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ABSTRACT: Recently, we have witnessed two hints of physics beyond the standard model:
a 3.30 local excess (M4, = 52GeV) in the search for Hy — AgAg — bbu™p~ and a 4.20
deviation from the SM prediction in the (g —2), measurement. The first excess was found
by the ATLAS collaboration using 139 fb~! data at /s = 13 TeV. The second deviation is a
combination of the results from the Brookhaven E821 and the recently reported Fermilab
E989 experiment. We attempt to explain these deviations in terms of a renormalizable
simplified dark matter model. Inspired by the null signal result from dark matter (DM)
direct detection, we interpret the possible new particle, Ag, as a pseudoscalar mediator
connecting DM and the standard model. On the other hand, a new vector-like muon
lepton can explain these two excesses at the same time while contributing to the DM
phenomenology.
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1 Introduction

The existence of dark matter (DM) is now well established by old and new astrophysical
and cosmological evidence. Conversely, its particle properties remain unclear, in particular,
the way to incorporate DM and its interactions into the standard model (SM) of particle
physics. In the case of DM-quark interaction, current DM direct detection experiments,
such as XENON1T, have not observed any DM-nuclei scattering evidence [1]. Furthermore,
the Muon g — 2 collaboration at Fermilab has recently reported an eye-catching measure-
ment of the anomalous magnetic dipole moment of x* with a 3.3¢ deviation from the SM
prediction achieving a combined experimental average of Aa, = (2.51 & 0.59) x 1079 [2].
This confirms a long standing tension between SM and experimental data that was pre-
viously reported by the E821 experiment at Brookhaven National Laboratory, inspiring
several beyond the SM (BSM) extensions (see ref. [3] for a review). The new average is
consistent with a 4.2¢0 deviation from the SM prediction strongly motivating new propos-
als [4-52]. Furthermore, the ATLAS collaboration has reported a search for the Higgs boson
exotic decay channel Hy — AgAg — bbuTp~, using 139fb~! data at /s = 13TeV [53].



They have taken the muon pair as a trigger to search for the narrow dimuon resonance of
a light spin-0 particle Ag. A deviation from the SM background with a local (global) sig-
nificance of 3.30 (1.70) is reported at M4, = 52 GeV with the branching fraction given by
BR(Hy — AgAo — bbut ™) ~ 3.5x 1074, Therefore, the null observation from XENON1T
and the two possible BSM observations (Aa, and Hy — AgAg — bbut ™) can be inter-
preted as hints that the new spin-0 particle Ag can serve as a mediator to connect DM
with SM, especially for its non-trivial coupling with muons.

One can simply consider the additional spin-0 particle Ay coupling to SM fermion
pairs via the mixing with SM-like Higgs boson only or like the scalar/pseudoscalar in the
conventional two Higgs doublet models (Type-I, I, X, and Y 2HDM [54], 2HDM+S [55])
with M4, = 52GeV. However, their predicted signal strength for BR(Hy — AoAdo —
bbutp~) cannot reach the measured 3.5 x 10~* when including all other experimental
constraints [56, 57]. We go beyond the models mentioned above and involve a new vector-
like muon lepton (VLML) not only to enhance BR(Ag — p*p~) but also to contribute
to Aa, [60], thus, explaining both excesses. Motivated by these observations and from
theoretical considerations, we propose a renormalizable simplified DM model based on
extending the SM with three SM singlet fields: a Dirac DM, a VLML, and a pseudoscalar
mediator. One important advantage of adopting a pseudoscalar mediator here is that the
elastic cross section of DM-nuclei collision is suppressed by the small recoil energy making
easy to escape the current XENONIT stringent limit.

The paper is organized as follows. First, we briefly discuss the model setup in section 2.
Next, we consider relevant constraints for this model used in our likelihood functions in
section 3. In section 4, we present our numerical analysis and the 20 allowed regions.
Finally, we conclude in section 5.

2 Renormalizable simplified dark matter model

In this section, we show our model configuration. We consider a SM singlet Dirac fermion
x as a DM candidate. A new pseudoscalar mediator A is also introduced to explain
the null signal result in DM direct detection and possible excess in Higgs exotic decay.
Additionally, we introduce a VLML, ¥, that will contribute to the (g — 2) u excess. Thus,
the renormalizable Lagrangian for this simplified DM model can be written as

1 1
L= Lsv +X(i@ — My —igyAys)x + iﬁuA(‘)“A - imiA2

2 /
A
— (uaA + AraA?) (HTH - ”2> - l;—f‘A?’ - 4!“144

+ [~KL Hipn + in fig Avr — iy Ay + My + He . (2.1)

where H is the SM scalar SU(2);, doublet and L, is the second generation left-handed
lepton doublet. Note that the dimension-3 terms with pa4 and p/y break the parity [61].
The tadpole for A is removed and (A) = 0 is assumed in this model.

After electroweak symmetry breaking (EWSB), the pseudoscalar A and the SM Higgs
boson h mix with each other via the g term. The relation between the mass eigenstates,



Hy and Ap, and the interaction states, h and A, is

Hy cosa sin h
_ 2.2
<A0> <—sinacosa> <A> (2:2)

where the mixing angle, o, is given by

. 2pAv
sin 2a = m (2.3)
with v ~ 246 GeV the vacuum expectation value. We assign Hy as the SM-like Higgs boson
with My, = 125 GeV and A with M4, = 52 GeV to explain the ATLAS Higgs boson exotic
decay excess [53]. In the next section, we will see that the LHC Higgs boson measurements
can put a strong upper limit on sin 2« in this model. Similarly, the VLML and muon will
mix together after EWSB [60]. According to Z — [T]~ precision measurements [62], an

upper limit for the mixing between the left-handed muon and VLML is set at

RU

V2M,,

where My, ~ v implies k < O(1072). In contrast, ' doesn’t suffer from this constraint and

< 0(1072%). (2.4)

its value can be larger.
The Lagrangian to describe the interactions between the SM sector and DM sector via
Hy and Ag portal can be written as

A . _ mys— Sym?
L) = —igy (Hosa+ Aoca) Xvsx — (Hoca — Agsa) | Y “LFf— > SV, pm
I v_zw+
m . _ m . _
- (;Ca+lgA755a> Hopop+ <vu5a —ZQA%Ca) AO.LLM (25)

where s, = sin a, ¢, = cosa and in the first-order approximation of x,

KKk v

gA = ﬁm (2.6)

and §y = 1(2) for V = Z(W*). Note that, excepting muon pair, there are only axial
(scalar) couplings for Hy and Ay with DM pair (SM fermion pairs). The term with g4 is
important to enhance BR(A4g — p ). Additionally, the CP-violation effect in the muon
Yukawa interactions is a feature of this model. For the first order of k approximation, the
interactions of VLML can be expanded as

Lhy = — ey A, + i%wzﬂ — iy (Hose + Aoca)y"th
_~

+ \/i(HOCa — Asa) iR + ik (Hosa + Aoca) gL

+ 9 LY YL 2+ g PV LW, + Hee (2.7)



where .
g/ _ Jw g/ _ kg U
T Ve T 2y
Note that the {Hp, Ao}p) terms in eq. (2.7) can contribute to Aa,, via one-loop Feynman
diagrams [60].

(2.8)

From eq. (2.1) we can read off ten undetermined parameters in this model:
9x,  Sa MX7 /\HAv /J'{A7 )‘Aa R, Hla Y, Mw (29)

We can further fix p/y = 5.0GeV, Aq = 1.0 and y = 0.01 for this analysis because their
changes are neither relevant nor significant for this work. Considering that the LHC Higgs
boson measurements constrain sin?a < 0.12 at 95% C.L. [63, 64], we assign the upper

bound sina < 0.3 in our parameter scan.'

As required by eq. (2.4), k cannot be large
and one has to introduce a larger ' to explain the Aq, deviation. Furthermore, a very
massive * could suppress the contribution to Aa, when we require perturbativity of x’
with &' < v/4r. Finally, for simplicity, we assume M, /2 < M, < M,y such that Ay — xX
and the annihilation xx — 7%~ are kinematically forbidden. Taking all these facts into

consideration, the scan range for the non-fixed parameters is given by the followings bounds

107% < ¢\ < 2.0,

5x 1073 < sina®™® < 0.3,
150.0 < M,/GeV < 450.0,,
26.0 < M, /GeV < 0.9 x M,/GeV, (2.10)
5x 1074 < AP, <1072,
3x107% < k™ <8x 1072,

1.0 < K < Vi4r,

where the star (x) indicates that the parameter is scanned logarithmically in base 10.

IN N IN

3 Experimental constraints

Recently, the Muon g — 2 collaboration at Fermilab reported a new measurement of the
anomalous magnetic dipole moment of the muon achieving the new combined result [2]

Aa, = (2.51 £0.59) x 107° (3.1)

consistent with a 4.20 deviation from the SM. Note that the SM uncertainties have been
taken into account in the error bar.? The dominant BSM contributions to (g — 2), in this
model comes from one-loop Feynman diagrams with 1, Ag, and Hy as [60]

H/Q m2 M2 M2
A — _® 2 Ao 2 Hy 9
a’/‘ 9671,2 Mi, [caf < Mi ) + Saf Mi (3 )

We will see in the next section that constraints from Higgs boson invisible and exotic decays are much

stronger than this limit in our model.
2The SM central value and error bar for (g—2),, use the theoretical consensus value with hadronic vacuum
polarization (HVP) determined from ete™ — hadrons (see, for example, [58]). Note that a recent calculation

for the HVP on the lattice finds no significant tension between measurement and SM prediction [59].



where f(t) = (2t + 3t — 6t%Int — 6t + 1)/(t — 1)*. Because of the constraint in eq. (2.4)
and large CP-violation effect of muon EDM, we can safely assume k < K’

Furthermore, the ATLAS collaboration has detected a local excess in the Higgs decay
channel Hy — AgAg — bbutp~ at My, = 52GeV, by using 139 fb~! data at /s =
13 TeV [53]. The measured branching ratio BR(Hy — AgAg — bbuTp™) is around 3.5 x
10~* with a local 3.3¢ significance. By taking a conservative approach, we assume that
the central value is located at 3.5 x 10~% and the likelihood is a Gaussian distribution with
error bar equal to 3.5 x 10~* divided by 3.3 at M4, = 52GeV. In the on-shell limit, we
can calculate BR(Hy — AgAp), BR(Ag — bb) and BR(Ag — pt ™) individually and then
multiply them together to obtain BR(Hy — AgAg — bbu™ ™).

We can divide the major constraints used for this study in five categories: (1) the LHC
Higgs boson measurements, (2) the LEP and LHC Ay searches, (3) the DM phenomenology,
(4) the ATLAS multi-lepton search and (5) electron, muon electric dipole moments (EDMs).

3.1 The LHC Higgs boson measurements

For the LHC Higgs boson measurements, one can further classify them as

o Higgs boson exotic and invisible decays.
We take BR(Hy — undetected) < 19% and BR(Hy — invisible) < 9% at 95% C.L.
as reported by ref. [57]. The partial decay width of Hy — AgAg can be written as

F(Hy - AgAy) = AHodoe 1—4<MA°>2 (3.3)
0 080T Bon My, M, '
where
Mo AoAy = —1ASe — 23N — 2AmA)vs2ca — 2AgaveS + (2pa — ply)sac.  (3.4)
If my < Mp,/2, the Higgs boson can also decay to a pair of DM as
3/2
MH 4m2
T'(H, X) =822 "2 1 - X : :
( 0~ XX) Sagx S ( M[Q{Q) (3 5)
Therefore, we require
BR(H(] — A()Ao) + BR(HO — XY) < 19%,and
BR(Hy — xX) < 9%. (3.6)

Note that, in this study, we fix My, = 52 GeV such that I'(Hy — ApAp) is a function
of sina and A4 only.

e« Hy — ptpu~.
The decay width T'(Hy — putp~) can be modified by changing the p— mixing. We
require the measured signal strength of Hy — u*pu~, relative to the SM prediction,
to be 1.1975-35(stat) T0-1 (syst) as reported by the CMS collaboration [65]. In this
work, we focus on the result from CMS because of the rather larger error bar in the
one from the ATLAS collaboration [66].



o Ho — 7.
The VLML % can also contribute Hy — v and further reduce the SM prediction.
The partial decay width of Hy — 7 in our model is

2 3
az M
I'(Hy — vy) = —em”" Ho

2
S |ea (Thy (rp) + T, (1)) + sal, (70)] (3.7)

where

Ify (rp) = —2Negefry [1+ (1= 74) f (7))
Iy (tw) = 2+ 3rw + 3mw (2 — 7w) f (Tw)

4y mw
Iy () = =€ g, Tl (70) (38)

with 73 = 4m? /M7, and

(sin_1 m>2, T>1
—% [ln GJ_F\/‘/E) —i?T]2, T<1

where ey, is the fine-structure constant and N, = 3(1) for quarks (charged leptons).

flr) = (3.9)

We require the measured signal strength of Hy — 77, relative to the SM prediction,
to be 1.1270:57 (stat) 095 (syst) from CMS collaboration [67].

3.2 The LEP and LHC A, searches

The pseudoscalar Ay with a mass of 52 GeV can be explored at the LEP and LHC ex-
periments. The decay modes of Ag for these searches are Ay — bb, 77—, utpu~. For the
search at LEP, the most stringent limit is sin? a x BR(Ag — bb) < 3.5 x 1072 from the
ete”™ — ZAp production [68]. On the other hand, the multilepton final states from the
LHC search pp — tt (Ag — utp™) can provide a strong constraint on sin? a x BR(4y —
ptu) <5 x 1073 [69]. Finally, our model is unconstrained in the Ay — 77~ channel
where Ag is produced via pp — bbAg [70]. We will see in section 4 that the allowed range
for sin o remains smaller than these Ag limits from LEP and LHC.

3.3 The DM phenomenology
The DM phenomenology can be classified in three parts:

e DM relic density.
Since we fixed the mass of Ag to be M4, = 52 GeV and the annihilation channel xx —
1)~ is kinematically forbidden, one would expect that the Higgs resonance regions
XX — ff can play an important role to enhance the annihilation cross section in the
early universe. However, the Higgs exchange is suppressed by sin @ when compared
with Ay exchange and the dominant channel contributing to the relic density is xx —
ptyT via Ag exchange when it is open. The most favorable size of gyk' in eq. (2.7)
can be determined using Planck’s relic density measurement Q,h% = 0.12+0.001 [71].
For example, a value of £’ ~ 2.46 with g, ~ 0.13 can fulfill the Planck constraint for
m, around 200 GeV.



e DM direct detection.
In eq. (2.5), DM interacts with quarks via Hp/Aq exchange resulting in a suppressed
tree-level amplitude for DM-nucleon elastic scattering due to small momentum trans-
fer. With a simple estimation based on refs. [74, 75], we find that the loop contribution
with the condition g, sina < 0.05 is still below the neutrino floor. Our upper limit
gxsina < 0.6 could bring the loop contribution above the neutrino floor but is still
well below the current XENONIT limit [1]. Note that the complete two-loop DM-
nucleon elastic scattering can be found in ref. [76]. Our model corresponds to the
special case with CP phases ¢, = 7/2 and ¢gm = 0 in eq. (2.1) of the aforementioned
reference. They have shown that the full two-loop calculation can lead to a smaller
cross section than previous approaches [74, 75]. As we will see in section 4, our actual
result may be below g, sina = 0.05. Hence, we simply ignore DM direct detection
constraints in this study.

e DM indirect detection.

The dominant channel of DM annihilation in the present universe within our explored
parameter space is still xx — pT9T which is s-wave annihilation. The VLML 7
can successively decay to pFbb. The final state u+p~bb can produce a soft photon or
electron spectrum. Therefore, one may indirectly detect DM annihilation by using
dSphs gamma ray data from Fermi [77] and electron-positron data from AMS02 [85].
In addition, the produced photons and relativistic electrons may ionize and heat the
universe gas at the recombination epoch. Thus, one may constrain DM annihilation
cross section (owv) by using Cosmic Microwave Background (CMB) anisotropy data
from Planck [71]. In this study, because the cosmic ray propagation is rather uncer-
tain and CMB limit is weaker than the one from Fermi dSphs gamma ray data — in
our DM mass range of interest— we will only include the Fermi dSphs data in our
analysis.

3.4 The ATLAS multi-lepton search

The VLML 9% with 150 < M, < 450GeV in our model is in a mass range that can be
explored at the LHC via single and pair productions [72]. The major single production of
Y is via gg — HS /A — pFipT process. Since the allowed value of & is tiny, the single
production from pp — W** — vy)* and pp — Z* — 9T are highly suppressed regarding
eq. (2.8). Alternatively, the major pair production of ¢* is via pp — ~v*, Z* — 1y~
process. We have checked that the pair production from gg — H{/A§ — T~ is much
smaller than the Drell-Yan type process with our parameter settings. The production cross
sections of Drell-Yan type process are only dependent on My, but the single production
process is a function of My, sinc, k and «’. Therefore, we fix sina = 0.1, k = 5 x 1072
and ' = 2.0 but vary M, from 150-450 GeV to show both single and pair productions
at /s = 13TeV in the left panel of figure 1. Since the cross sections of pair production
are much larger than single production ones, we will focus on the constraint of ATLAS
multi-lepton search [73] on the pair production channel in this analysis. We remark that



0.500

Excluded region from recasting of SR5L
0.100

0.100

0.010 0.050

cross section (pb)
BR(y* >4 Ag)xBR(Ag-p* ")

0.001 pp-ut gt
0.0101

PP W YT (" Ag ) Ag) 61

T g S S 0.005 . . . . .
150 200 250 300 350 400 450 150 200 250 300 350 400 450

M, [GeV] M, [GeV]

Figure 1. Left panel: the production cross sections for the VLML ¥ at /s = 13 TeV. We fix
sina = 0.1, k = 5x 1072 and +’ = 2.0 but vary M, from 150—450 GeV. Right panel: exclusion limit
from recasting of the signal region SR5L in [73] on (Mg, BR(y* — u*Ag) x BR(Ag — ptu™))
plane.

YT — p*Ag is the dominant decay mode (BR(y* — putAg) > 99%) for our parameter
settings.

We closely follow the simulation and analysis in ATLAS multi-lepton search [73] based
on a data sample with £ = 139fb~! at /s = 13 TeV. The package MadAnalysis 5 [78, 79]
is used to recast the signal region SR5L for the following process

pp =Y 25 =TT = (uTAg)(u Ag) — 6p. (3.10)

First, the signal processes in eq. (3.10) with up to two extra partons were generated from
the leading order matrix elements by using Madgraph5 aMC@NLO [92]. We apply Mangano’s
prescription (MLM) [80, 81] for jet-parton matching with My/4 as the matching scale.?
The Pythia8 [82] is used for parton showering and merging as well as hadronization. We
have modified the ATLAS template in Delphes3 [83] to be consistent with the setup of
ref. [73] for fast detector simulation. The event selections in this analysis are summarized
below:

e First, in order to suppress background muons from semileptonic decays of ¢- and
b-hadrons, any muon within AR = 0.4 of a jet is removed.

o One of the following triggers with efficiency > 90% is used: (1) Pp(u1) > 27 GeV, (2)
Pr(p12) > 15GeV and (3) Pr(p1) > 23GeV, Pr(p2) > 9 GeV where the subscript of
muon is in the order of Pr.

o The signal muons must have N(p) > 5 with Pr(u) > 5GeV and |n(p)| < 2.7.
e b-jet veto

e hadronic 7 veto

3The K-factor (QCD corrections) for Drell-Yan type process ranges between 1.2 and 1.5. Since its effect
is mild, we will not include this K-factor in our recasting.



e Furthermore, to suppress low-mass particle decays from backgrounds, m >

4GeV and 8.4 < my+,- < 10.4GeV veto are required.

ptu

 Finally, if two muons are found in AR = 0.6 and Pr(u) < 30 GeV for one of them,
both muons are discarded. This selection is used to suppress leptons from a decay
chain with multiple heavy flavour quarks backgrounds.

The model-independent limit is reported as (eo)%. = 0.129fb as calculated at 95% C.L.
from the signal region SR5L.* We apply this limit to constrain BR (¢ — pu*A¢) xBR(Ag —
ptp~) for varying My as shown in the right panel of figure 1. It is expected to find
that BR(Ag — ptp~) already suffers from strong constraints such that Ay cannot be

muonphilic.

3.5 The EDM of electron and muon

On the EDM side, the latest electron EDM measurement from the ACME collaboration is
reported as |df| < 1.1 x 107% ecm at 90% C.L. [86]. In the case of the muon EDM, the
measurement from the Muon g—2 collaboration is |d%] < 1.9x 107" e cm at 95% C.L. [87].
The detailed formulas for both electron and muon EDMs in this model are given in ap-
pendix A. We adopt both electron and muon EDMs constraints in our analysis. Note that
the constraints from tau and neutron EDMs from the Belle collaboration [88] and ref. [89],
respectively, are much weaker than electron and muon EDM measurements in this model
and can be safely ignored.

4 Results

In this section we will present our numerical results. In eq. (2.10), we show our prior ranges
for the model parameters while in section 3 all the observables that are used in our analysis
are discussed. The corresponding model file required for DM phenomenology is generated
with FeynRules [90]. The DM relic density, annihilation cross section, and Higgs decay
width at tree-level are computed by using micrOMEGAs [91]. We perform our global scan
with the Markov Chain Monte Carlo package emcee [93].

To determine the allowed parameter space at 1o and 20 we analyse the data obtained
via emcee using the profile likelihood (PL) method. This approach allows us to remove
the unwanted parameters as nuisance parameters by maximizing the likelihood over them.
After profiling the unwanted parameters we are left with the likelihood of the parameters
we are interested in. The likelihood for n parameters of interest, £(x1,x2,. .., 2y ), can be
integrated as

1
—/E($1,x2,...,xn)dacld:ng...dxn =0 (4.1)
N Je

where C is the smallest n-volume with probability g, x; are placeholder parameters and
1/N is a normalization factor with A/ the result of integrating £ inside C — oo.

4As pointed out in [73], there is an excess over the SM background in the signal region SR5L with the
local significance 1.90. Similar to [84], our model can also explain this mild excess if it is confirmed in the
future.
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Figure 2. The VLML mass M, vs. «’. The inner and outer contours are lo (solid) and 2¢
(dashed) confidence limits, respectively. The orange unfilled and blue filled contours correspond to
the previous BNL (g —2), data and the combined one from BNL and the recent E989, respectively.
In addition to (g — 2),,, all the other constraints are considered.

Our likelihood function can be modeled as a pure Gaussian distribution using the total
X2, in the form

2 2 2 . 2
L= eXp(_AXtotal/2)7 AXtotal = Xtotal — mln(Xtotal)' (42)

In this study xfotal is made with the combination of the constraints mentioned in section 3
and the appendix A:

Xiotal = X (Ho = AgAg = bbu p17) + x*(Aay) + x*(Qh?)
+ x%(Ho decays) + x*(u, eEDM). (4.3)

In the following subsections, we will discuss our result based on the 1o and 20 allowed
regions of the previous BNL (g — 2),, data (orange unfilled contours) and the combined
results from BNL and the recent E989 (blue filled contours). However, all other constraints
given in section 3 and appendix A are applied.

4.1 The impact from (g — 2), results on &’ and M,

From eq. (3.2), after fixing My, and My,, it is easy to note that the dependence of Aa,, is
reduced to the parameters «/, My, and sin a. Furthermore, when compared with M, and
k', smaller values of the parameter sin o do not have an important effect on the value of

Aay, due to the dominant term with cos . In figure 2, we present the correlation between

~10 -
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Figure 3. The likelihood distribution in the (Ag4, sina) plane (left) and the (k, sina) plane
(right). Colors and constraints are as described in figure 2.

My and &'. For heavier 9%, a larger «’ is required to satisfy the measured value of Aay,. It
is clear that, when the new combined (g — 2),, data is applied, the 20 shrinks significantly
while the 1o region changes slightly. The new combined (g — 2),, data constrains these
parameters to the limits x" > 1.8 and My, < 315GeV with an almost linearly correlation
between them. In section 4.4 we will describe how these facts can help in searches for the
VLML 9% at the LHC.

4.2 The impact from Higgs measurements on sin o, A4, and &

In figure 3, we can clearly see that the difference between the blue and orange contours
is small. As mentioned in the previous section, Aa, is not sensitive to sina, A4, and k.
On the other hand, the Higgs boson phenomenology is rather interesting for these three
parameters. First of all, the Higgs boson exotic and invisible decay widths are functions of
both sin @ and A4 as can be seen in eq. (3.3) and (3.5). From the left panel of figure 3 we
can see the limits sina < 0.15 and A4 < 0.01. Trying to be consistent with the ATLAS
data for Higgs decaying to 2b2u, we find that k is proportional to sin « as presented in the
right panel of figure 3.

Considering that the decay width of Ay to any fermion except the muon changes
only by a constant mass factor and that all BRs add up to 1, we expect an universal
relationship between BR(Ag — putp~) and BR(Ag — ff) to be linear. The reason is that
if BR(Ap — bb) increases then BR(Ag — p™p~) decreases rapidly, before BR(Ag — bb)
reaches 1. One can see, from eq. (2.6), that enhancing BR(Ag — pu*u™) requires larger x,
while we also need to increase sin « in order to satisfy ATLAS 2b2u measurement, which
depends on BR(Ag — bb) x BR(A4¢ — putu™).

In figure 4, we show the 20 (dashed) and 1o (solid) favored regions on (Ag4, BR(Ag —
bb) x BR(Ag — p 7)) plane. When the product of both BRs is in the range 10734 x 1072,
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Figure 4. The two dimensional likelihood contour in the plane (Aga, BR(Ag — bb) x BR(4¢ —
u ™). Colors and constraints are as described in figure 2.

we find the limit 0.85 < BR(Ap — bb) < 0.89. Finally, x and sin« are also constrained
by other searches such as LHC Higgs decay (Hy — putpu~ and Hy — ~v), and EDMs
constraints (both electron and muon). Therefore, their values are restricted to be small as
can be seen in figure 3.

4.3 The impact from DM measurements on g,, M,, My, and sin o

In general, the relevant model parameters for DM phenomenology are gy, M,, ', My, and
sin . Since the allowed range of &’ is already restricted to 1.8 < &’ < /4, here we focus
on the analysis of g,, M,, My and sinca. In the left panel of figure 5, we can clearly
observe that both ranges of M, and My shrink if the new measurement of (g — 2), is
applied. Note that only ¢* enters to the (g — 2) u loop calculation, but DM mass M, and
My, can be further restricted by Planck relic density constraint. In this region (larger M, ),
the dominant channel of DM annihilation is xyx — pFeT.

For the Higgs resonance region, where the xyx — ff is relevant, the presence of terms
with g, sin a will bring some regions with large g, ~ O(107!) into the 20 and 1o regions
as can be seen in the right panel of figure 5 and the g, column of figure 7.

In figure 6, we project the samples which agree with all the constraints and the new
measurement eq. (3.1) within 2o to (M, (ov)) plane. The cross section of the Higgs funnel

357! because the DM velocity in the present

is mostly below the typical value 3 x 10726 cm
universe becomes 1072 in units of the speed of light. The resonance condition is no longer
maintained. Except from the Higgs funnel, the annihilation cross section in rest of the

regions is governed by xx — pt¢T. The VLML can eventually decay to bbu® and the
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Figure 6. The 20 allowed samples projected to (M, (ov)) plane. The upper limit of dSphs gamma
ray data for final state bb [99] and pu*p~ [77] is depicted for reference. Different color and shape
indicate the dominant DM annihilation channel.

final state of DM annihilation is 2b2u. We therefore plot the 95% upper limits from dSphs
gamma ray data by final states bb [99] (orange line) and ™~ [77] (green dashed line) as
comparison. At the mass range 100 GeV S M, < 200 GeV, the allowed parameter space

may be further probed by the dSphs gamma ray data but a detailed analysis with correct
gamma ray spectrum is needed.
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4.4 LHC

Before the end of this section, we comment some possible searches of this model at the
LHC. Besides the Higgs boson invisible decay when M, < Mpg,/2, a DM pair final state
can be explored through mono-X processes via the off-shell exchange of Hy, Ag [94]. In
this model, the cross sections for mono-X processes are proportional to sin 2c;, making this
exploration channel a challenging one at the LHC.

We then turn to the possible new spin-0 particle Ag. Since Ag — bb is the dominant
decay mode, the search for Hy — AgAg — bbbb, as shown in refs. [95, 96], is crucial to
confirm or rule out the excess presented in ref. [53]. Other option is to use pp — ZAy —
(I'717)(bb) to confirm the existence of Ay with M4, = 52 GeV. The production cross section
is about sin? a x 7.67 pb. The well-known jet substructure techniques of ref. [97] can be
applied to this search for Ay — bb.

Finally, even if the model is already constrained by the search of the pair production
of VLML +* with multi-lepton signature as presented in the right panel of figure 1, we can
still explore multi-b jets processes at the LHC in the near future. The signature for the
single production of 1 is 2u2b and the possible SM backgrounds are tZ, tb, bbZ. Thanks
to the larger cross sections of the ¥* pair production, one can explore this channel by two
signatures: 2b4u and 4b2u. The possible SM backgrounds for the former one are ttZ and
bbZ Z while the SM backgrounds for the later one are tttt, ttbb, and tttb.

5 Conclusion and discussion

The simplified DM models are common approach for DM phenomenological studies. DM
and at least one mediator are two indispensable ingredients inside these models. This opens
up the possibility of discovering a mediator before finding the actual DM, thus helping us
narrow down the regions worth exploring and the possible interactions between DM and the
SM. Motivated by a local 3.3¢ deviation at M4, = 52GeV in the Hy — AgAg — bbutpu~
search at ATLAS Run 2, we proposed a model that this spin-0 particle Ag is a pseudoscalar
mediator. Moreover, recently the Muon g — 2 collaboration at Fermilab hinted at BSM
physics with a reported 4.20 deviation from the SM in the combined (g—2), measurements.
We found that a new vector-like muon lepton (VLML) can explain both ATLAS Higgs
boson exotic decay excess and (g — 2),. In this renormalizable DM model, we involve a
Dirac fermion y and a pseudoscalar A, both SM singlets, plus an extra VLML 9.

We comprehensively constrain the parameter space from this model using LHC Higgs
boson data, DM measurements and electron and muon EDMs. We found that due to the
close relationship between x’, M+ and (g —2), these parameters are bounded as £’ > 1.8
and My < 315GeV at 20. Both sina and A4 are strongly affected by limits on Higgs
boson exotic and invisible decays resulting in the upper bounds sina < 0.15 and Aga <
0.01. To have a prediction consistent with BR(Hy — AgAg — bbuTp™) ~ 3.5 x 10~* from
ATLAS data, we found that x is positively correlated with sin « as shown in figure 3. We
determined the limit to which we can enhance BR(Ap — ptp~) with larger x considering
that we need to increase sin v as well to satisfy 1073 < BR(Ag — bb) x BR(Ag — puFu~) <
4x1072. Note that x and sin o are also constrained by Hy — put =, Hy — 7 and electron
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and muon EDMs measurements, therefore, their values are quite restricted. In addition
to the Higgs mediated resonance regions xx — ff, the major DM annihilation channels
in our model are xxY — pT¢T via Hg/Ag exchanges and xX — HoAp. Thanks to the
pseudoscalar mediator, the constraints from DM direct detection can be safely ignored.
In summary, the renormalizable simplified DM model presented here simultaneously
explains the ATLAS Higgs boson exotic decay excess and the recently reported (g — 2),
result. We summarize the 1, 2 and 30 allowed regions of all the model parameters in the
triangle plot figure 7. Moreover, we have proposed ways to further confirm the existence
of Ag with a mass M4, = 52 GeV and searches for VLML ¥ at the LHC. Additionally,
DM annihilation to 242b is an interesting signature for indirect detection. Here, the first
muon is primary produced but the second muon together with a pair of b-quarks come
from VLML decay. The raised either electron or gamma ray spectra can be very different
with the conventional DM annihilation scenario whose two final state particles carry the

same energy. We will return to this in a future work.
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Figure 8. Two-loop Barr-Zee-type diagrams for electron and muon EDMs in our model. Note that
only the diagram in the middle contributes to electron EDM.
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A Electron and muon electric dipole moments

In this appendix, we develop the contributions to electron and muon EDMs in our model.
The effective Lagrangian for the lepton [ EDM can be written as

i .
Ll = —idFF“ 10,51 (A1)

From the interactions in eq. (2.5), we determine the explicit contributions from two-loop
Barr-Zee type diagrams [100-102] for both electron and muon EDMs and display the re-
sulting expressions in what follows.

A.1 Two-loop Barr-Zee EDMs

The electron EDM can be calculated from the two-loop Barr-Zee type diagram in the
middle of figure 8. The result can be written as

dP = (dF)yrHo/Ao 4 (gF)ZHo/Ao (A.2)
where Ho /A
qE\ e a2 me . Y
<ee> = i87'('2$2;:n—mwm S 20459100[)(7_1(11‘[0/140) (Ag)
and
df ZHy/Ao ozgmmef\@ (—i —+ 812/V> ) Yy 1 1 Ty Ho /Ao
Ze =t 5 sin2a= | dz—J (Tzmy/A0s —i —~ (A.4)
e 327 CWSWmWMHO/Ao g Jo T x(1—x)
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with 7, = M?2 /Mg . The notation Hy/A(y denotes summation of the contributions from H
and Ay with the upper (lower) overall sign for Hy(Ap).

Similarly, the muon EDM from all the two-loop Barr-Zee type diagrams in figure 8 can
be written as

B E~vHo /A ENZHo/A
¥ = (d‘u)ﬁ o/ 0+(d#) 0/Ao (A.5)
where
Ho/Ao
dE 4o 30é Q2 KK
1 =+ E on sin 20—~ T
( e ) = tb4fﬂ232 M¢ 92 floop( qHO/AO)
2 /
aem 3 k
Mﬂ— sin QOJ?floop (TTHU/AO)
2
Qg My . Y
—s1n2ozf T
87T28WmWMq/; ggloop( wHo/Ao)
2 /
Aem : RE 7~
F——"  sin20—J0, (M A6
T T6v2n2s2, M, g7 T (Mitora0) o
and
ZHy/A
dENTTT ol md (<L) (A -2 TtHo/Ao
=4 sin 2a da: TZHo/Aos
e 32fﬂ CWSW MHO/AO {L'(].—(E)
o2,m2 (—148%) (—14142) / el (m ) TbH/A)
64\/§7TQCWSWM1/;MH /4o o/ o’z(lffﬁ)
ot (4 i)’ / < TrHo/4
1n20¢— dx 7(7 TZHo/Ao» : 0)
64\[7r ety sy My MZ, Ho /Ao Tl
2 1
MMy (=3 +5%) y/ 1 T4 Ho/Ao
20> | dx—J
327720W812/VmWM12{o/A0 e T2 TZHD/AO’x(l_m)
o2 (_l+32) KK
4 Qem \TATIW) 00 B 7z AT
16v2n2sh My P w (Mio/0) 0

Again, the upper (lower) overall sign is for Ho(Ag). The loop functions fioop(7), Gloop(T),
jv(‘;,:%Z(Mi), and J(a,b) can be found in refs. [100, 103, 104].
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Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
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