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Abstract We propose a method of measuring the CP-odd
part of the Yukawa interaction of Higgs boson and t leptons
by observing the forward—backward asymmetry in the decay
H — 1t 17 . The source of such asymmetry is the inter-
ference of the CP-even loop-level contribution coming from
H — Zy — t+ 1t~ y decay channel with the contribution
from tree-level CP-odd Yukawa interaction. We find that the
CP violating effect is maximum when the invariant mass of
the T+ T~ pair is equal to the mass of the Z boson. We pro-
pose and utilise various Dalitz plot asymmetries to quantify
the maximal size of the asymmetry and perform Monte Carlo
simulations to study the feasibility of measuring it in the high
luminosity phase of the Large Hadron Collider (HL-LHC).

1 Introduction

In the Standard Model (SM), violation of the CP symmetry
is encoded in the CKM matrix. In principle, a Beyond the
Standard Model (BSM) physics may have new sources of
CP violation. In particular, BSM CP violation in the Yukawa
interactions is welcome for electroweak baryogenesis (it is
well known that CP violation in the SM is by far too weak
for baryogenesis [1-3]). The most general expression for CP
violating Hy ¢ Yukawa interaction can be written in the
following form,

my, — .

where v is the vacuum expectation value of the Higgs field,
my, denotes the mass of the fermion v/, and ay,, by, are two

(1.1)
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real valued parameters. In the SM, alspM =1, biM =0.1If
simultaneously both ay # 0 and by # 0, it implies CP
violation in Hyr Yukawa interaction. The parameters by,
are strongly constrained by the experimental bounds on the
electron and neutron Electric Dipole Moments (for a recent
analysis see [4-7] and references therein). In this context,
the 7 lepton Yukawa coupling is of interest as it is large
and the EDM bound, b; < 0.3, is weak enough for the
T Yukawa to play a role in electroweak baryogenesis [4—
7], see however [8]. CP violation in the T Yukawa has also
been searched for at the LHC. The recent study by CMS
[9] probing H — Tt~ gives |b;| < 0.34 at 68.3% con-
fidence level (for further prospects see [10]). Majority of
the experimental studies on this issue concentrate on mea-
surements of the angle between 7 decay planes determined
by the directions of particles produced in subsequent t lep-
ton decays, such as in H — 171~ T~ v vy or
H—ttt™ — ptp v 9; [9,11-18].

In this paper we propose to measure the forward—back-
ward asymmetry of t lepton angular distribution in the
H — t+ 1~ y decay, as a measure of the CP violation in
H tt Yukawa interaction. To study this asymmetry we utilise
the Lorentz invariant Dalitz plot distribution of events. The
dominant CP-violating effects which contribute to the for-
ward-backward asymmetry in the H — t+ 7~ y decay are
proportional to the interference of the tree-level and loop-
level diagrams! shown in Fig. 1. The lower branching ratio
thanthe H — t 77 is partially compensated by the fact that
one only requires to reconstruct the 4-momenta of the 7 lep-

— 7T

! One could, in principle, also consider H — ¢+ £~ y, with £ = e, pu,
[21,22], facilitated by similar Feynman diagrams as in Fig. 1, to probe
CP violation in the corresponding Yukawa interactions. But for these
processes the loop-level contributions are dominant and can overshadow
the CP-violating part of the tiny Yukawa interaction of e, u with Higgs
boson. Nevertheless, our proposal to use the Lorentz invariant Dalitz
plot distribution to study forward—backward asymmetry holds for these
decays as well. In such a case, observation of a sizeable asymmetry
would suggest CP violation in the loop-level contributions.
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(a) Htt Yukawa contribution at tree-level. The empty circles
denote the fact that the final photon can arise from either of
the 7 legs.

(c) Zy and yy contribution from triangular W loop.

Fig. 1 The dominant Feynman diagrams contributing to H — 7+

here) are negligible, see Refs. [19,20]

tons and not the full spatial distributions of the final t decay
products. Our heuristic simulations for the HL-LHC show
that one can possibly probe b, using our proposed method-
ology. A more thorough Monte Carlo study scanning the full
2-dimensional Dalitz plot distribution is beyond our current
expertise, and is hence reserved for future exploration.

Our paper is organised as follows. In Sect. 2 we briefly out-
line the important phenomenological aspects of the 3-body
decay H — t7 1t~ y, showing how the forward-backward
asymmetry originates and how can it be probed from the
Lorentz invariant Dalitz plot distribution. In Sect. 3 we do
a numerical study, looking at the distribution pattern inside
the Dalitz plot and assess how large the forward—backward
asymmetry could be. In Sect. 4 we perform a heuristic Monte
Carlo study of the feasibility of observing the asymmetry in
context of HL-LHC. Finally we conclude in Sect. 5 sum-
marising our findings and highlighting the salient features of
our proposed methodology.

2 Phenomenological study of H — t+

Ty
The decay H — t1 1~ y is its own CP-conjugate process.
Let us study the kinematic configuration of the decay in the
center-of-momentum frame of ™+ 7~ (equivalently called the
di-tau rest frame). From Fig. 2 it is clear that the CP transfor-
mation takes the angle # between T and photon to 7 — 6.
This implies that any difference (or asymmetry) in the angu-
lar distribution of events with respect to cosf <> —cosé
(‘forward’ <> ‘backward’) exchange would be a clear signa-
ture of CP-violation.

As illustrated in Fig. 1 the decay H — t7 ™ y proceeds
via the tree-level Htt Yukawa interaction, as well as via the

@ Springer

(b) Zy and yy contributions from triangular top loop.

(d) Zy and yy contribution from W loop with WWyZ /y vertex.

T~ y. The contributions of possible box diagrams at one-loop level (not shown

effective vertex of H — Vy — 1Tt~ y, withV = Z, y.
The effective Lagrangian for the later interaction can be, to
the lowest mass dimension order, written in the form,

H -
Ly, = H(2A§VFWZW +2AZY 7,

+ ALY FRVE,, + AgyFﬂ”Fw), 2.1

where Vy, = 9,V — 9,V ,]7,w = T€uvpo VP, and A;’g are
dimensionless form factors. Such form factors receive con-
tributions from the SM loop-level diagrams (see Fig. 1), and
from the interaction beyond the SM, the latter in general pos-
sibly also containing CP-violating couplings. We take into
account only the SM loop contributions, assuming that BSM
loop corrections are small compared to the tree level ones.
Thus, we put A;;y = 0 while doing numerical study,2 but for
completeness we will keep the A;;V dependent terms in our

analytical expressions. The expressions for A5 and A7 in
the SM are given in Ref. [23].

Let us denote the decay amplitude for H — 7t~ y by
A . As illustrated in Fig. 1, the amplitude can be split into
three parts: (1) tree-level contribution .# (Yuk) () loop-level
Zy contribution .# “7), and (3) loop-level yy contribution
MY e M = M + PV + V). Like any
other 3-body decay of a spin-0 particle, the full kinematics
of H(py) — t(py) 1~ (p_) y(po) can be described by
two independent variables. We choose to work with Lorentz
invariant mass squares. Defining

2 Note that for top quark or W boson contributions to HVy coupling,
loop integrals are purely real, so the CP violating form factors can only
be proportional to imaginary couplings.
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Fig. 2 Kinematic
configurations related by CP in
the center-of-momentum frame
of ttr~

mi_ = (p++p-)* = (pu — po)*. (2.22)
mio = (p+ + po)* = (pu — p-)*, (2.2b)
m?y = (p—+ po)* = (pu — p+)*, (2.2¢)
where

m%r_ + mio +m?y =m% +2m?. (2.3)

We can express cos 6, defined in the di-tau rest frame, in
terms of the Lorentz invariant variables:

1
—2 2 2
4m? 2 m —m

_ _ T —0 +0

cosf = (1 5 .

2.4)

2 2
m3 _ my —mi_

At the beginning of this section we have argued that
the forward-backward asymmetry in cos 6 distribution can
serve as a probe of CP violation. Therefore, we see that
the forward-backward asymmetry would be equivalent to
an asymmetry in the distribution or number of events in the
m%ro Vs. mz_o plane (usually called a Dalitz plot) under the
exchange mio < mz_o. Equivalently, one can consider dis-
tribution of events in the m_¢ vs. m_q plane which may be
more convenient from experimental perspective. The ‘for-
ward’ (or ‘backward’) region in Dalitz plot is that region
where m_qg > m_o (or m—_qg < m4yo).

In the rest frame of the Higgs boson, the differential decay
rate of H — t ¢~ y in terms of m_( and m_q is given by,

__ miom—o

d’Tyry
3

dmyodm_o 6473 my

| #* = D(mio,m_o), (2.5)

where the squared amplitude |.#|? can be split into six con-
stituents,

a2 = |///(Yuk)‘2 + |//1(Zy)|2 + |///(w)|2
1 2Re (///(yw ///<Zy>*>
+2Re (a0 20

+2Re (///(Y“k> //NV)*) . (2.6)

In order to clearly point out the terms responsible for the
forward-backward asymmetry and see how it is related to

CP-asymmetry, we write down the expression for the individ-
ual constituents of amplitude square, as shown in Eq. (2.6),
in terms of m%r_ and 6. Using Egs. (2.3) and (2.4) one can
easily rewrite all these expressions in terms of mo and
m_g. Neglecting the subdominant m, dependent terms in
the numerator, we have:

V//(Yuk) ’2
16¢? (a% + b%) m? (m‘}_l + mi_) m? _ sin® 0

v2 (m3, — mi_)2 ((m%_ —4m2) sin?6 + 4m%)2’
(2.7a)

}%<Zy>|2
& (@ + @) ((a2) + (a2))
802 ((m3_ —m2)* + r3m?)
X mif (m%, - mif)z (1 + cos? 6) )
i///(yy)|2

e (A7) + (a77)?)

(2.7b)

Zmi_v

2
X (m%, — mi__) (1 + cos? 6) ,

Re (j/(w) ///(ZV)*>

2.7¢)

ez (my —ml )’

492 ((m%__ — mzz)2 + F%m%)

x (2c§, (A77AL" = ATV AT ) my T2 cost
YV A2V Yy AZY
+cf (AL AT + A ATT)

X (mi_ — m22> (1 + cos? 9) ),

Re ( gy (Yuo) %(Zy>*>

(2.7d)

degz m% mif sin% 0

2 (2 = w3 +12m2)
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1

x
((m3_ —4m?2) sin®0 + 4m%)2

x (cg (Afyaf - AZZVb,) mz Tz (m%, - m%__) cosf

2 2 Zy 2 2 2
+cy (m+_ —mz> <A2 ar (mH — m? _ cos 9)

ALy (=2 ) )) 27¢)
Re ( Yk %(yy>*>
_ 8e?m2m? _ sin® 6
v? ((m2_ —4m2) sin? 0 + 4m?2)’
X (A}z’ya, (m%l — mﬁ__ cos? 0)
+AY b (3, —m3 ), Q.7f)
where ¢f, = —1/2 + 2sin® Oy, ¢} = —1/2, and gz =

e/(sin Oy cos By ), with Oy being the weak mixing angle.
Note that we have kept the total width of the Z boson, I'z,
because the Z boson can be on-shell in our case.

We are interested in terms that are odd (linear) in cos 6 (or,
using Lorentz invariant variables, odd in the difference mio —
mz_o). Such terms are found to be proportional to mz I'z
as well as the product of CP-even and CP-odd couplings.
If we use the narrow-width approximation for the Z boson
propagator,

1 T

§(mi_—m%), (2.8

2 232 2.2 myz T
(m+—_mz) +Izmy z 2z

the mz I'z factor in the terms linear in cos @ cancels out,
and it is obvious that maximum CP-violation occurs for
mi_ = m2Z Thus, the dominant contribution to the forward—
backward asymmetry comes from the events for which invari-
ant mass of the t pair is close to the Z boson mass.

Itis clear from Eq. (2.7e) that to a good approximation the
asymmetry in the cos 6 distribution probes the combination
(A3Z Ya, — AZZ ¥ b.). In our numerical study in Sect. 3 we put
AL =o.

In the following section we illustrate how the distribution
pattern in the ‘forward’ and ‘backward’ regions of the Dalitz
plot differ due to CP violation (i.e. by # 0) by studying the

following distribution asymmetry,

D (my0,m ) — D (m_g,my) |

A (@m0, m—o) = . (2.9)

D (m40, m—o) + D (m_o, m4o)

@ Springer

Additionally, we also study the asymmetry integrated over
the region where the invariant mass of the T+ T~ pair is close
to the Z boson mass,

|// (D(m+0 < m,o)fD(ero > m,o)) M(my—, n)dmyo dm,0|
An)= s
// D(ﬂl+0, m_o) O(my—,n)dmyodm_g

(2.10)

where the function IT (m_, n) defines the cut on the invari-
ant mass of the T+ 7~ pair
1 f0r|m+_—mz| <nly,

] (2.11)
0  otherwise.

[M(my_,n)= :

The asymmetry A(n) is directly related to the number of
events around the Z pole,

INp(n) — Np(n)|
Np(n) + Np(n) ’
where Np,p(n) denote the number of events contained in

the forward/backward region which are also contained in the
region around Z pole as defined in Eq. (2.11).

A(n) = (2.12)

3 Numerical study

In this section we do a numerical study of the effect of the
CP violating parameter b, on the Dalitz plot distribution in
m4o vs. m_o plane. Especially we focus on the size of the
asymmetries A (m 4o, m—_o) and A(n) as defined in Egs. (2.9)
and (2.10). As detailed below, we impose a few kinematic
cuts in the Higgs rest frame. In the next section we present
the results of a heuristic simple MC simulation as an attempt
to be closer to the experimental conditions at the HL-LHC.

We note that by neglecting m, in comparison with Higgs
mass m g, one can constrain (to a very good approximation)
the sum af + b% from the experimentally measured pp —
H — t+ 1~ cross-section [24], which yields

a? + b2~ 0937513, (3.1)

where the experimental errors have been added in quadrature.

To avoid infrared divergence, we impose a cut on the pho-
ton energy (i.e. specify a minimum energy for the photon) in
the Higgs rest frame,

ES" =5 GeV. (3.2)

As we discuss later, the actual value of this cut has little
impact on the decay branching ratios in the range of the di-t
invariant mass squared m%__ most sensitive to the CP viola-
tion effect. For the sake of reference we note that, with this
cut, for the full kinematical range of mi_ the branching ratio
of H—> t7 17y is BRyry =3.72 % 1073, The branching
ratio decreases once a cut is imposed on the three relative
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Fig. 3 A schematic kinematic configuration of ™ = y in the Higgs
rest frame showing angles subtended by the 3-momenta of the final
particles

angles Oy, with X € {+—, +0, —0} (see Fig. 3) among the
final particles in the Higgs rest frame. An angular cut 63"
specifies the minimum angle among the final particles. For
6% = 5° we get BR;ry, = 3.24 x 10~3 which further
decreases by approximately 15% for each 5° increase in the
cut. Both the angular cut 65" and photon energy cut Ej"
affect the allowed values of m ¢ and m_g.

InFig. 4 we see that the differential decay distribution have
maxima close to the axes when mio approaches m% These
peaks are characteristic of the tree-level contribution from
Fig. 1. A second peak is also easily discernible in the distri-
butions around mi_ = mZZ as a slightly darker band, and this
corresponds to contribution from the on-shell Z contribution,
coming from the one-loop level diagrams of Fig. 1. Further-
more, for by # 0 we do find non-zero forward—backward
asymmetry. Also as expected, the distribution asymmetry
A (m40, m_o) become significantly large around the Z-pole
region. The distribution asymmetry can be as large as ~ 1%
depending on the values of a;, b; such as for a; = 0.950
and b; = 0.20.

Regarding the asymmetries A(n) around the Z-pole, see
Eq. (2.10), we note that the Z-pole cut as encoded in
Eq. (2.11) can be rewritten, in terms of the photon energy
in the Higgs rest frame, as follows,

H(m+,, ) =

H
: for‘,/mH—ZmHE —mz‘ nlyz,

0 otherwise,
(3.3)

From the equation above it is clear that for the invariant mass
of the 7 pair close to the Z pole, say |m+_ —mz | < 5Tz, that
the photon energy cut E )C/ut = 5 GeV has no relevance, since
the minimum photon energy required for events around Z-
pole corresponds to higher photon energies. Only the angular
cuts 65" have any bearing in such a case.

In Fig. 5 we show the variation of A(n) for 1 < n < 5and
compare it with with the ratio I'; ¢, (aroundZpole) / I'; ¢, (full),
where I';¢y (aroundZpole) is the partial decay rates for
the decay H — t+ 1~y with m,_ around the Z pole
(imposed using Eq. (2.11)), and I';; (full) is the full par-
tial decay rate. As expected, the asymmetry decreases with
n, as it is strongly localised around the Z-pole, whereas
I"z¢y (around Zpole)/ I'¢¢) (full) increases with n. The plot
clearly shows the challenge for an experimental analysis to
find an optimal balance between the magnitude of the effect
and the statistics of the events.

4 Simulation study of H — 7+ 7~ y in the context of
HL-LHC

To estimate the sensitivity of the proposed Higgs boson decay
H — t+ 17y to the CP violation effects at the HL-LHC,
Monte-Carlo (MC) generators were used to simulate the sig-
nal in the actual experimental environment. However, due to
the limited computing resources, we have used a simplified
MC simulation procedure. The differential cross-sections
corresponding to the various a, and b; values are computed
using GNU Octave [25] as a function of my and m_y.
The MC signal samples are re-weighted using these cross-
sections (which include the kinematic cuts of Sect. 3) to prop-
erly model the impact of the interference term, similar to the
“interpolation” approach used in [26]. The validity of the
approach is verified by the comparison of relevant kinematic
distributions with the analytical calculations.

We project the Dalitz plot distribution of events in for-
ward and backward regions onto the m_ axis to do a 1-
dimensional binned study of the forward—backward asym-
metry. A more detailed and thorough MC study taking the
full 2-dimensional Dalitz plot distribution into account and
exploring unbinned Dalitz plot analysis techniques such as
the Miranda method [27,28], the method of energy test statis-
tic [29-33] and the earth mover’s distance [34] are reserved
for future explorations.

In the following, all additional cuts are defined in the labo-
ratory frame. Reconstruction of the Higgs rest frame, that was
used in the previous section would require the knowledge of
the Higgs boson three-momentum which is not known exper-
imentally. Besides, the observed distribution of events in 71
vs. m_q Dalitz plot can be obtained in any frame of reference.

4.1 Monte Carlo simulation

For the calculation of gluon-fusion production of the Higgs
boson, the PowhegBox v2 [35-38] generator was used
with the NNPDF3 . ONNLO [39] PDF set. Proton-proton col-
lisions are set to happen at center-of-mass energy of 14
TeV, as is expected for HL-LHC. For the simulation of the

@ Springer
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D (1ms9,m-o) for ar = 0.950, by = 0.10, ES* = 5 GeV and 65" = 5°

my — my 1.0 x 1077
100 {
1.0x 1078
% 75
o
T
5 50
F41.0x 107
25
my r F’. - L1.0x 10710
me 25 50 75 100 my — mq

myo (GeV)

A(ms0,mo) for ar = 0.950, by = 0.10, ES* = 5 GeV and 03" = 5°

my — my
-3
100 4 1.0x 10
— 1.0x 107
> 75 A
)
g
-5
g 5 E41.0x 10
25 | F11.0x107°
me . : . . 1.0x 1077
me 25 50 75 100 myg —m,
m.o (GeV)

Fig. 4 The expected differential decay rates D(m.ro, m—_o) as well as the asymmetry A(m o, m_o) inside the Dalitz plot regions for a; = 0.950,
br = 0.1. The asymmetry is localised around the Z pole as expected (see discussion surrounding Eq. (2.8)). Note that the colour bar is in logarithmic

scale
4 - 1
1 a=1,b,=0.2
§:\- ---- - ar= Vv0.96,b, =0.2
3- \ Oy > 5° _
R 2
- ] N|E
X2 1 EHE
] ol k
OlE g
< a3
1
] a-=1,b,=0.2
- - ar = V0.96,b, =0.2
O LBLELRLELLELELE IR AL LA IR O
1 2 3 4 5
n

Fig. 5 The comparison of forward-backward asymmetry A(n),
defined in Eq. (2.12) and the ratio I'¢¢), (aroundZpole)/ I'¢¢, (full),
where I'r¢, (aroundZpole) is the partial decay rates for the decay
H — t+ 1~y with my_ around the Z pole satisfying Eq. (2.11),
and I"; ¢ (full) is the full partial decay rate

decay of the Higgs boson, modelling of the parton showers,
and hadronization, the simulated events were processed with
the Pythia v8.306 [40] program with the CTEQ6L1
[41] PDF set. DELPHES 3.5 [42] framework is then used
to emulate the resolution and reconstruction of physical
objects (such as photons, t leptons, and jets) by a general-
purpose particle detector (such as ATLAS or CMS) using the
“HLLHC” card. FastJet 3.3.4 [43] package is used to
perform the jet clustering using the anti-k, algorithm [44].
In the simulation studies photons are required to have
pr > 10GeV and to be isolated with an angular cone defined

@ Springer

by the condition® AR < 0.3. The reconstructed  leptons are
required to have pr > 15 GeV. Their reconstruction is based
on seed jets with the radius parameter [44] R = 0.4. This pr
selection represents a realistic lower limit of what a general
purpose detector can achieve. We assume that hadronically
decaying t leptons can be identified with 100% efficiency.
In reality this efficiency will be heavily dependent on the
desired jet rejection power achievable with the conditions
of the HL-LHC. The results presented in this section scale
trivially with the 7 identification efficiency. This optimisa-
tion is left for the future, more realistic, simulations of the
performance of 7 identification algorithms at the HL-LHC.
All plots in this subsection are based on the MC simulation
described above.

The HL-LHC is expected to deliver about 3000 fb~! inte-
grated luminosity of data [45]. This corresponds to over 160
million events with gluon-gluon fusion production of the
Higgs boson. With hadronically reconstructed ts and tak-
ing the same kinematic constraints as considered in Sect. 3,
we estimate that 2.24 x 10° of these Higgs bosons will even-
tually decay into the y r};;d Tpaq final state*. Approximately
10% of the events will have the di-t system with the invariant
mass m4_ within 5 GeV of the Z-boson mass peak where the
forward—backward asymmetry manifests, see Fig. 6a. For any
selected range of m 4 _ we can estimate the number of events
in ‘forward’ and ‘backward’ regions, say Ny and Np respec-
tively. Thus we can easily estimate the following forward—

3 Here and everywhere we use the cylindrical coordinates (r, ¢) to
describe the transverse plane, ¢ being the azimuthal angle around the
beam line. The pseudorapidity n is defined as — Intan(6/2). Finally,
the angular distance is measured in units of AR = \/(An)? + (A¢)2.

4 This estimate does not include the laboratory frame requirements on
pr, AR and R discussed above.



Eur. Phys. J. C (2024) 84:341

Page 7of 13 341

>

8 30000

™ Vs =14 TeV, 3000 fb'

@ 25000 |— a=1.b=0

CICJ —a=1,b=0.4

> 20000~ |— a,=1.05,0.=0.4

w —a=1,b=0.2
15000

10000

5000

coa v b b by b b b by |
9&0 50 60 70 80 90 100 110 120 130
True m,_[GeV]

(a) Invariant (true) di-7 mass.

(2]
>
<T 0.004
> f5=14TeV l
1 000855 _1b -0
E 0.003F-| — a=1,0=0.4
00025 | — a,=1.05,0.=0.4
< 002k |— a=1.b=02 il

! I
50 60 70 80 90 100 110, 120 130

Reco m“ [GeV]

-

ST [T [T [ TI T[T T[T [TrTT

(c) True asymmetry after kinematic cuts.

<
>0.0025[—
= C Vs=14TeV
© C
g - |—a=1b=04
2 s | — a=1.05b=0.4
- |—a=1b-02
0.001—
0.0005—
E o d o L L L L T Hzﬁ
40 50 60 70 8 90 100 110 120

Reco m" [GeV]
(e) Visible asymmetry after mass refit .
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(f) Data-like asymmetry after mass refit.

normalised such that it is always 0 in the SM, while in f the statistical
fluctuation of the MC generator are included, with the number of events
around 5 times larger than the yields expected at HL-LHC

able events by a factor of 3 in the Z mass peak region, see
Fig. 6b. The photon pr requirement by itself is responsible
for a 50% decrease in the selection efficiency.’

5 This can be contrasted with the fact that the photon energy cut in
Higgs rest frame of 5 GeV has no effect when |m_ —mz| < 50z, as
mentioned in Sect. 3.
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Fig. 7 The invariant masses m_, mo and m_q using true, visible,
and fitted physical objects

4.2 Kinematic fit

Although the true invariant mass of the di-t system (m4_)
offers a good way to access the forward—backward asym-
metry, see Fig. 6c, it is not accessible experimentally. The
short lifetime of the t leptons means that they will decay
before reaching the detector, with v; escaping undetected.
For hadronically decaying taus that are used in the present
study, the particles registered in the detector will be pre-
dominantly charged and neutral pions. The detectors have
limited acceptance and resolution, meaning that energies
and momenta of these particles will be reconstructed with
a limited accuracy. The visible invariant mass of the di-t
system (m‘fs_), constructed from the visible decay products
of t decays, offers a degraded sensitivity to the forward—
backward asymmetry, with almost no visible Z peak, see
Fig. 6d. A fit procedure to recover the sensitivity to the asym-

@ Springer

metry based on the kinematic constraints of the system is
described in the following,®

The final state of H — y ™t~ is subject to two con-
straints:

1. The true invariant mass of the three final particles must
be equal to the mass of the Higgs boson.

2. The energy in the transverse plane, perpendicular to the
beam line, should be conserved and equal to 0, with
any deviations coming from either the missing neutrinos
(v¢, V) or mismeasurements of the particle’s energies.

A fit procedure using Minuit2 [46] is performed based on
these two conditions with the overall energy of the two t
leptons as free parameters. Since the opening angle between
the neutrinos and visible tau decay product has to be of the
order of m/E, both v; and v; are predominantly collinear
with the visible parts of the hadronically decaying t’s, for the
energies considered here. Therefore, the approach of treating
the contributions from the 7 neutrino and t energy smearing
as one common parameter that only affects the energy of the
T-lepton and not its spacial direction is justified.

This simple fit procedure allows us to restore the true ener-
gies of the 7-leptons and the fitted two-body invariant masses
match well with the true invariant masses, as demonstrated in
Fig. 7. Further the fitted invariant masses mg_to and mﬁ_tO are
used to identify events in forward and backward regions. This
information is then used to estimate the asymmetry Afit while
selecting m‘f‘ff in the region around Z-boson mass where the
asymmetry is maximal. The asymmetry defined using the
fitted masses, Afit behaves similarly as expected for the true
asymmetry as a function of the fitted di-r mass, see Fig. 6e.
Thus Afit is a reasonable estimator of the forward—backward
asymmetry. In the following we evaluate this asymmetry in
a real-data-like environment.

4.3 Asymmetry calculation

We compare two methods of quantifying the asymmetry
and estimating the corresponding values of b;. The first
approach uses a simple selection of events with mf}r‘_ close
to the Z mass peak, where the asymmetry is maximised.
Here, the window of +9 GeV around mz was chosen, i.e.
mf‘L —myz| < 9 GeV. The width of this window was
inspired by the range of the di-tau mass mTf where the asym-
metry is enhanced, see Fig. 6e, f. The asymmetry estimate

6 At this point we have three different ways to compute the invariant
masses (and the asymmetry): true (mx, A), using the full information of
the v; momentum from the MC; visible (m‘)’(is, AVlS), using no informa-
tion about the v; momentum; and fitted (m?}Aﬁ‘), using the information
obtained in the fit procedure. Here my can denote m_ = m(t+t1t7),
myg=mty)orm_g=m(r"y).
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Fig. 8 Gaussian fits to a truth-based asymmetry shapes and b data-
like shapes in MC with b, = 0.1 with the b, = 0.4 fit overlaid. ¢
Shows the relationship between true b, and the scaling factor ¢ from

Afit is then computed as in the Eq. (4.1) and used to predict
b.

The second approach involves widening the di-r mass
selection to the range of 72—114 GeV. The asymmetry Afit is
computed in bins of 3 GeV. A skewed Gaussian fgkew(?) is
then fitted to the shape of the asymmetry distribution,

fit
m,_—d
l=+—,
b

where ¢ (¢) is the normal probability density function, ®(z)
is the normal cumulative distribution function, and a, b, ¢, «
are the free parameters in the fit. The parameters can be deter-
mined by fitting the true asymmetry distributions for specific
values of b; as shown in Fig. 8a. Except for the parame-
ter ¢, which determines the height of the skewed Gaussian
and depends on b, all other parameters agree for different
b values (within statistical uncertainty). Keeping all param-
eters except the overall scaling factor ¢ fixed at the deter-
mined values, we fit the distribution of asymmetry Aflt in the
reconstructed MC, which gives us the fitted value of c. As an
example the dataset corresponding to by = 0.1 is shown in
Fig. 8b along with the fitted skewed Gaussian distribution.
For comparison, the skewed Gaussian corresponding to the

Jskew (1) = cop (1) P (1), (4.2)

Table 1 True and predicted values of b; from two different methods.
Integrated luminosity of 3000fb™! is assumed

(a¢, by) b, from £9 GeV b, from
mass window fkew (x) fit
(1,0.0) 0.22+2.24 0.23 £2.06
(1,0.1) 0.32+£2.24 0.32 £2.07
(1,0.2) 0.41 £2.22 0.44+2.14
(1,0.3) 0.53 £2.36 0.55+2.24
(1,0.4) 0.65 £2.52 0.67 £2.39

the fits of analytically computed asymmetry A distributions. Note that
the uncertainty bars in b represent the statistical uncertainty expected
at HL-LHC

case of by = 0.4 fit is overlaid. In Fig. 8c we show that the
scaling factor c obtained from fitting is directly proportional
to b.. Thus knowing ¢ one can directly infer the value of b..

The results of the two approaches are summarised in Table
1. The uncertainties of the measurements include the statisti-
cal uncertainty of the expected HL-LHC event yields, which
is the dominant one. To estimate the HL-LHC uncertainty
contribution we rescale the yields to match those expected at
3000fb~! and recompute the statistical uncertainty accord-
ingly. Both of the approaches produce comparable central
values with the fit to fgkew resulting in lower uncertainties.
Note that an offset between the theoretical input values and
predicted central values of b, is present, due to a statistical
fluctuation in the MC sample. The offset remains constant
for all tested b, values and is reproduced by both methods
tested, further validating their stability.

4.4 Backgrounds contributions and its separation

The dominant SM background we have to consider is
Z(tt) + y production, similar to the ATLAS [47] and
CMS [48] H — Z(£f)y searches. However, compared to
the ¢¢ channel, in the 77 channel the non-resonant Higgs
decay contribution is dominating, resulting in the much
larger (Higgs)/(non-Higgs backgrounds) fraction in the Z
mass peak region of m _. The kinematics of the events also
change, allowing for easier discrimination of the background.
Developing an algorithm for suppression of the Z + y back-
grounds (which most likely would have to be done with the
application of machine learning techniques to fully utilize
several correlated kinematic values) is beyond the scope of
this paper. However to illustrate the possibility of such clas-
sifiers we perform a simple MC comparison.

The generation of Z + y MC is done using MadGraph5
aMC@NLO 3.5 [49] with the NNPDF3.0NLO [39] PDF
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Fig. 9 MC-based comparisons of the H — 7ty signal and Z + y
background samples, showing a, b the angular distance between the
t-leptons and photon, ¢ angular distance between the di-tau system

set. Further decay chains and hadronization are handled by
Pythia and DELPHES with the same setup as described
in Sect.4.1. We note several key kinematic variables related
to 7-leptons and photons that can help discriminate between
signal and background, suchas AR(z, ), AR (Z"is, ¥ ), pho-
ton pr, see Fig. 9. Higgs candidate pr and invariant mass can
also be useful, as has been shown in the ATLAS and CMS
searches. Based on this we believe that an efficient classifier
can be built to significantly suppress the background contri-
bution. The uncertainties quoted in Table 1 will increase in the
presense of background events, but the exact effect depends
strongly on how well the signal/background separation can
be performed.

@ Springer
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and photon, d the transverse momentum of the leading photon. Both
samples are normalized to 1 for ease of comparison

5 Conclusions

We have analysed the 3-body decay of the Higgs boson
H — t+ 17 y as an additional source of information about
the CP violation in the Htt Yukawa coupling, independent
from the existing experimental studies on the 2-body decay
H — t+ 1t~ [9,11-18]. The forward—backward asymme-
try in the T angular distribution in our case arises due to the
interference of the tree-level contribution (which includes
the CP violating Htt Yukawa coupling b; # 0) and the
CP-even SM loop-level contributions. We have proposed a
novel method of measuring forward—-backward asymmetry
in the Dalitz plot distribution of events in the plane of y v+
Lorentz invariant masses (mq vs. m_g plane). Such a Dalitz
plot distribution is frame independent, making the method of
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extraction of forward—backward asymmetry clean and attrac-
tive from the experimental point of view. The asymmetry is
directly proportional to the CP-odd Htt coupling parame-
ter b.. In principle, the asymmetry can also appear from the
interference of CP-even tree-level contribution and CP vio-
lating loop-level contributions. However, for our numerical
study, we assume no CP-violation at loop-level and focus
only on the effects of non-zero b, and whether this can be
experimentally probed at HL-LHC.

The forward-backward asymmetry is predicted to be the
largest when the di-t invariant mass m_ is close to mz
(it could reach ~ 1% for high values of b;) and it rapidly
diminishes as one moves farther away from the Z pole. To
estimate the feasibility of such asymmetry measurements at
the HL-LHC we have performed a simplified MC simula-
tion with kinematic cuts meant to mimic the experimental
conditions. A kinematic fit was used to constrain the hadron-
ically reconstructed 7-leptons and account for the missing v,
information not available in the detector. We estimated the
asymmetry directly in the region with di-t mass in the range
of mz + 9 GeV for different values of b;. We also looked
for the asymmetry by performing a shape fit in a wider mass
region, 72 GeV < my_ < 114 GeV.

From our MC studies we find that the statistical uncer-
tainties we currently expect to get with the HL-LHC dataset
are significantly larger than the effect itself. Nevertheless, our
simplistic MC study suggests that our proposed methodology
is experimentally doable, and our results could be encourag-
ing for more detailed and in-depth explorations in the future.
Instead of the one-dimensional binned shape fit used in this
study a full two-dimensional unbinned Dalitz plot analysis
could instead be envisaged using for example the Miranda
method [27,28], the method of energy test statistic [29—-33]
and the earth mover’s distance [34]. The asymmetry can also
appear from the interference of CP-even tree-level contribu-
tion and CP violating loop-level contributions, this effect has
not been considered in our numerical studies yet. In our MC
simulation, we have only considered final states with both of
the t-leptons decaying hadronically, the dataset can be dou-
bled by also considering one of the ts to decay leptonically,
i.e.adding the H — ThadTiep) decay channel. With the better
understanding of the technical capabilities of particle detec-
tors such as ATLAS and CMS after the Phase-2 upgrades,
the kinematic selections can be further optimised.

Finally, once the asymmetry can be probed with reduced
uncertainty, it would be interesting to compare its predic-
tion for b, with that obtained from the already ongoing
experimental study of H — 77 17~ TV, m~ v, where
m = m, p etc. If there is significant deviation in the two b,
values, one can assume that there is some significant CP-
violation coming from the loop-level contribution, which we
have neglected in our numerical study in this paper. It is
interesting to note that the same loop-level diagrams also

— m

contribute to H — £* £~ y for £ = e, u, and for these decay
modes the tree-level contributions are negligible. Moreover,
the same Dalitz plot techniques developed for H — 77 17y
can also be applied to probe the asymmetry in the Dalitz plots
of H — £% £~ y to constrain or discover the CP violation at
loop-level. Therefore, our formalism of probing the forward—
backward asymmetry inside the Lorentz invariant Dalitz plot
distribution of events would certainly help explore CP prop-
erty of the Higgs boson in a more systematic and unified
manner.
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