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We study the Large Hadron Collider (LHC) search potential of a Z4-based two Higgs doublet model
which can simultaneously explain the muon g—2 anomaly and the observed dark matter. The neutral
scalars in the second Higgs doublet couple to p and 7 and largely contribute to the muon anomalous
magnetic moment through the one-loop diagram involving 7 and scalars. An additional singlet scalar
which is charged under the discrete symmetry can be a dark matter candidate. An upper limit on the
scalar mass originates from the unitarity constraint, and the pr flavor violating nature of the scalars
predicts non-standard signatures at the LHC. However, the previously proposed pu*u7T7F signal
via the electroweak heavy neutral scalar pair production at the LHC loses sensitivity for increasing
scalar mass. We revisit this model and investigate the LHC prospects for the single production of
the pr flavor violating neutral scalar. It is shown that the single scalar process helps to extend the
LHC reach for the 1 TeV mass regime of the scenario. The search potential at the high energy LHC

is also discussed.
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I. INTRODUCTION

Most experimental results so far support the standard
model (SM) of particle physics. However, the SM falls
short of explaining dark matter, the baryon asymmetry
of the universe, neutrino masses and so on. Each of these
problem has many possible solutions, and thus more ex-
perimental hints are required to specify the correct new
physics (NP) scenario. One of the most notorious and
long-lived discrepancies between the SM prediction and
the measurement exists in the muon anomalous magnetic
moment (a,) [1-3]. The comparison of the SM prediction
and the experimental value is given as

Aay, =aS® —aSM = (2514£0.59) x 107°. (1)
The SM prediction is taken from the white paper [1]
which is mainly based on the data-driven determina-
tion of the hadronic vacuum-polarization contribution
[4-7).#1 Tt is known that the discrepancy is of the
same order as the electroweak contribution, i.e. a new
O(100) GeV weakly coupled particle can explain the dis-
crepancy. However, no signal of NP at this scale has been
found at the Large Hadron Collider (LHC) so far. This
fact implies that in order to explain the discrepancy in
terms of NP, some enhancement mechanism in the NP
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#1 We note that the estimate based on the recent lattice simulation
differs and is more consistent with the measured muon g — 2
[8, 9]. Recent results from other lattice groups are converging
towards the BMW result [8, 10]. However, the lattice results are
in tension with the low energy o(ete™ — hadrons) data [11-13],
so that further clarification is needed. In this paper we consider
the discrepancy as quoted in Eq. (1).

contribution to g — 2 is necessary.”?

A popular method to enhance the g — 2 contribu-
tion is the introduction of a new flavor-violating particle.
The dipole operator underlying g — 2 requires a chirality
flip, which corresponds to the muon mass within flavor-
conserving scenarios. A one-loop contribution involving
a pr flavor-violating particle is instead enhanced by a
factor of m,/m,, ~ 17 [15-43].%% This mechanism can
lift the mass scale of the new particle by more than a
factor of four. However, lepton flavor-violating (LFV)
interactions are stringently constrained and easily spoil
the model if the particle also has lepton flavor-conserving
couplings. Therefore one needs to ensure the absence of
flavor-diagonal couplings for the 7 mass enhanced muon
g — 2 solution to be viable.

This specific coupling alignment can be realized by a
discrete Z4 flavor symmetry within the two Higgs doublet
model (2HDM) [28]. In this model the g — 2 contribution
is proportional to the u7 LFV coupling and the mass dif-
ference of the additional neutral scalars. Recently it was
proposed that the singlet scalar extension of the model
can explain the relic density of the dark matter (DM)
through the thermal freeze-out mechanism [43]. The Zy4
symmetry is then used both to stabilize the DM candi-
date and also to realize the flavor alignment.

Since the new scalars are quark-phobic within the Z,4-
based model, their production cross section at the LHC
is not large. However, the unique coupling structure pre-
dicts that the neutral scalars decay into u*7F. Pre-
viously we pointed out the smoking-gun signature of a
T final state via electroweak scalar pair produc-

#2 See Ref. [14] for a recent review.
#3 Due to the loop function, scalar mediators receive a further en-
hancement.
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FIG. 1. Representative Feynman diagrams that contribute to the p*pT7F7F signal at the LHC. The left corresponds to
electroweak pair production channel. The middle and right diagrams correspond to the single production process where ¢
denotes A or H. In addition, there are also those obtained by exchanging p and 7 which are included in our numerical

calculation.

tion (left of Fig. 1) with a special focus on the case where
all Yukawa and scalar potential couplings are smaller
than one [30]. We argued that the full Run 2 data set
can test the model up to 500 GeV scalar mass thanks to
the very unique double y7 LFV resonance nature of the
signal events. However, if we accept relatively large cou-
pling of O(1), the model can still explain the discrepancy
with 1TeV scalars.

In this paper we revisit the model’s collider prospects
in the presence of larger couplings. The pair production
cross section is governed only by the electroweak coupling
and decreases rapidly when the scalars get heavier. We
thus propose the single scalar production process (middle
and right of Fig. 1) to assist to cover the heavier scalar
scenario. To search for the heavy lepto-philic bosons, it is
known that the inclusion of photon-initiated processes is
important [34]. We combine those processes and evaluate
the search potential at the future LHC.

The layout of the paper is given as follows. In Sec. I,
we briefly introduce our setup of the 2HDM and review
the muon g — 2 explanation. There we determine how
heavy the scalar can be and discuss relevant constraints.
In Sec.III, we focus on the collider phenomenology and
show the impact of the single scalar production process
to evaluate the future LHC reach. Sec.IV is devoted to
the summary and discussion.

II. MODEL AND MUON g —2

We consider a two Higgs doublet model with an ad-
ditional scalar singlet (S) and a discrete Z4 symmetry
under which the Higgs and lepton fields transform as
given in Tab.I. The gauge charge assignments of other
SM fields, e.g. quarks, are the same as in the SM, and
they trivially transform under Z,.7*

We assume the Z, symmetry to be unaffected by elec-
troweak symmetry breaking, so that the two Higgs dou-
blets Hy o are in the Higgs basis [44, 45] in which only
one Higgs doublet has a non-vanishing vacuum expecta-
tion value of v ~ 246 GeV. In this basis, the two Higgs

#4 In order to obtain realistic neutrino masses and mixings the
model needs to be extended. See Ref. [43] for details.

Field H1 H2 (Le, LM’ LT) (eR, HUR, TR) S
SM gauge| (1,2)1/2|(1,2)1/2| (1,2)-1/2 (L, D-1 [(1,1)o
Z4 1 -1 (1,4, —i) | (1,4, —i) i

TABLE I. Relevant field content and charge assignment of the
model. The notation of SM gauge quantum numbers is given
as (SU(?))c, SU(2)L)U(1)Y .

doublets can be decomposed as

Gt H+
Hy = v+h+iG | 0 Hy = H+iA | (2)
V2 V2

where G and G are the SM Nambu-Goldstone bosons,
and H* and h are a charged Higgs boson and the discov-
ered CP-even Higgs boson, respectively. H and A corre-
spond to additional neutral scalars. The scalar potential
of our model is given by

V = M?H{Hy + M3H}Hy + M\ (H] Hy)? + My (H] Hy)?
+ A3 (H{Hy)(HHo) + Ay (H Ho) (H Hy)

A
+ g(HjHﬁ +he.. (3)

Since the mass spectrum of the scalars is of crucial im-
portance for the muon g — 2 as well as the collider phe-
nomenology, we explicitly show the mass relations:

As+ A — A
mi = \v?, mi:MQQQ—&—igJF 24 51)2,
A — A
my =m4 + Asv®, mie =m% — %vz. (4)

For later convenience we define the mass difference of the
heavy neutral scalars as

Ag_s=myg —mau

=s0Gev (12) (20 )

1.5 myg + ma

Note that A5 > 0 corresponds to my > m4. The mass
difference Apy_ 4 decreases for heavier scalars, since it is
proportional to the SU(2) breaking.
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FIG. 2. The black contours show the value of p£”"pl* to explain the central value of a, in the ma vs. As plane. The blue
region is excluded by the lepton flavor universality of 7 decays. The orange region corresponds to Iy /me > 30%. The purple

contours depict the cutoff scale of the model.

Following the notation in Ref. [21], the Yukawa sector
of the model based on the Z4 charge assignment, in ad-
dition to the SM part, is given as

_[/Y = psTZMHQTR + pgl‘fTngR + h.C.7 (6)

where ph7 and pl* are free parameters. In this model, a
sizable contribution to Aa,, is generated via the one-loop
diagram mediated by the extra neutral Higgs bosons H
and A. The 7 mass enhanced contribution is given as
21, 22]

2 2
my 3 ma _ 3
Ag. ~ mymg phTpri [ TE =5 B In 08 — 3
= 1672 m?2 m?
H A

2

~-25x 1077 <”1T0w) (f;) (W);)

where Eq. (5) is used to derive the second relation. Fig. 2
shows the value of pi7pl# required to explain the cen-
tral value of the discrepancy with black contours.”®> We
are interested in the heaviest possible scenario and thus
|pET| = |pZ#| is set in the following. If we allow for large
Yukawa couplings, heavy scalars of O(1) TeV can explain
the muon g — 2 discrepancy. Furthermore the product of
PETpTH A5 must be negative to obtain a positive contri-
bution to Aa,. In summary we find that the parameters
relevant for Aa, are pi7pl*, m4 and As. It is noted
that the 7 mass enhanced g — 2 contribution picks up the
SU(2)-breaking effect and is proportional to m,*.

The charged Higgs mass is set to my+ = ma (mg+ =
myy) for A5 > 0 (A5 < 0) to respect the constraints from
electroweak oblique parameters [46] and vacuum stability
[47]. The size of the couplings is bounded from above by

#5 We also include non-m, enhanced terms of the neutral scalar
loop diagram numerically, however their impact is small in our
case. The H i—loop contribution does not have an m, enhance-
ment and thus its numerical impact is also small.

the requirement that the theory remains perturbative, we
hence choose |\;| < 47 and |p#7| < /47 [28]. Further-
more, the perturbative unitarity condition for which we
require tree-level unitarity of 2 — 2 processes is imposed
[48-50]. Even if the couplings satisfy those constraints at
the mass scale of the additional scalars, renormalization
group (RG) running effects alter them and the theory
would become non-perturbative at a high energy scale
with O(1) couplings. To quantify this, we solve the cou-
pled RG equations (RGEs) for § functions of the SM
third generation fermion Yukawa couplings, A;, p#7 and
pT#, and then determine the cut-off scale, A.”® These
conditions imply the existence of an upper mass limit for
the heavy scalars. In Fig. 2 dash-dotted, dashed and dot-
ted lines in purple depict A = 30 TeV, 10 TeV and 5 TeV.
It is observed that if we require the theory to be per-
turbative up to 30 (5) TeV, the upper limit on the scalar
mass is given as

ma < 1250 (1650) GeV. (8)

The large A5 case is constrained by the 2 — 2 unitarity
bound while the small A5 region is disfavored by the uni-
tarity constraint on the RGE-evolved Yukawa couplings.

The presence of a charged Higgs with a sizable product
of the relevant Yukawa couplings can modify the decay
rate of 7 — pvw. Following Ref. [27], lepton flavor univer-
sality in 7 decays puts an upper limit on the interaction:

<7OOGeV)2 1 ©

mpg+

pe’ Pt
1.9

The corresponding exclusion is shown in blue in Fig. 2.77
Furthermore the one-loop corrections to Z and Higgs bo-
son couplings to 77 and up are known to be less con-
straining.

#6 See Refs. [28, 51] for the B functions. At the initial scale, we set
A2, A3 < 1 to maximize the cut-off scale. It is noted that there
are typos in 8 functions of Ref. [28].

#7 The Belle II experiment will improve the sensitivity, however, a
quantitative evaluation is not available [52].
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FIG. 3. (Left) Fiducial cross section of ui ,uinf 7,7 via electroweak H A production at a 14 TeV pp collider, as a function of ma
in GeV. The horizontal gray lines correspond to the sensitivities with different luminosities. (Right) The collider sensitivities
are overlaid on Fig. 2. The cyan region can be tested with 3ab™! of the electroweak pair production, while the magenta region
can additionally be probed by including the single production channel. The blue and orange regions and purple contours are
the same as in Fig. 2. Aa, = 2.51 x 1072 is fixed and |p£7| = |p7#| is assumed in the figure.

Since we are interested in the collider sensitivity uti-
lizing resonant production of the new scalars, the width-
to-mass ratio is important. This ratio is approximately
given as I'y/mg ~ |pt7|? x 4%. We assume that the
narrow width approximation is valid up to 30%. The
parameter region which predicts I'y/mg > 30 % is shown
in orange in Fig. 2.

In the early universe the dark matter candidate, S,
is in thermal equilibrium with the SM fields through its
interaction with the scalar doublet. It is thus possible
to explain the relic abundance with the thermal freeze-
out mechanism. Thanks to the Z, charge assignment,
the singlet scalar does not couple to the nucleon at the
tree level, evading the stringent constraints from direct
detection experiments. However, one-loop Z penguin in-
duced DM-nucleon scattering can constrain the model.
The viable mass range for S is broad and the next gener-
ation experiments are important to probe the interesting
parameter space [43].

We note that charged scalar pair production is probed
by the left-handed slepton search [53, 54]. However, it
is difficult to constrain O(1) TeV H* with BR(H* —
uv) =~ 0.5 even at the HL-LHC.

III. LHC PROBE OF TEV SCALAR SCENARIO

In this section we investigate the LHC sensitivity to
our model. As a first step we briefly extend the previous
study [30] and evaluate the high luminosity (HL)-LHC
reach of the model based on the electroweak pair pro-
duction of the scalars. Ref.[30] focused on the weakly-
coupled scenario with [As|, |pf7|, |pZ#| < 1, and thus
ma < 700 GeV was considered. It was argued that the
very distinctive p*p*7F7F final state via decays of an
electroweakly produced pair of neutral scalars is useful to

test the model and we showed that 139fb~! of the data
can probe the scenario with m4 < 500 GeV. The elec-

troweak production cross section depends only on the
heavy scalar masses.

Throughout  our  analysis, we use MAD-
GrAPH5_aMC@QNLO [55] with NNPDF3.1luxQED
[56] to calculate the signal cross sections. To account
for the minimal kinematic cuts, [p%|, [p}| > 20GeV,
1Muls [nr] < 2.7, and AR > 0.1 are imposed for all pairs
of charged leptons. We assume a hadronic 7-tagging
efficiency of 70% [57] and the hadronic 7 decay branching
ratio of about 65% [46]. It is noted that an excellent 7
charge reconstruction is reported in Ref. [58]. Our signal
of same sign p*p* and 7F7T pairs of which p*rT
forms a resonance is very distinctive. Specifically, due
to the resonance structure, the final-state leptons are
very energetic. Therefore we can safely assume the SM
background (SMBG) to be negligible.”® In this situation
Poisson statistics is applicable and the sensitivity at
95% confidence level is given when ~ 3 signal events are
predicted, if no events are observed in the data. The
additional decay channels H — W*H¥ and A — HZ
open in the case of large mass differences. However, such
large mass splittings are difficult for O(1) TeV scalars.
We numerically included this dilution effect.

In the presence of a portal interaction between the
Higgs doublets and the DM candidate .S, invisible scalar
decay would suppress BR(¢ — p7) and hence reduce
the u*pt7F7F signal number. However, BR(¢ — ur) is
proportional to my while BR(¢ — S.5) is proportional to
m;l because of the dimensionful coupling kv originating

#8 Background events come from pp — ZZ — 4r. We confirmed
that the contribution is smaller than O(1075) fb and can safely
be neglected in the resonant regime.
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FIG. 4. (Left) Fiducial cross section of ui,uirffﬂf via electroweak H A production as a function of m4 in GeV. The colored
lines show the model prediction at a 27 TeV pp collider. The horizontal gray lines correspond to the sensitivities with different
luminosities. (Right) The cyan region shows the sensitivity of the HE-LHC based on H A production. The magenta region can
additionally be probed by including single production. The gray region displays the sensitivity of the HL-LHC. See also the

caption in Figs. 2 and 3.

from the interaction

V D k(H]H3)S? + h.c.. (10)
As aresult BR(¢ — S5) is suppressed in the heavy scalar
regime and BR(¢ — u7) ~ 1 holds well. Therefore the
pEpE7F7F mode remains a viable and important probe
of the model.

The colored contours in Fig.3 (left) show the fiducial
uiuiﬁf 7,7 cross sections based on the electroweak HA
production with /s = 14 TeV. The horizontal lines cor-
respond to the sensitivity for integrated luminosities of
139fb~!, 1ab~!, and 3ab~! and correspond to cross sec-
tions of 0.02fb, 0.003 fb and 0.001 fb, respectively.

Therefore, the HL-LHC data of 1ab~!' and 3ab~!
would be sensitive to mass scales of my ~ 800 GeV and
my ~ 960 GeV. It is worth mentioning that the pair pro-
duction channel is powerful since once the neutral scalars
are produced they dominantly decay into p7, as long as a
sizable 7-mass enhanced contribution to a,, is postulated.
Nevertheless there is a mass gap between the sensitivity
and the theoretical upper limit of Eq.(8). The loss of
sensitivity for larger m 4 mainly comes from two factors:
the contributing coupling constant is a weak gauge cou-
pling which is independent of Aa, and the production
cross section is suppressed by the heaviness of the pair-
produced scalars.

One possible way to extend the LHC reach to our
model is to include the single heavy scalar production
channels corresponding to the middle and right dia-
grams of Fig.1. Especially for O(1)TeV lepto-philic
particles the inclusion of the photon initiated process
is important [34]. Again, following the procedure in
Ref. [24] we assume the SMBG to be negligible. There
are two terms in the single scalar production amplitude
to generate pipiTﬂ'; events. One is proportional to
(|p47|? + |p7#|?) which vanishes in the m4 = mg limit.

On the other hand the term proportional to p#7p7# does
not disappear in this limit. Since the m:l4 scaling in
Eq. (7) requires a large product of the LFV Yukawa cou-
plings and the first term is suppressed by the mass dif-
ference, the second contribution will be important for
O(1) TeV scalars.

In Fig. 3 (right) we overlay the collider sensitivity in the
ma vs. A5 plane. The cyan region shows the sensitivity of
the pair production channel. The sensitivity is asymmet-
ric in A5, since A5 > 0 corresponds to my > m 4 and thus
the production cross section will be smaller compared to
mpg < my. The magenta regions can additionally be cov-
ered by including also the single scalar production. We
note that there is also a non-resonant signal contribution
which comes from t-channel A/H exchange. Since the
lepton pr in this case is generally small and we are inter-
ested in the high pp region where the BG is negligible,
this contribution is separated and subtracted to evaluate
the sensitivity. We find that the inclusion of the single
production process can improve the experimental reach
by 130 and 60 GeV for |As| ~ 1 and 2, respectively, when
the Yukawa couplings are large. This still leaves a gap
between the experimental reach and theoretical upper
limit.

In order to further boost the sensitivity to the large-
mass scenario it is important to increase the center of
mass energy from /s = 14 TeV to, for instance, 27 TeV
[59]. The colored lines in Fig.4 (left) show the fidu-
cial pair production cross section with /s = 27TeV.
The horizontal lines correspond to the sensitivity for
integrated luminosities of 300fb—!, 1ab~!, and 3ab~!.
Thanks to the larger center of mass energy we see that
1250 (1550) GeV can be covered with 1(3)ab~! of data.
It is noted that the same kinematic cut introduced above
has been applied for simplicity. The sensitivity is shown
in cyan in the right panel.



Again the reach of the u*pu*7F7F channel can be ex-
tended by including the single production process. The
magenta regions in Fig.4 (right) in the right corners
can also be probed. Compared to the sensitivity with
/s = 14 TeV shown in gray on the left, the high energy
(HE)-LHC is significantly more sensitive to the heavy
scalar scenario. As a result, we observe that all the theo-
retically viable parameter region in Fig.4 (right) can be
covered.

IV. SUMMARY AND DISCUSSION

The new FNAL experimental data for the muon g — 2
is consistent with the previously measured value at the
Brookhaven experiment, and the significance of the long-
standing discrepancy now amounts to 4.2¢. In this ar-
ticle we revisited the collider prospects of the Z4-based
2HDM which can explain the discrepancy using new one-
loop contributions involving 7 and neutral scalars. A dis-
tinctive model prediction is the pu*u*7F7F signature at
the LHC. Since the viable parameter space of the model
can not be fully probed at the LHC with the previously
proposed electroweak scalar pair production, we investi-
gated the impact of the single scalar production. We have
shown that the latter mode helps to extend the reach for
the O(1) TeV scalar solution of the muon g — 2 discrep-
ancy. For instance, the HL-LHC with 3ab~! can test
up to my = 1100 GeV. We also examined the search po-
tential at the HE-LHC and showed that increasing the
center of the mass energy is crucial to fully probe our
scenario. While the model can also explain the DM relic
abundance, the reach of the proposed search does not
depend on the DM interpretation.

In this article we did not discuss H*¢ production. Due
to a combinatorial factor the cross section is four times
larger than the one of HA pair production [30]. The fi-
nal state contains three charged leptons 27+ p or 2u+ 7
and a neutrino at parton level, with their relative rates

depending on the ratio of [p£7|? and |pZ#|? [29]. Hence
H*¢ production is expected to have better sensitivity
to [pT#[%. Allowing for an imbalance in the couplings,
prt < pt7, while keeping the product pl*ph™ fixed, will
thus decrease the LHC sensitivity to the g — 2 solution in
H*¢ production. At the same time the required larger
value of pf7 also lowers the cut-off scale of the theory.
Note that the single scalar production cross section, be-
ing proportional to (|p*7|> + |p7#]?), is enhanced in this
case. Thus, the signal discussed here is more univer-
sal. Combining those various search channels to further
enhance the sensitivity would be an interesting future
direction.

Motivated by the muon g — 2 discrepancy, we focused
on the 2HDM with pr LFV couplings. While the eu-
and er-philic scenarios lack such motivation, LF'V par-
ticles can be a viable DM mediator and they predict a
similar collider phenomenology. Especially the eu case is
attractive in this respect, since the particle reconstruc-
tion is easier and the fiducial cross section via electroweak
pair production is larger by a factor of five since the
hadronic 7 decay branching ratio and tagging efficiency
do no longer reduce the signal rate. This means that the
relevant cross sections can be obtained from Fig.3 and
Fig. 4 by lifting the predictions by a factor of five.
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