2g, we compute
the corresponding μ-values within our effective theory
framework. Nonvanishing c1, c2 are assumed to keep
the Higgs production rate unaffected, and all other Higgs
couplings are assumed to be SM-like for simplicity of the
analysis. The allowed regions thus obtained at the
95.6% C.L. are shown in Fig. 3.
The white annular region in Fig. 3 represents the allowed

95.6% C.L. parameter space in the c1-c2 plane. The light
blue, red, blue, cyan and black regions are excluded by the

TABLE I. ATLAS and CMS
ffiffiffi
s

p ¼ 7 and 8 TeV combined μ
values along with their total uncertainties for different Higgs
boson decay channels as quoted in Table 11 of Ref. [17].

Decay channel ATLASþ CMS

μγγ 1.16þ0.20
−0.18 [6,7]

μZZ 1.31þ0.27
−0.24 [8,9]

μWW 1.11þ0.18
−0.17 [10–12]

μbb 1.12þ0.25
−0.23 [13,14]

μττ 0.69þ0.29
−0.27 [15,16]

FIG. 2. Contribution to the up-quark EDM arising from the
anomalous h-b-b̄-γ vertex at one loop.
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measurement of μττ, μbb, μγγ , μWW and μZZ respectively.
Note that large positive values of c1 will be disfavored since
it tends to enhance BRðh → bb̄Þ beyond acceptable limits.

III. COLLIDER ANALYSIS

Collider signatures of possible anomalous Higgs vertices
have been studied both theoretically (see e.g. [25–44])
and experimentally [45,46]. However, as has been
already stated, none of these studies includes three-body
decays such as h → bb̄γ and their possible signals at
colliders.
Keeping collinear divergences in mind, we have retained

the b-quark mass. In addition, we make sure that the photon
is well separated from the b-partons at the generation level.
The nonstandard effective Lagrangian terms have been
encoded using FeynRules in order to generate the model
files for implementation in MadGraph [47,48] which was
used for computing the required cross sections and gen-
erating events for collider analyses. The Higgs branching
ratios are calculated at the tree level.
We have put a minimum isolation, namely, ΔR > 0.4,

between any two visible particles in the final state while
generating the events at the parton level. Additionally, we
have put minimum pT thresholds on both the b-jets and the
photon, namely, pb

T > 20 GeV and pγ;l
T > 10 GeV. These

cuts ensure that a certain angular separation is maintained
among the final state particles, thus avoiding the infrared
and collinear divergences in the lowest order calculation.
For the effective h-b-b̄-γ scenario, MadGraph treats h →
bb̄γ as just another nonstandard decay of the Higgs at the
tree level. However, for the effective h-b-b̄ scenario, the γ

has to be radiated from one of the b-partons originating
from h. The cancellation of the already mentioned infrared/
collinear divergences in such a case calls for a full one-loop
calculation. We have checked using MadGraph that the
one-loop corrected Higgs decay width in the framework of
the SM differs from that at the leading order by a factor of
∼1.1. Hence with such loop-corrected Higgs decay width
the relevant branching ratio (I ≈ 10−4) does not differ by
more than 1–2%. We have thus retained the tree-level
branching ratio for h → bb̄γ.
After generating events with MadGraph, we have used

PYTHIA [49] for the subsequent decay, showering and
hadronization of the parton level events. For the LHC
analysis we have used the nn23lo1 [50] parton distribution
function and the default dynamic renormalization and
factorization scales [51] in MadGraph for our analysis.
Finally, detector simulation was done using Delphes3 [52].
The b-tagging efficiency and mistagging efficiencies of the
light jets as b-jets incorporated in Delphes3 can be found in
[53,54].2 Jets were constructed using the anti-kT algorithm
[55]. The following cuts were applied on the jets, leptons
and photons at the parton level in MadGraph while
generating all the events throughout this work:

(i) All the charged leptons and jets including b-jets are
selected with a minimum transverse momentum
cut of 20 GeV, pb;l

T > 20 GeV. They must also lie
within the pseudorapidity window jηjb;l < 2.5. For
eþe− collider analysis, the lepton pT requirement is
changed to pl

T > 10 GeV following [56].
(ii) All the photons in the final state must satisfy pγ

T >
10 GeV and jηjγ < 2.5.

(iii) In order to make sure that all the final state particles
are well separated, we demand ΔR > 0.4 between
all possible pairs.

Note that we have tagged the hardest photon in the final
state in order to reconstruct the 125 GeV Higgs mass. In the
signal process we always obtain one such hard photon
arising from Higgs decay. However, for the background
processes, events can be found with an isolated brems-
strahlung photon or one coming from π0 decay. In general,
photons from showering as well as initial state radiation do
constitute backgrounds to our signal, and the selection cuts
need to be chosen so as to suppress them.

FIG. 3. The light blue, red, blue, cyan and black points indicate
the regions of the parameter space excluded from the signal
strength (μ) measurements of ττ̄, bb̄, γγ, WW� and ZZ� decay
modes of the Higgs at 2σ level. The blank space is the allowed
region.

2The b-tagging efficiency used in the context of the LHC is
0.8 × tanhð0.003 pb

TÞ × 30.0
1þ0.086 pb

T
and that in the context of the

eþe− collider is 0.85 × tanhð0.002 pb
TÞ × 25.0

1þ0.063 pb
T
. Mistagging

efficiency of a c-jet as a b-jet in the context of the LHC is 0.2 ×

tanhð0.02 pc
TÞ × 1.0

1þ0.0034 pb
T
and that in the context of the eþe−

collider is 0.25 × tanhð0.018 pb
TÞ × 1.0

1þ0.0013 pb
T
. The mistagging

efficiency of the other light jets as b-jets is ∼0.2% and ∼1% at the
LHC and eþe− colliders respectively.
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A. Effective h-b-b̄-γ scenario

1. LHC search

To start with, we are concerned with bb̄-pairs (along with
a photon) being produced in Higgs decay. Existing studies
indicate that, in such a case, Z-boson associated produc-
tion, with Z decaying into an opposite-sign same-flavor
lepton pair, is the most suitable one for studying such final
states [13]. We thus concentrate on

pp → Zh; h → bb̄γ; Z → lþl− ð7Þ

leading to the final state lþl−bb̄γ, with l ¼ e, μ. One can
also look for associated Wh production where W decays
leptonically to yield the lþ bb̄γ final state (l ¼ e, μ).
However, the signal acceptance efficiency is smaller
compared to that for the Z-associated production channel
[13], where the invariant mass of the lepton-pair from
Z-decay can be used to one’s advantage. Higgs production
via vector boson fusion (VBF) can be another possibility
which, however, is more effective in probing the gauge-
Higgs anomalous vertex [57,58]. Higgs production asso-
ciated with a top pair has a much smaller cross section [59]
and hence is not effective for such studies. Finally, the most
dominant Higgs production mode at the LHC, namely,
gluon fusion, can give rise to a bb̄γ final state which is
swamped by the huge SM background.
The main contribution to the SM background comes

from the following channels:

(1) pp → Zhγ; h → bb̄, Z → lþl−

(2) pp → tt̄γ, t → bW−, W− → l−ν
(3) pp → lþl−bb̄γ
(4) pp → lþl−jjγ

Let us reiterate that the radiative process can in each case
be faked by the corresponding process without the photon
emission but with the photon arising through showering.
Such showering photons, however, are mostly softer than
what is expected of the signal photons, since the latter come
from three-body decays of the 125 GeV scalar, and thus
their pT peaks at values close to 40 GeV.
We use the following criteria (C0) for the preselection of

our final state:
(i) The number of jets in the final state: Nj ≥ 2.
(ii) At least one, and not more than two b-jets:

1 ≤ Nb ≤ 2.
(iii) One hard photon with ET ≥ 20 GeV.
(iv) Two same-flavor, opposite-sign charged leptons

(e, μ).
Such final states are further subjected to the following

kinematical criteria:
(i) C1: ET < 30 GeV.
(ii) C2: An invariant mass window for the invariant mass

Mbb̄ðjÞγ (see Fig. 4): 105 GeV ≤ Mbb̄ðjÞγ ≤ 135 GeV.
When two b-jets are tagged, both are included. When

only oneb is identified, it is combinedwith thehardest
of the remaining jets together with the hardest photon.

(iii) C3: An invariant mass window for the associated
lepton pair: ðmZ−15GeVÞ≤Mlþl−≤ðmZþ15GeVÞ.

(iv) C4: Finally, the Z and h are produced almost back to
back in the transverse plane for our signal process.
This, along with the fact that the Higgs decay
products are considerably boosted in the direction
of the Higgs, prompts us to impose an azimuthal
angle cut between the photon and the dilepton
system (Fig. 5): Δϕðγ;lþl−Þ > 1.5.

FIG. 4. Normalized distribution for Mbb̄ðjÞγ for the signal
process (d1 ¼ 5.0, d2 ¼ 5.0) and various background channels:
“bkgd1” refers to pp → Zhγ, “bkgd2” to pp → tt̄γ, “bkgd3” to
pp → lþl−bb̄γ and “bkgd4” to pp → lþl−jjγ respectively.

FIG. 5. Normalized distribution for Δϕðγ;lþl−Þ for the signal
process (d1 ¼ 5.0, d2 ¼ 5.0) and various background channels:
“bkgd1” refers to pp → Zhγ, “bkgd2” to pp → tt̄γ, “bkgd3” to
pp → lþl−bb̄γ and “bkgd4” to pp → lþl−jjγ respectively.
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Among the selection criteria listed above, we have checked
that C2 and C4 are effective in reducing the contamination
from showering photons.
We present the results of our analysis for

ffiffiffi
s

p ¼ 14 TeV.
Signal events were generated for d1 ¼ d2 ¼ 5.0 which
results in BRðh → bb̄γÞ≃ 5%.
Tables II and III show the signal rates and the response of

signal and background events to the cuts mentioned above.
Since the production cross section is small to start with, one
depends on the high luminosity run of the LHC. As seen
from Table II, the 8 TeV run has understandably been
inadequate to reveal the signal under investigation. Hence
any hope of seeing the signal events lies in the high-energy
run (14 TeV). A detailed cut-flow table for both the signal
and background events is shown in Table III.
As we can see, contribution to the background from

pp → Zhγ is reduced by the cuts rather significantly,
whereas pp → lþl−jjγ contributes the most.
Demanding two b-tagged jets in the final state would have
significantly reduced this background, given the faking
probability of a light jet as a b-jet (as emerging from
DELPHES). However, that would have reduced our signal
events further, since the second hardest b-jet peaks around
30 GeV, and thus the tagging efficiency drops. The next
largest contributor to the background events is the process
pp → lþl−bb̄γ. The invariant mass and Δϕ cuts play
rather important roles in reducing both this background and
the one discussed in the previous paragraph. The tt̄γ
production channel, too, could contribute menacingly to
the background. However, the large missing transverse

energy associated with this channel allows us to suppress
its effects, by requiring ET < 30 GeV. Further enhance-
ment of the signal significance occurs via invariant mass
cuts on the bb̄γ and lþl− systems. In principle, one may
also expect some significant contribution to the background
from the production channels tt̄W�γ and WþW−γ þ jets.
However, these channels are associated with large ET . We
have checked that the our ET and Mbb̄ðjÞγ requirements
render these background contributions negligible. On the
whole, the background contributions add up to a total of
165 events compared to 29 signal events at 1000 fb−1 for
our choice of d1 ¼ d2 ¼ 5.0, which amounts to a statistical
significance3 of 2.2σ for the lþl−bb̄γ final state. Hence a
3σ statistical significance can be achieved for such a signal
at 14 TeV with a luminosity ∼1900 fb−1. Such, and higher,
luminosities should be able to probe the signature of the
hbb̄γ effective interaction with strength well within the
present experimental limits.

2. Search at an e+ e− collider

It is evident from the previous section that the scenario
under consideration can be probed at least with moderate
statistical significance at the LHC at high luminosity at the
14 TeV run. We next address the question as to whether an
electron-positron collider can improve the reach.
An eþe− machine is expected to provide a much cleaner

environment compared to theLHC.Here the dominantHiggs
production modes are the Z-boson mediated s-channel
process and gauge boson fusion processes, resulting in the
production of Zh and hνν̄ respectively [60]. The Zh mode
has the largest cross section at relatively lower center-of-mass
energies (

ffiffiffi
s

p
), peaking around

ffiffiffi
s

p ¼ 250 GeV.However, asffiffiffi
s

p
increases, this cross section goes down, making this

channel less significantwhile theW-boson fusion production
mode dominates. Hence we include both these production
modes in our analysis and explore our scenario at two
different center-of-mass energies, namely,

ffiffiffi
s

p ¼ 250 GeV
and 500 GeV. For

ffiffiffi
s

p ¼ 250 GeV, we consider two possible
final states depending on whether Z decays into a pair of
leptons or a pair of neutrinos. For the latter final state, there is
also some contribution from theW-fusion diagram, which is
small but not entirely negligible. For

ffiffiffi
s

p ¼ 500 GeV, how-
ever, most of the contribution comes from the hνν̄ produc-
tion via W fusion along with a small contribution from
Zh production. The production channels we consider are
therefore

eþe− → Zh; Z → lþl−; h → bb̄γ ð8Þ

TABLE II. Cross sections at LHC for our signal processes atffiffiffi
s

p ¼ 8 TeV and 14 TeV.
ffiffiffi
s

p ¼ 8 TeV
ffiffiffi
s

p ¼ 14 TeV

Process σ (pb) σ (pb)

pp → Zh; h → bb̄γ 1.795 × 10−4 3.332 × 10−4

TABLE III. Cross sections for the signal (corresponding to
d1 ¼ d2 ¼ 5.0) and various background channels are shown in
pb alongside the number of expected events for the individual
channels at 1000 fb−1 luminosity after each of the cuts C0–C4 as
listed in the text. NEV ¼ number of events.

ffiffiffi
s

p ¼ 14 TeV

NEV (L ¼ 1000 fb−1)
Process σ (pb) C0 C1 C2 C3 C4

pp → Zh; h → bb̄γ 3.332 × 10−4 83 70 41 39 29
pp → Zhγ 4.765 × 10−5 17 13 1 1 � � �
pp → tt̄γ 0.03144 5214 586 31 5 4
pp → lþl−bb̄γ 0.01373 3149 2507 345 98 54
pp → lþl−jjγ 3.589 5355 4523 427 213 107

3The statistical significance (S) of the signal (s) events
over the SM background (b) is calculated using
S ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2 × ½ðsþ bÞ lnð1þ s
bÞ − s�p

.
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eþe− → νν̄h; h → bb̄γ ð9Þ

resulting in the final state lþl−bb̄γ or bb̄γ þ E. Let us first
take up the lþl−bb̄γ final state, which is relevant forffiffiffi
s

p ¼ 250 GeV. The major SM background contribu-
tions are

(1) eþe− → Zhγ; Z → lþl−; h → bb̄
(2) eþe− → lþl−bb̄γ
(3) eþe− → lþl−jjγ. with at least one j faking a b-jet.

After passing through the preselection cuts C0, the signal as
well as the background events are further subjected to the
following kinematical requirements:

(i) D1: Since we have two same-flavor opposite-sign
leptons in the event arising from Z-decay, their
momentum information can be used to reconstruct
the Higgs boson mass irrespective of its decay
products via the recoil mass variable defined as

mrec ≡
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð ffiffiffi

s
p

− Elþl−Þ2 − p⃗2
lþl−

q
ð10Þ

where Elþl− and p⃗lþl− are the net energy and three-
momentum of the lþl− system or that of the
reconstructed Z-boson. This variable is free from
jet tagging and smearing effects and shows a much
sharper peak at the Higgs mass (mhÞ compared to
Mbb̄ðjÞγ as shown in Fig. 6. This variable is thus more
effective in reducing the SM background. We
demand 122 GeV ≤ mrec ≤ 128 GeV.

(ii) D2: As before, we select an invariant mass window
for the associated lepton pair: ðmZ − 15 GeVÞ ≤
Mlþl− ≤ ðmZ þ 15 GeVÞ.

We summarize our results for our signal and background
analysis in the subsequent Tables IVand V. As evident from
Table V, variable mrec is highly effective in reducing the
background events resulting in a statistical significance of
3σ and 5σ at ∼85 fb−1 and ∼250 fb−1 integrated luminos-
ities respectively.
Although the lþl−bb̄γ final state is capable of probing

the d1, d2 couplings at a reasonable luminosity, it is at the
same time interesting to explore the invisible decay of the
Z, which has a three times larger branching ratio than that
of Z → lþl−. In addition, the νν̄bb̄γ final state can get a
contribution from the W-fusion process as mentioned
earlier. This additional contribution becomes dominant at
higher center-of-mass energies (

ffiffiffi
s

p ≳ 500 GeV) and hence
for this analysis, we present our results for

ffiffiffi
s

p ¼ 250 GeV
and 500 GeV. The major SM backgrounds to this final state
are as follows:

(1) eþe− → νν̄hγ; h → bb̄
(2) eþe− → νν̄bb̄γ
(3) eþe− → νν̄jjγ. with one j faking a b-jet.
(4) eþe− → tt̄, t → bW−, W− → l−ν

We use the following criteria (I0) to preselect our signal
events:

(i) We impose a veto on any charged lepton with energy
greater than 20 GeV.

(ii) Since we are working in a leptonic environment, the
presence of Initial State Radiation jets is unlikely.
Hence we restrict the number of jets in the final state,
demanding Nj ¼ 2.

FIG. 6. Normalized distribution for mrec for the signal process
(d1 ¼ 5.0, d2 ¼ 5.0) and the backgrounds at

ffiffiffi
s

p ¼ 250 GeV.
“bkgd1” refers to eþe− → Zhγ; Z → lþl−; h → bb̄; “bkgd2”
to eþe− → lþl−bb̄γ; and “bkgd3” to eþe− → lþl−jjγ
respectively.

TABLE IV. Cross section for the signal process (d1 ¼ 5.0,
d2 ¼ 5.0) presented at

ffiffiffi
s

p ¼ 250 GeV, before applying the cuts
C0, D1 and D2.

ffiffiffi
s

p ¼ 250 GeV

Process σ (pb)

eþe− → Zh; Z → lþl−; h → bb̄γ 2.79 × 10−4

TABLE V. Cross section and expected number of events at
250 fb−1 luminosity for the signal and various processes con-
tributing to background at

ffiffiffi
s

p ¼ 250 GeV. We have used
d1 ¼ d2 ¼ 5.0, with Λ ¼ 1 TeV.

ffiffiffi
s

p ¼ 250 GeV

NEV (L ¼ 250 fb−1)
Process σ (fb) C0 D1 D2

eþe− → Zh 0.279 13 11 11
Z → lþl−, h → bb̄γ
eþe− → Zhγ 0.079 1 � � � � � �
Z → lþl−, h → bb̄
eþe− → lþl−bb̄γ 0.990 19 3 1
eþe− → lþl−jjγ 3.059 8 1 1
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(iii) Taking into account the b-jet tagging efficiency, as
before, we demand 1 ≤ Nb ≤ 2.

(iv) We restrict the number of hard photons in the final
state: Nγ ¼ 1.

Further, the following kinematic selections are made to
reduce the SM background contributions:

(i) I1: Given the fact that the signal has a direct
source of missing energy (E), and that one can
measure the net amount of E at an eþe− collider, we
demand E > 110 GeV for

ffiffiffi
s

p ¼ 250 GeV and
E > 280 GeV for

ffiffiffi
s

p ¼ 500 GeV. For illustration,
in Fig. 7 we have shown the E distribution for both
the signal and background events at

ffiffiffi
s

p ¼ 500 GeV.

(ii) I2: Invariant mass reconstructed with the two hardest
jets after ensuring that at least one of them is a b-jet,
and the sole photon in the event should lie within the
window (see Fig. 8) 90 GeV ≤ Mbb̄ðjÞγ ≤ 126 GeV.

(iii) I3: Moreover, the invariant mass of the jet pair with
1 ≤ Nb ≤ 2 should lie within thewindow (see Fig. 9)
20 GeV ≤ Mbb̄ðjÞ ≤ 70 GeV.

Note that the charged lepton veto and the restriction on the
number of jets together with the demand of a photon in the
final state suppress the tt̄ background. In addition I1, I2 and
I3 turn out to be quite effective in killing the background.
Once more the inclusion of I2 plays an effective role in
reducing the contribution from showring photons.
We summarize the results of our analysis in Tables VI

and VII. Table VI shows the individual contributions of the
Z-associated and W-fusion Higgs production channels to
the total cross section of eþe− → νν̄bb̄γ for

ffiffiffi
s

p ¼ 250

and
ffiffiffi
s

p ¼ 500 GeV.
In Table VII we present the numerical results for

ffiffiffi
s

p ¼
250 GeV and

ffiffiffi
s

p ¼ 500 GeV for eþe− → νν̄h; h → bb̄γ
and the corresponding SM backgrounds subjected to the
cuts (I0–I3). It is evident from the cut-flow table that
the cuts on the missing energy (I1) and the invariant mass of

FIG. 7. Normalized distribution for E for the signal process and
the backgrounds at

ffiffiffi
s

p ¼ 500 GeV. “bkgd1” refers to
eþe− → νν̄hγ; h → bb̄; “bkgd2” to eþe− → νν̄bb̄γ; and “bkgd3”
to eþe− → νν̄jjγ respectively.

FIG. 8. Normalized distribution for Mbb̄ðjÞγ for the signal
process and the backgrounds at

ffiffiffi
s

p ¼ 500 GeV.

FIG. 9. Normalized distribution for Mbb̄ðjÞ for the signal
process and the backgrounds at

ffiffiffi
s

p ¼ 500 GeV.

TABLE VI. Individual cross sections of the contributing
production channels for the signal process eþe− → νν̄h; h →
bb̄γ presented at

ffiffiffi
s

p ¼ 250 and
ffiffiffi
s

p ¼ 500 GeV, before applying
the cuts I0–I3. We have used d1 ¼ d2 ¼ 5.0, with Λ ¼ 1 TeV.

ffiffiffi
s

p ¼ 250 GeV
ffiffiffi
s

p ¼ 500 GeV

Process σ (fb) σ (fb)

eþe− → Zh; Z → νν̄; h → bb̄γ 0.997 0.261
W-fusion: eþe− →
νν̄h; h → bb̄γ

0.169 1.618
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the bb̄γ system (I2) are highly effective in killing the SM
background, so that a 3σ significance can be achieved with
an integrated luminosity of ∼12 fb−1 and∼7 fb−1 for

ffiffiffi
s

p ¼
250 GeV and

ffiffiffi
s

p ¼ 500 GeV respectively. Thus the νν̄bb̄γ
final state is way more effective compared to the ll̄bb̄γ
final state and can be probed at a much lower luminosity at
an eþe− collider.
Let us also comment on the CP-violating nature of the

couplings fd1; d2g and any such observable effect it might
have on the kinematic distributions. Let us, for example,
consider looking for some CP-violating asymmetry in the
process eþe− → Zh → lþl−bb̄γ. New physics only
appears at the Higgs decay vertex and since the Higgs is
produced on shell, the decay part of the amplitude can be
factored out from the production process. Evidently, the
CP-violating nature of any observable can arise out of
interference terms linear in d2 in the squared matrix
element resulting from the interference of the CP-violating
term in the Lagrangian with the CP-even terms (coming
from the SM or the new physics vertex). However, for our
case, all terms linear in d2 vanish, either because of the
masslessness of the on-shell photon or due to the lack of
more than three independent momenta in the Higgs decay.
Although the terms proportional to jd2j2 are nonzero, they
do not lead to CP-asymmetry. At the same time photon-
mediated contributions to eþe− → bb̄h, too, fail to elicit
any signature of CP-violation. This is again because the
terms linear in d2 in the squared matrix element multiply
the trace of four γ-matrices times γ5, which vanishes due to
the absence of four independent four-momenta in the
final state.

B. Effective h-b-b̄ scenario

As mentioned earlier, the final state discussed so far may
also arise for the h-b-b̄ effective vertex scenario where the γ
is radiated from one of the b-jets. For this analysis, we
choose values of c1 and c2 from their allowed ranges as
indicated in Sec. II B to obtain the maximum possible
signal cross section, the choices of the parameters
being c1 ¼ −2.0 and c2 ¼ 0.5, which correspond to
BRðh → bb̄γÞ ≈ 10−4. The generation level cuts on the

partonic events remain the same as mentioned at the
beginning of Sec. III.
As discussed earlier, the existing constraints on the hbb̄

anomalous coupling values do not allow BRðh → bb̄γÞ to
be significant. In practice it turns out to be smaller than
what we allowed in the h-b-b̄-γ anomalous coupling
scenario by about two orders of magnitude. Hence the
signal event rates expected at the LHC will be negligibly
small even at very high luminosities. We therefore discuss
the possibility of exploring such a scenario in the context of
eþe− colliders.

1. Search at e+ e− colliders

Similar to the analysis with d1 and d2, the choices for the
final state are lþl−bb̄γ and bb̄γ þ E. However, here we
consider only the latter channel, since the former suffers
from the branching suppression of the leptonic Z-decays in
addition to the small value of BRðh → bb̄γÞ, thus being
visible at very high luminosities only.
In this case, since the new physics effect shows up in the

h-b-b̄ vertex, the radiatively obtained final state involving
the Higgs passes off as signal. Therefore, in addition to the
process in Eq. (9), the following processes also contribute
to the signal now:

ðaÞ eþe− → νν̄hγ; h → bb̄

ðbÞ eþe− → νν̄h; h → bb̄ ð11Þ

where the photon is produced in the hard scattering in (a),
while in (b), it may arise from initial-state or final-state
radiation.4 Other SM processes not involving the Higgs
giving rise to the same final state including a photon
generated either via hard scattering or through showering
will contribute to the background. The SM background
contributions that we have considered here are
(1) (a) eþe− → νν̄bb̄γ (b) eþe− → νν̄bb̄
(2) (a) eþe− → νν̄jjγ (b) eþe− → νν̄jj

TABLE VII. Cross section and expected number of events at 100 fb−1 luminosity for the signal and various processes contributing to
the background at

ffiffiffi
s

p ¼ 250 and
ffiffiffi
s

p ¼ 500 GeV. We have used d1 ¼ d2 ¼ 5.0, with Λ ¼ 1 TeV.
ffiffiffi
s

p ¼ 250 GeV
ffiffiffi
s

p ¼ 500 GeV

NEV (L ¼ 100 fb−1) NEV (L ¼ 100 fb−1)
Process σ (fb) I0 I1 I2 I3 σ (fb) I0 I1 I2 I3

eþe− → νν̄h h → bb̄γ 1.17 41 37 36 31 1.86 70 57 53 46
eþe− → νν̄hγ h → bb̄ 0.36 4 2 1 � � � 1.76 62 25 3 1
eþe− → νν̄bb̄γ 1.22 24 19 14 5 2.16 76 24 9 4
eþe− → νν̄jjγ 4.87 10 7 5 1 8.40 34 10 3 1
eþe− → tt̄ � � � � � � � � � � � � � � � 548.4 40 11 2 � � �

4Note that these two processes were contributing to the
background in the h-b-b̄-γ effective vertex scenario.
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Here also the background events are categorized in (a) and
(b) depending on whether the photon is produced via a hard
scattering process or generated via showering. Here
because of the choice of the new physics vertex (unlike
in the h-b-b̄-γ case), the showered photons may have a
small contribution to the total background. The analysis
has been done for two different center-of-mass energies,ffiffiffi
s

p ¼ 500 GeV and 1 TeV.5

One needs to avoid double-counting of the signal and
background events by separating the “hard” photons from
those produced in showers. Thus, for events with photons
produced in the hard scattering process (including three-
body Higgs decay) we demand pγ

T > 20 GeV. On the other
hand, photons that arise as a result of showering are taken to
contribute to final states with pγ

T < 20 GeV.
We use the same event selection (I0) cuts as the previous

eþe− analysis. We use the same E cut (I1) of 280 GeVand
750 GeV for

ffiffiffi
s

p ¼ 500 GeV and 1 TeV respectively. We
have used the same invariant mass ½Mbb̄ðjÞγ� cut (I2) for the
bb̄ðjÞγ system. Here j is the hardest jet in those cases where
only one b is tagged. However, the cut (I3) on the invariant
mass of the bb̄ðjÞ system has to be different in this scenario.
One of the reasons for this is the fact that the radiative
decay is enhanced for pb ≈mb, the emitted photon being
thus often on the softer side. In Fig. 10 we have shown the
twoMbb̄ðjÞ distributions corresponding to the two scenarios
considered here for the signal process eþe−→νν̄h;h→bb̄γ.
Accordingly, we modify I3 to demand 50 GeV ≤ Mbb̄ðjÞ ≤
110 GeV.

In Tables VIII and IX, we present our results corre-
sponding to the signal and background processes analyzed
at

ffiffiffi
s

p ¼ 500 GeV and 1 TeV. The production cross
sections listed in Table VIII indicate that the rate for
eþe− → νν̄h; h → bb̄γ is small due to the suppression of
BRðh → bb̄γÞ. However, this scenario can still mimic the
signal obtained in the h-b-b̄-γ effective vertex scenario due
to the large contributions to the signal process arising from
the other two channels.6

As indicated in Table IX, these other signal contributions
are significantly reduced due to our event selection and
kinematic cuts which have been devised in a way such that
the three-body decay of the h is revealed in the signal
events more prominently. Table IX shows the number of
signal background events surviving after each cut at
L ¼ 500 fb−1. As before, in this case also the most
dominant contributions to the SM background arise from
the eþe− → νν̄bb̄γ and eþe− → νν̄jjγ production chan-
nels. The cuts on E and Mbb̄ðjÞγ particularly help to reduce
the background events. The Higgs-driven events in
Table IX come overwhelmingly (96–97%) from SM con-
tributions, thus demonstrating that the fc1; c2g couplings
are unlikely to make a serious difference.
Since there are multiple channels contributing to the

signal process, it would be nice if one could differentiate
among the various contributions by means of some kin-
ematic variables or distributions. For this purpose we

propose an observable Δϕðγ; E⃗Þ which can be distinctly
different for the process where the γ is generated from the h
decay or produced otherwise. We show the distribution of

Δϕðγ; E⃗Þ for the two most dominant production channels
for comparison in Fig. 11.
The figure clearly shows the difference in the kinematic

distribution between the two most dominant signal proc-
esses. For the process eþe− → νν̄h; h → bb̄γ, there is a
sharp peak at larger Δϕ as expected since the γ is always

FIG. 10. Normalized distribution for Mbb̄ðjÞ for the signal
process eþe− → νν̄h; h → bb̄γ corresponding to the h-b-b̄-γ
and h-b-b̄ effective vertex scenarios at

ffiffiffi
s

p ¼ 500 GeV.

TABLE VIII. Cross sections for various processes contributing
to signal at

ffiffiffi
s

p ¼ 500 GeV and 1 TeV. Here c1 ¼ −2.0 and
c2 ¼ 0.5.

ffiffiffi
s

p ¼ 500 GeV
ffiffiffi
s

p ¼ 1 TeV

Process σ (pb) σ (pb)

eþe− → νν̄h; h → bb̄γ 9.98 × 10−5 0.00023
eþe− → νν̄hγ; h → bb̄ 0.0017 0.00523
eþe− → νν̄h; h → bb̄ 0.058 0.14042

5Our analysis with
ffiffiffi
s

p ¼ 250 GeV reveals that, in order to
probe such a scenario at an eþe− collider one needs a luminosity
beyond 1000 fb−1. Such a high luminosity is improbable for the
250 GeV run and hence we choose not to present those results.

6Note that an anomalous h-b-b̄ vertex can be probed more
effectively by studying the h → bb̄ decay solely. Such analyses
have already been performed in the context of an eþe− collider
[61]. Here we only study the production channels listed in
Table VIII as a complementary signal to our h-b-b̄-γ effective
vertex scenario.
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generated from the h decay. This feature can be used further
in order to distinguish between the events arising from a
two-body or a three-body decay of the Higgs.
Thus our study indicates that only the h-b-b̄-γ coupling

can be probed at a relatively smaller integrated luminosity
at an eþe− collider. So far, in this section, we have
discussed the discovery potential of such a scenario for
d1 ¼ d2 ¼ 5.0 in two possible final states, ll̄bb̄γ and
bb̄γ þ E corresponding to two different center-of-mass
energies,

ffiffiffi
s

p ¼ 250 GeV and 500 GeV. Out of these, the
latter final state at

ffiffiffi
s

p ¼ 500 GeV turns out to be most
advantageous. Therefore, in Table X, we have shown the
required integrated luminosities in order to attain 3σ
statistical significance for different values of d1 and d2
for the bb̄γ þ E final state at

ffiffiffi
s

p ¼ 500 GeV.

IV. SUMMARY AND CONCLUSION

We have studied the collider aspects of possible anoma-
lous couplings of the 125 GeV Higgs with a bb̄ pair and a
photon. Such couplings have been obtained from gauge-
invariant effective interaction terms of dimension 6. The new
effective coupling parameters have been constrained from
the existing Higgs measurement data at the LHC. In order to
study the collider aspects of these new couplings we have
concentrated on the three-body decay of the Higgs boson,
h → bb̄γ. We have carried our analyses for the two different
cases in the context of both LHC and a future eþe− collider.
The h-b-b̄-γ effective coupling can be probed at the LHC

with an integrated luminosity of the order of 2000 fb−1

with
ffiffiffi
s

p ¼ 14 TeV. At an eþe− collider, on the other hand,
such couplings can be probed at a low luminosity atffiffiffi
s

p ¼ 500 GeV. Both results, as presented in the text,
have been derived assuming BRðh → bb̄γÞ ¼ 5% for
d1 ¼ d2 ¼ 5.0, which is allowed from the existing con-
straints on such nonstandard couplings. With anomalous
h-b-b̄-γ interaction strengths consistent with the present
constraints, integrated luminosities of the order of 7 fb−1

are sufficient to attain 3σ statistical significance. On the
other hand, even smaller values of d1 and d2 can be probed
at an eþe− collider. However, with the same center-of-mass
energy, in order to probe d1, d2 with values below 1, one

TABLE IX. Cross section and expected number of events at 500 fb−1 luminosity for the signal and various processes contributing to
the background at

ffiffiffi
s

p ¼ 500 GeV and 1 TeV. The Higgs-driven events include both the SM contributions and those due to nonvanishing
fc1; c2g. ffiffiffi

s
p ¼ 500 GeV

ffiffiffi
s

p ¼ 1 TeV

NEV (L ¼ 500 fb−1) NEV (L ¼ 500 fb−1)
Process σ (pb) I0 I1 I2 I3 σ (pb) I0 I1 I2 I3

eþe− → νν̄h h → bb̄γ 9.98 × 10−5 9 8 7 6 0.00023 21 16 14 12
eþe− → νν̄hγ h → bb̄ 0.0017 297 120 17 16 0.00523 1003 362 40 37
eþe− → νν̄h h → bb̄ 0.058 8 7 6 5 0.14042 20 17 15 14
eþe− → νν̄bb̄γ 0.00216 381 122 47 44 0.00494 983 329 95 91
eþe− → νν̄bb̄ 0.058 4 3 � � � � � � 0.10880 7 6 1 1
eþe− → νν̄jjγ 0.0084 169 48 15 14 0.01851 398 124 34 32
eþe− → νν̄jj 0.21376 7 4 � � � � � � 0.39883 11 8 2 2

FIG. 11. Normalized distribution for Δϕðγ; E⃗Þ for the signal
processes (c1 ¼ −2.0, c2 ¼ 0.5). “signal1” and “signal2” corre-
spond to eþe− → νν̄h; h → bb̄γ and eþe− → νν̄hγ; h → bb̄ re-
spectively. The plot has been made with events generated
at

ffiffiffi
s

p ¼ 500 GeV.

TABLE X. Required integrated luminosities to attain 3σ stat-
istical significance corresponding to the final state bb̄γ þ E at the
center-of-mass energy,

ffiffiffi
s

p ¼ 500 GeV for different values of
h-b-b̄-γ anomalous couplings, fd1; d2g.

Process
Required luminosity (fb−1)

at
ffiffiffi
s

p ¼ 500 GeV (final state: bb̄γ þ E)

d1 ¼ d2 ¼ 5.0 6.79
d1 ¼ d2 ¼ 1.5 337.5
d1 ¼ d2 ¼ 1.0 1572.6
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has to go beyond 1000 fb−1 of integrated luminosity. In
contrast, h-b-b̄ anomalous couplings are much more con-
strained from the Higgs measurement data and thus events
driven by them give rise to a smaller signal excess.
The radiative decay h → bb̄γ with potential contribu-

tions from anomalous h-b-b̄ interactions also contributes to
similar final states and hence has been studied separately.
Our analysis reveals that the expected event rates from
three-body Higgs decay driven by h-b-b̄ anomalous cou-
plings are unlikely to be statistically significant. We have
checked that the possible enhancement in the signal rates
over the SM predictions because of the presence of the
nonstandard couplings fc1; c2g, consistent with their
existing constraints, can be at most by a factor of 1.12.
In such cases the final state arising from the three-body
decay of the Higgs boson can also be mimicked by its

two-body decay if a photon generated via hard scattering
(not involving Higgs decay) is tagged after the cuts. Hence

we have proposed a kinematic variable [Δϕðγ; E⃗Þ] that can
be used to differentiate between these final state events.
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