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I will present the prospect of Yukawa production process of a light boson which can exist in
an extended Higgs sector. A particularly interesting case is the light pseudoscalar in Type-X
two Higgs doublet model which can explain the anomalous magnetic moment of muon at large
tan 8. Considering ILC “Higgs factory” with center-of-mass energy of 250 GeV, we show that
the available parameter space can be fully examined by the (tau) Yukawa process at 50 with an
integrated luminosity of 2000 fb~'. We also demonstrate the mass reconstruction of such a light
particle which helps to minimize the background events considerably. This proceeding is based
onref [1].
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1. Introduction

The two Higgs doublet model (2HDM) is one of the simplest extension of the Standard
Model (SM) where two scalar doublets involve in the electroweak symmetry breaking (EWSB).
Based on the Yukawa structure, there are four different types of 2HDM [2], and among them the
Lepton-specific or Type-X 2HDM is of particular interest as it can explain the observation of muon
anomalous magnetic moment (6a,,) [3]. In the type-X scenario, a light pseudoscalar (A) with mass
(m4) less than the Z boson mass with large tan S can explain the 6a, anomaly, see [4] and references
therein.

Although it is difficult to directly produce such light pseudoscalars at the LHC due to the
hadrophobic nature, a light pseudoscalar can be searched readily at a lepton collider (LC) via the
so-called Yukawa production process where a light A is radiated from a tau lepton. There are
several proposed lepton colliders (LC) like the international linear collider (ILC) for precision
Higgs measurements. Any LC will run as Higgs factory where the center-of-mass energy (4/s)
will be 250 GeV and it is worthwhile to study the prospect of light pseudoscalar search at a Higgs
factory like ILC.

The Yukawa process is crucial to determine the pseudoscalar coupling to leptons independent
of the other scalars which are present in the model. In this proceeding, we illustrate how to look for
a light A at a Higgs factory in the Yukawa process with four taus in the final state. It is possible to
reconstruct the mass of the light pseudoscalar and we have demonstrated that by using the collinear
approximation. We found that that it is possible to explore the whole da, compatible parameter
space of the Type-X 2HDM at the ILC with 2000 fb~! of integrated luminosity.

2. The Type-X 2HDM Model

For detail discussion about the model, please see ref [2]. The model consists of two scalar
doublets @1 and @, with hypercharge ¥ = 1. The scalar potential is given by,
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Our results will not depend on nature of the couplings and for simplicity we have considered that
all the couplings are real. After the electroweak symmetry breaking we express the doublets in the
T

following way, ®; = (H;T, (vj +hj+iAj)/ \/i) and obtain the massive physical states A (CP-odd),
h, H, H* in terms of the gauge eigenstates:
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Where s, = sin @, cg = cos 8 etc and tan § = — . We identify the CP-even state i as the SM

U1
Higgs boson with mass mj, = 125 GeV.
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Table 1: The multiplicative factors of Yukawa interactions in type X 2HDM

The Yukawa Lagrangian for Type-X 2ZHDM can be written in terms of mass eigenstates [5],
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where u (d), and ¢ refer to the up (down)-type quarks, and charged leptons, respectively. The
Yukawa multiplicative factors, i.e. fﬁ; are given in Table 1. In the limit cos(8 — @) — 0, the
modifiers to the SM Higgs boson goes to +1 and matches with the SM Yukawa coupling. This
is defined as right sign (RS) Yukawa limit. On the other hand, the lepton Yukawa modifier (fﬁ)
becomes ‘-1° when cos(8 — @) takes the value 2/ tan 8. This limit of (8 — «) is known as wrong
sign (WS) Yukawa limit.

3. Search for Yukawa process at linear collider

As discussed, we are interested in the Yukawa process: efe™ — Z*/y* — 1t717A — 4r1.
Production cross section for this channel at the ILC for different values of m 4 is depicted in the left
panel of Fig. 1 as a function of +/s. Since the A7t coupling is proportional to tan 3, cross-section
increases as tan 3 increases. The tau leptons decay hadronically (65%) or leptonically (35%) and
the signal events are identified as: 3 j; + X where X = j; /j /{;. Here j; is a T-tagged jet; j is
an untagged jet, and ¢, (= e/u) is leptons from the decay of 7. The total number of objects in a
signal event is four. Since leptonic decay of a tau lepton is substantial, the inclusion of a lepton in
the final state helps to maximize the signal event selection.

The dominant background comes from the e*e™ — ZZ — 41 and 27 2j and processes where
mis-identification of light jet into a 7-tagged jet mimics the signal in the 27 2j case. Subdominant
background comes from the e*e™ — Zh process. Parton level production cross-section of 4 7
(27 2j) process is 6.6 fb (225 fb) at 250 GeV ILC with polarized beam.

3.1 Event simulation and selection

Parton level signal and background events are simulated with MadGraph5_aMC@NLO, PYTHTAS
and Delphes3 with the ILD detector card. Jets are clustered using the longitudinal-kT algorithm
with R = 0.4. In Delphes3, we assumed that the tau tagging efficiency of 7 jets (e€;) is 60% [6]
or €, = 90% [7]. For both the cases we fix the mis-tagging rate at 0.5%. To make opposite sign
tau-jet pair, we used the Delphes jet charge measurement.

We imposed the pre-selection criteria that all the jets and leptons should have minimum energy
of 20 GeV and satisfy | cos 8] < 0.98 which corresponds to || < 2.3. Using the selected events we
then move on to reconstruct the parent T-leptons.
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Figure 1: Left panel: Production cross section of ete™ — Z*y* — 77A final state for different A mass at
different +/s. Right panel: Normalized invariant mass distribution of the reconstructed pseudoscalar using
collinear approximation for different pseudoscalar mass.

3.2 Collinear approximation and reconstruction of A

At a lepton collider it is possible to reconstruct four taus by using the collinear approximation
which assumes that the missing energy from the decay of tau lepton is collinear to the visible part
of the decay. The energy momentum conservation equations are,

0,
Vs.

p(t) + p(2) + p(13) + p(14)
E(t) + E(12) + E(13) + E(74)

We assume that the visible part of the tau decay carries z; amount of the original 4-momentum,
i.e. p*(j;) = z; p"(7;) where j; is either a 7-tagged jet or a light jet or a lepton. We then solve the
above set of equations for z;. The physical solutions should yield that 0 < z; < 1.

Since there are four 7s, there will be four possible candidates of opposite sign tau-pair
()7 /vty /775 /7 7]) originate from the pseudoscalar. To identify the A resonance without
any ambiguity we use the following method :

» The highest energy T out of the four is unlikely to come from the pseudoscalar. This is due to
the fact that the maximum available energy for A varies from 126 GeV (for my = 20 GeV) to
141 GeV (for ma = 90GeV), whereas, energy of highest T can reach close to \/s/2.

* From the remaining 3 taus one can construct two possible opposite sign tau-pair combinations.
Among the two possible combinations we choose the 7-pair which gives highest transverse
momentum (pr) and the reconstructed invariant mass is defined as m4 (Reco).

In the right panel of Fig. 1 we have plotted the ma(Reco) for different values of m4 and the
background events. The invariant mass peak becomes broader as m4 increases, since the decay
width of A is proportional to its mass. Evidently, the method described above can be used for
success full mass reconstruction out of the four taus.
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Figure 2: Left panel: Reach of the 250 GeV e*e™ collider in the ma—tan 8 parameter space of the Type-X
2HDM with €,=60%. The significance increases for larger tan 8 as the signal production cross section is
almost proportional to tan? 8. The light yellow region can explain the (g — 2),, anomaly at 2 o~ after applying
the lepton universality constraints. Right panel: Effect of better 7-tagging efficiency is displayed here.

4. Results

In the previous section we have demonstrated that the collinear approximation can be used to
reconstruct the mass and we use the reconstructed invariant mass to further minimize the background

events. We define signal significance as, S = \/2 [(S + B)In (1 + %) - S] , where S (B) are number
of signal (background) events after the mass reconstruction cuts.

We scanned the m4 — tan 8 parameter space and computed the signal significance at ILC with
/s = 250 GeV with integrated luminosity of 500 fb~! and 2000 fb~!. The 20 exclusion and 5o
discovery contours are shown in the left panel of Fig. 2. The solid (dashed) contours corresponds
to integrated luminosity of 2000 (500) fb~! whereas the the red (blue) curves denote 20~ (50)
significance. For the left panel plot we have used 7-tagging efficiency of 60%. As m4 decreases the
decay products become softer which leads to weak bound. At higher m 4, the signal cross-section
decreases and as we move towards the Z-boson mass, it is difficult to distinguish the signal and
background events. Consequently, the ILC reach becomes weak for higher m4. The parameter
space which can explain da,, after satisfying the lepton universality constraints coming from the
tau decay and Z — {{ measurements [8, 9] is shown in dark yellow patch.

The tau-tagging efficiency at the ILC can be much better than LHC due to clean environment
and in the right panel of Fig. 2 we have displayed the effect of better 7-tagging efficiency. The
dashed (dot-dashed) curves are for €, = 60% (90%) and the red (blue) lines are for 20~ (50°)
significance. It is evident that a large portion of the parameter space which is favoured by the muon
anomaly can be scrutinized at ILC@250 GeV with 500 fb~! luminosity where the exclusion limit
goes below tan § = 40. With higher luminosity even more parameter space can be explored for this
model.
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5. Conclusion

In Type-X 2HDM, a light pseudoscalar with large tan 8 can explain the observed excess of
the muon anomalous magnetic moment and it is worthwhile to probe the scenario at high energy
colliders like LHC or ILC. Due to the hadrophobic nature it is very hard to search the pseudoscalar
at LHC unless the heavier Higgs bosons, H* and H, are lighter than about 200 GeV. Fortunately,
lepton colliders are ideal to explore the relevant parameter space through the (tau) Yukawa process
independent of the heavy Higgs masses.

We demonstrated that a Higgs-factory like the ILC at 250 GeV can be useful to scrutinized
the model regardless of the heavier Higgs masses. We perform a realistic analysis with the 47 final
states to reconstruct the light pseudoscalar by using the collinear approximation. The parameter
space which can explain the muon (g —2) anomaly can be explored at 5 o~ with integrated luminosity
of 2000 fb™".
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