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We study the observability of non-standard top Yukawa couplings in the pp — t(— €veb)h(— yy)j
channel at 14 TeV high-luminosity LHC (HL-LHC). The small diphoton branching ratio is enhanced when
the C’P-violating phase, &, of the top-Higgs interaction is non-zero. When the modulus of the top-Higgs
interaction assumes the SM value, y; = ny, we find that the signal significance reaches 2.70 (7.70)
when & =0.257 (0.57). Furthermore, the different couplings modify the polarisation of the top quark,

and can subsequently be distinguished via asymmetries in spin correlations with the final state leptons.
The diphoton decay mode is found to be significantly more promising than the previously considered
pp — t(— Lvgb)h(— bb)j channel.
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1. Introduction

Since the discovery of the Higgs resonance [1,2], the measured
properties [3,4] of this boson have been consistent with a minimal
Higgs sector. In particular, there has been compelling evidence that
it carries a spin quantum number of zero [5-8] (for a discussion
on a generic spin-2 impostor, see [9]). The next priority is to estab-
lish the CP-properties of this Higgs boson, as this is important for
pinning down new physics together with the associated cosmo-
logical implications. Currently, pure scalar couplings are favoured
over pseudoscalar couplings to the electroweak gauge bosons |7,
8]. However, a non-minimal Yukawa sector containing substantial
pseudoscalar admixture is not yet excluded (cf. [10]) and requires
further investigation.

The top-Higgs Yukawa coupling is the largest in the Standard
Model (SM) and therefore plays an important role in electroweak
symmetry breaking, notably in the context of Higgs vacuum sta-
bility (see e.g. [11-13]). Also, a CP-violating top-Higgs sector may
provide additional sources of CP-violation that may have impli-
cations for the electroweak phase transition and baryogenesis [14,
15]. Direct constraints on non-standard top Yukawa couplings must
come from observation of processes where it enters at the tree-
level, with the leading contribution coming from Higgs production
associated with a top pair, pp — tth (see e.g. [16-21]). Specifically,
the prospect for the LHC to distinguish the scalar and pseudoscalar
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components of the top Yukawa coupling in this channel has been
considered [22-29]. Given the relatively small pp — tth cross sec-
tion (~ 130 fb at 8 TeV [30]), current luminosity and analysis are
not yet sensitive enough to observe such signal. Nonetheless, an
upper limit on the signal strength, p;;, = Utfh/atsi’;l/’ < 3.9 has been
set by the ATLAS Collaboration at 95% C.L. limit, using a combina-
tion of the h — bb and h — yy channels [31]. A corresponding
limit of . € [0.9,3.5] is established by the CMS Collaboration
using all search channels [32].

This work focuses on the pp — thj production [33-41], de-
spite its smaller SM cross section (18 fb at 8 TeV [42-45]). The
justification is that the interference between the thj Feynman dia-
grams with tth and W Wh couplings [10,25,33,34,42,46-50] makes
it more sensitivity to the CP-violating phase, &, of the top Yukawa
coupling, in addition to its modulus, y;. Specifically, increased |&|
values reduce the pp — tth cross section [25], but enhance the
pp — thj cross section [10,46]. Due to this interference, the extrac-
tion of the top Yukawa coupling will require a sufficiently precise
measurement of the hW W coupling, which is expected to reach
the 2-5% level at 3000 fb~! at the LHC [51]. A further advantage
of the single top channel is that the resulting top quark is polarised
by the left-handed weak interaction through a t-channel virtual W
boson, but not in the top pair channel. As the t-quark decays be-
fore it hadronises, spin information is inherited by its decay prod-
ucts [52-58]. Top quark polarisation induced by the CP-violating
top-Yukawa couplings will therefore manifest in the spin correla-
tion of the top decay products (see e.g. [25,27,48,59-63]). Polarisa-
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tion in single top processes [64-71]" have specially been proposed
for probing non-trivial chiral structures in top couplings.

The h — bb decay mode in thj production is found to be a very
challenging channel for probing C/P-violation in the top-Higgs sec-
tor due to large QCD backgrounds [10,75]. It is therefore important
to explore h — yy decay, which offers much more manageable
backgrounds. The key feature of this decay mode, unlike h — bb, is
that it is mediated via t- and W-loops, giving it sensitivity to the
tth couplings. With the diphoton branching ratio increasing with
|&], it is conceivable that h — yy will be the more favourable
channel to probe the CP-phase. However, these advantages are
possibly offset by the small SM diphoton branching ratio, and given
that searches for thj signal have already began by the CMS Collab-
oration [76] in the h — yy channel, a detector-level analysis for
this channel is necessary. We remark that the photon polarisations
in diphoton decay [77,78] may provide information on &, but this
will not be considered in this work.

This paper will be organised as follows: in Section 2, the en-
hancement of the diphoton branching ratio through CP-violating
top-Higgs couplings, and its consistency with current Higgs data
is discussed; Section 3 will be concerned with the observability
of the thj signal with scalar (¢ = 0), pseudoscalar (¢ = 0.57) and
mixed (£ = 0.257) top-Higgs interactions at 14 TeV high luminos-
ity LHC (HL-LHC); the use of lepton spin correlation and asymme-
tries to distinguish the various phases is studied in Section 4; the
results are summarised in the conclusion (Section 5).

2. C’P-violating top-Higgs sector and enhanced hy y decay rate

In this study, we investigate the CP-violating top Yukawa cou-
plings using the phenomenological Lagrangian:

ye
2

where t and h are respectively the physical top quark and Higgs
boson in the mass basis, y; € R parameterises the magnitude of
the tth interactions and & € (—m, 7] is the CP-violating phase.
In the SM limit, y; takes the value y$™ := +2m/v and & =0,
where v & 246 GeV is the vacuum expectation value of the Higgs
field. Such a non-standard top-Higgs sector may arise from various
beyond SM models [27,79-83]. The framework used in this work
will be that of an effective field theory whereby phenomenological
predictions can be made without adhering to specific models. The
Lagrangian in Eq. (2.1) may originate from that of an effective one
comprising gauge-invariant operators [84-88]:

Lpheno D ——=t(cos& +iy° sin&)th, (2.1)

H'H N
Ldim<6 D —(Ol-i—,BF)HQLtR + h.c., (2.2)
where o, 8 € C are dimensionless parameters and A the new
physics scale. After symmetry breaking with H = (0, v + h/+/2)7,
it may be identified that y$¥ = o 4 #v2/A2. The phase £ may take
the full range (—m, ], given that new physics enters at the TeV
scale (A ~10v) and ||~ 1 [89].

An immediate consequence of non-standard top-Yukawa cou-
plings are deviations of gg — h production and h — yy decay
rates from the SM. This has been considered in our previous work
[10], where the current Higgs data was used to exclude values of
|&] > 0.6 at 95% C.L. (see also [25,87,90-92]). The corresponding
95% C.L. limit allowed for yt/yﬁM is [0.7,1, 2] when & =0, but de-
creases with & such that it becomes [0.4, 0.6] for & = 0.55. Strong
bounds on CP-violating effects also come from low energy probes

! Information on the CP-violating tth couplings can also be inferred from angu-
lar correlation in pp — h+2j [72-74].

[93-95] such as electric dipole moments. However, such bounds on
the pseudoscalar coupling are not considered in this work as they
depend on the light fermion Yukawa couplings which are prac-
tically unobservable at the LHC. In the subsequent parts of this
work, only the top Yukawa sector will be modified, but y; = ys™
will be assumed to focus on the effects of &.

We will now focus on the influence of non-standard top
Yukawa coupling in h — yy, as it is the relevant decay mode for
the phenomenological study in Section 3 and Section 4. The as-
sociated effective operator for hyy interactions can be written as
(see e.g. [96-98]):

Lhyy = &‘;‘—V(cﬁwwv —E,,F,wf-““’)h, (2.3)
where o = e? /4w is the fine structure constant, F, is the stan-
dard field strength for photon fields and FAV := LeMVPoF ;s its
dual. Given that the CP-even and CP-odd parts do not interfere,
the effective scalar (c, ) and pseudoscalar (¢, ) coupling constants
are obtained from the corresponding scalar and pseudoscalar decay
rates, I's p(h — yy) (cf. Appendix A). At one loop order, the scalar
part is dominated by t-quark and W-boson contributions whilst
the latter is absent for the pseudoscalar part. Accordingly, the cou-
pling constants are parameterised in terms of the top Yukawa cou-
plings as follows:

¢y ~ —8.32 +1.83y; cos S/ny,
Cy ~2.79y; sin‘;‘/ny.

(2.4)
(2.5)

Assuming that no other new physics processes contribute to the
hyy loop, the total diphoton decay rate resulting from the modi-
fied top-Higgs sector is then parameterised as:

L'th—yy)
. omia? [(—8.32+ 1.83ytcos§>2 N (2.79ytsin§)2}

2567372 yM yM
(2.6)

It should be noted that the partial cancellation between the
W -loop and t-loop contributions in the scalar component dimin-
ishes with increasing &. Since the pseudoscalar t-loop factor is
larger than that of the scalar, and the interaction with different
parities do not interfere, the decay rate will be maximally en-
hanced for &£ =0.57.

3. Observability at 14 TeV HL-LHC

The sensitivity of the Higgs associated single top production
channel to the CP-violating top-Higgs couplings at 14 TeV HL-
LHC was investigated through Monte Carlo simulations. This was
carried out in the diphoton decay of the Higgs and semileptonic
decay of the top:

pp — t(— LT vb)h(— yy)j, (3.1)

with j denoting the light jets and ¢ = e, u. Three phases & =0,
0.25m and 0.5 were studied as benchmark points, with y; as-
suming the SM value ny, as justified in Section 2. The observ-
ability of the signal process will not be affected by inverting the
signs of the & values, as the production cross section (cf. [10])
and decay rate (cf. Eq. (2.6)) are not sensitive to this sign differ-
ence. We therefore examine only the positive phases. The small
branching ratio Brsy(h — yy) =2.28 x 1073 is compensated by
excellent resolution on invariant diphoton mass, my,, at ATLAS
and CMS. Continuous QCD backgrounds can therefore be efficiently
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Table 1

Cut flow of the cross sections for the signals and backgrounds at 14 TeV LHC. The h — Yy contributions to the tfyy background are included. Conjugate processes are

included here.

Cuts o [1073 fb]
t(— Lvb)h(— yy)j ttyy tivy
£=0 £=0257 £=0.51 £=0 £=0.257 £=0.51
(C1) ARij > 0.4 i,j=b.j.t.y 4,545 10.32 42.79 145.0 145.8 144.4 299.4
ph > 25 GeV, Iyl <2.5
P > 25 GeV, el < 2.5
pl > 25 Gev, Injl <4.7
p¥ > 20 GeV, Iyl <25
(€2) p}' > 50 GeV, py? > 25 GeV 4194 9.599 39.69 88.11 88.24 87.59 155.2
(C3) My, < 200 GeV 4,059 9.104 37.44 64.05 64.10 63.68 151.3
(C4) IMyy —mp| <5 GeV 3.219 6.866 28.47 3.295 3.493 3.393 9.031
S/B 0.261 0.548 2.29
S/~/S+ B with 3000 fb~! 141 2.70 7.71

suppressed by a narrow mass window cut on the reconstructed
Higgs mass, my. Furthermore, it could be seen from Eq. (2.6) that
the decay rate may be enhanced to ~ 1.3 (1.8) that of the SM for
& =0.25m (0.57). The observability of such signal may be further
improved, given that the CP-violating phase also enhances the thj
production cross section [10]. The semileptonic decay mode of the
top quark is chosen because the charged lepton is maximally cor-
related with the top spin [99] and will be used to measure the
forward-backward asymmetry in Section 4.

The dominant backgrounds to the signal process in order of
contribution are as follows:

(B1) t(— £*tvb)jyy — this irreducible background has the same
final state as the signal. However it is non-resonant and is
expected to be efficiently suppressed through a window cut
on myy.

(B2) t(— £tvb)i(— bjj)yy — one of the jets in the hadronically
decaying top is misidentified, and the other two are missed in
the detector. The analysis will include h — yy contributions
for each &.

(B3) Wt(— £D)yyjj — one jet is mis-tagged as a b-jet and the
other missed in the detector. Again, the photon pair may re-
sult from Higgs decay. This background is excluded in the
analysis since it was demonstrated in [46] and [100] to be
at least an order of magnitude lower than (B1) and (B2) after
a window cut on my.

The effective Lagrangian in Eq. (2.1) was implemented by
FeynRules [101] with SM parameters taken from [102]. The
signal and background matrix elements were generated by Mad-
Graph 5 package [103] with default parton level cuts, and con-
volved with the CTEQ6L parton distribution function [104] using
default dynamical renormalisation (ug) and factorisation (ur)
scale. Parton showering was subsequently performed by Pythia
[105] and jets were clustered via anti-k; algorithm [106] with a
cone radius of AR = 0.7. Detector simulation was carried out by
Delphes [107] where the (mis-)tagging efficiencies and fake rates
assume their default values.

The signal analysis (cf. Table 1) begins with the basic selection
criteria (C1) on transverse momenta and rapidities, based on the
trigger capabilities and detector coverage at the LHC. In Fig. 1, it
is evident that the pr spectra of the leading (y;) and sublead-
ing (y2) photons in the SM signal are more energetic than that
of the corresponding backgrounds. The thj signals with & = 0.25w
and 0.57 also exhibit the same behaviour. Furthermore, the res-

onant production of diphoton pairs in the signals leads to a peak
near my/2, allowing them to be separated from the non-resonant
diphoton pairs in tfyy and tjyy through the p}T’1 > 50 GeV and
pY > 25 GeV cut (C2) in Table 1.

The cut (C3) on the invariant mass of the leading b-jet and
lepton ¢ have been discussed in [10,46,100]. Given that both the
b-jet and lepton ¢ should originate from the same t-quark, their
invariant mass should be less than the top mass. As the leading
b-jet in ttyy could have came from either of the top quarks, it
is not surprising to find that (C3) is more effective on this back-
ground when compared to the signals and tjyy. Lastly, Fig. 2
shows that the scalar signal has a relatively narrow diphoton in-
variant mass peak after (C3). It was also verified that & = 0.257
and 0.5 exhibit a similar distribution. The invariant mass window
cut |myy, —my| <5 GeV (C4) is found to be the most effective, re-
moving ~ 1/4 of the signal events but the backgrounds by a factor
of at least 16. Despite an increased h — yy contribution in tfyy
for £ =0.257 and 0.57r due to the enhanced Higgs-diphoton de-
cay rates, Table 1 shows that the full tfyy cross-section remains
relatively similar to the & =0 case after (C4).

The significance, S/+/S+ B at the end of HL-LHC (3000 fb—1),
is expected reach 7.710 for y; = y;M and & = 0.57. However, to
remain consistent with the current Higgs data, the modulus of the
Yukawa coupling has to decrease to y; = 0.6yfM [10] and the cor-
responding signal significance is expected to drop to ~ 4.750. This
is still significantly higher than that of the h — bb mode. With an
estimated uncertainty of +3.1/—2.5% due to the parton distribu-
tion function [76], the results are not expected to change signif-
icantly even with a 10% NLO correction on the production cross
section [42]. However, the mixed and pure scalar couplings remain
less optimistic for observation, and it is foreseeable that a combi-
nation of the yy and bb channels is required to achieve a high
enough signal significance in these scenarios.

4. Top polarisation and lepton spin correlation

The angular distribution of the lepton from a polarised top
quark is given by [99]:

1 dr 1(1—1—79 cosby)
— —_ — K s
I'cos6y 2 e ¢

(4.1)

where «, is the lepton spin analysing power, 6, is the angle be-
tween the lepton momenta and spin quantisation axis of the top,
as measured in the rest frame of the t-quark, and 7 is the spin
asymmetry. In this study, the top spin axis is taken to be the



134

J. Yue / Physics Letters B 744 (2015) 131-136

E 10>1'-_lllllllllllllllllllllllllllll1
5 — &=0 7
z i . ﬁY’Y 4
'zr\: . -
107 try 3
10’455
4
107K
3
-:|||I||||I||||I||||I||
0 50 100 150 200

Fig. 1. pr of the leading jet (left) and the subleading jet (right).
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Fig. 2. Diphoton invariant mass for signal and backgrounds with & = 0. The shapes
are similar for § =0.257 and 0.57.

direction of the top quark in the laboratory frame. In order to re-
construct the top rest frame, the neutrino momentum was first
determined from the on-shell condition of the W -boson [108,109]:

1
= 2—2<Awpu +Eo/AY, — 4P%H£%) and pyr:=Fr,
Pyt

(4.2)

where Ay = m‘zlv + 2pr - Er. The sign ambiguity is resolved via
minimisation of:

X2 o me — m[l)[b 2
: —Ft s

where T'; is the SM top decay width. The lepton angular distribu-
tions for the CP-phases & =0, 0.257 and 0.5 are shown in Fig. 3
for the parton level and reconstructed level after cuts (C4). It is ev-
ident that in the SM (¢ = 0), the preferential direction for the lep-
ton momentum in the top rest frame is opposite to the top’s boost.
The pure pseudoscalar (¢ = 0.55) interaction changes the polarisa-
tion of the top through a tth vertex, such that the lepton direction
becomes positively correlated with the top’s boost. As expected,
the mixed interaction (§ = 0.257) gives a slope that is interme-
diate between the pure scalar and pseudoscalar cases. Again, the
slope is not sensitive to the sign of & [25]. The difference between
the slopes become less prominent in the reconstructed case, re-
flecting the simulated effects of parton showering, reconstruction

PvL

(4.3)

Table 2
The reconstructed-level forward-backward asymmetry .AﬁB at 14 TeV LHC with
3000 fb~.
& o(cosf > 0) o(cosh < 0) .AfEB (%) Significance
[1074 fb] [1074 fb]
0 4.413 7.745 —27.40 0.5234
0.25m 12.05 13.81 —6.805 0.1895
0.5 54.21 50.56 3.484 0.1953

efficiencies and detector resolution. The differences between the
angular correlations are quantified in terms of the lepton forward-
backward asymmetry:

¢ . o (cosfy > 0) — o (cosby < 0)

B = ; (44)
o(cosfy > 0)+ o (cosby < 0)
and the significance [110,111] by %, with A, and o7 being

the numerator and denominator of the right hand side of Eq. (4.4)
respectively. From Table 2, it is observed that the top-Higgs inter-
action can be distinguished via .Af;B with the SM case reaching a
value of —27% and a significance of 0.52 whilst that for the pseu-
doscalar case, 3.4% with a significance of 0.20.

5. Conclusion

In this work, we investigated the observability of the pp — t(—
£tveb)h(— yy)j at 14 TeV HL-LHC. The detector resolution on
my, allows effective suppression of QCD background via a mass
window cut, compensating for its small diphoton branching ratio.
In addition, non-zero & enhanced the pp — thj production cross
section and the h — yy branching ratio. The yy channel is found
to give much better prospects than the bb channel to probe the
C’P-violating top-Higgs couplings. With y; = ny, the expected
signal significances are 1.40, 2.70 and 7.70 for scalar (¢ = 0),
mixed (¢ = 0.257r) and pseudoscalar (¢ = 0.57) interactions re-
spectively. Furthermore, the diphoton channel led to measurable
differences in lepton spin correlation by modifying the t-quark
polarisation and can be distinguished via the forward-backward
asymmetries.
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Appendix A

Analogous to Eq. (2.1), Yukawa interactions may generally be
parameterised as:
Y F S LiySeP
L5 ﬁf(ghff +iy g,z ) fh,
where yy:=+/2my/v, and in the SM glfff =1 and giI;ff =0. The
diphoton decay rates for the scalar (S) and pseudoscalar (A) Higgs
are (see e.g. [112,113]):

(A1)

3,2 2

Csth—yy) = sz |3 NeQfgyz B (@) + Fl(mw)| |
f

(A2)

3,2 2
m.o

o=y y) = szd 53| NeQfgyz Fy(mhp)| (A3)

f

where ), ; == mi/4mi2, Qy is the charge of fermion f in units of
positron electric charge; Nc = 1(3) are the colour factors for lep-
tons (quarks). The scaling function may be found, for example in
[114]:

FP@my =201+ A -1t Hf @)l (A4)
Fy(v)=2t71 (1), (A5)
Flloy=—R2+3t ' +3t7'@ -t f(1)), (A.6)
where f(7) is in terms defined as:
1(d
_ Y _
f@)= 3 / ) In[1—47y(1 -y,
0
[sin™' (vT)1% <1
— 2
—%[ln <ﬁt\/\/§) - lﬂ] ,oT>1 (A7)
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