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Scale of Muon Dipole Operator
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which indicates that the muon g � 2 excess points to new particles in the few hundred GeV to

few hundred TeV mass range.

As the scale of this operator is within reach of direct experimental probe, we turn to study-

ing its origin in a renormalizable theory. One notable possibility is in the framework of the

well-studied Minimal Supersymmetric Standard Model (MSSM) [5–7]. Given the long-standing

puzzle of the identity of dark matter, another possibility that there is a correlation between

muon g � 2 and dark matter states. Along this direction, we consider a class of models known

as “Lepton Portal Dark Matter” (LPDM) [8–10], which represents a class of simplified dark

matter models with dark matter coupling directly with a mediator and a charged lepton. De-

pending on the spin of the dark matter state, the dark matter sector contribution to �aµ could

be either positive or negative. To explain the observed positive value of �aµ, one could have

the dark matter to be a scalar and the charged mediator to be a fermion, which is the focus of

our work. Even for the minimal model presented in Ref. [8], various experimental searches for

dark matter together with a theoretical perturbativity requirement have highly constrained the

�aµ preferred parameter space (see Ref. [11] for updated status and Refs. [11, 12] for including

both chiral couplings to have higher new particle masses). One notable constraint comes from

dark matter indirect detection by searching gamma ray lines from the three-body annihilation

with an internal bremsstrahlung photon [13, 14]. In this paper, we will show that those indirect

constraints can easily be relaxed if the dark matter state X has multiple degrees of freedom

nf . For large nf , holding the dark matter mass fixed, the required coupling to explain �aµ is

reduced by a factor of 1/
p
nf such that the dark matter annihilation cross section is reduced by

a factor of 1/n2
f . To further suppress various experimental constraints, we will choose the dark

matter to be a real scalar that is a fundamental under an Snf
permutation symmetry. Other

possible ways to explain �aµ with physics connecting to the dark matter sector can be found in

Refs. [15–17].

Our paper is organized as follows. In Section 2, we present the LPDM model with particles

charged under gauge and global symmetries. In Section 3, we work out the constraints on the

model parameter space from various collider searches including the soft lepton searches aiming

for degenerate spectra. We then present the formula to explain �aµ in this model in Section 4.

Section 5 contains the dark matter phenomenology including the thermal abundance in 5.1,

direct detection in 5.2 and indirect detection in 5.3. We conclude our paper in Section 6.
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Connection to Dark Matter
One possibility is that the dark matter particle contributes  

Two states are needed to have a stable dark matter state

χ

µ µ

μ− μ−

γ

ψ− ψ−

X

Two Dark matter states couple to leptons: 

“Lepton-portal Dark Matter”

YB, Berger, 1402.6696; Chang, et.al, 1402.7358; Agrawal, et. al, 1402.7369
Kawamura, Okawa, Omura, 2002.12534
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(almost) Minimal Model
Dark matter is a real scalar. The heavier charged states are 
vector-like Dirac fermions with the same gauge charge as 
the right-handed electron

ℒ ⊃ − λ Xa ψ i
L ei

R − mψ ψ i
L ψ i

R + h . c. −
1
2

M2
X XaXa

i = 1,2,3 a = 1,⋯, nf

Dark matter phenomenology cares whether  is a real or 
complex scalar as well as its internal degrees of freedom

X

The case with a fermion dark matter state predicts 
opposite sign for the muon g-2 excess
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Muon g-2

Δa(X,ψ)
μ =

nf λ2 m2
μ

16π2 M2
X [ 2 + 3x − 6x2 + x3 + 6x ln x

6(1 − x)4 ] x ≡ m2
ψ /M2
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x = 1

1
12
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ψ

In the approximately degenerated region and to fit the 
central experimental value , one needsΔaμ ≈ 251 × 10−11

nf λ2 ≈ 4.3 × ( MX

100 GeV )
2
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Running and Landau-pole Scales

dλ
d ln μ

≡ βλ(λ) = 5 nf
λ3

(4π)2
−

57
4

n2
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(4π)4

λ* =
4π

nf

20
57

≈
7.4

nf

For a large , the perturbative Landau-pole could be lowλ

There exists a possible UV-fixed point for the coupling, but 
at the non-perturbative region

We will use the Landau-pole scale to denote the rough 
cutoff scale of our model
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Dark Matter Abundance
The dark matter abundance could be satisfied by a thermal 
relic abundance or other non-standard cosmology
We will not use the thermal relic one as a must condition

X
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It is d-wave suppressed for negligible lepton masses
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 provides the right dark matter relic abundanced = 27 pb ⋅ c
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Collider Constraints
Similar to the slepton searches in SUSY, but with a larger 
production cross section for fermion ψ±

) [GeV]
0

2
χ∼m(

50 60 70 80 90 100

jj)
 [

p
b

]
20

χ∼
jj,

 
1

±

χ∼
1±

χ∼
jj,

 
20

χ∼
10

χ∼
jj,

 
20

χ∼
1±

χ∼
→

(p
p

σ

2−10

1−10

1

ATLAS
1− = 13 TeV, 139 fbs

 (Higgsino)
1

0
χ∼

*
Z→ 

2

0
χ∼

)=5 GeV
1

0
χ∼,

2

0
χ∼M(∆

95% CL Upper Limits

Median Expected

σ 1±Expected 
Observed

MadGraph LO

Figure 15: Expected 95% CL exclusion sensitivity (blue dashed line) and observed limits (red solid line) for simplified
models of higgsino (left) and wino (right) production through VBF. A fit of signals to the m`` spectrum in the VBF
signal regions is used to derive the limit. On the left, the limit for higgsinos is shown as a function of m(e�0

2 ) for a mass
splitting of �m(e�0

2, e�0
1 ) = 5 GeV (the chargino e�±1 mass is assumed to be halfway between the e�0

2 and e�0
1 masses).

The yellow band indicates ±1�exp from experimental systematic uncertainties and statistical uncertainties on the
data yields. On the right the limit for winos is projected into the �m(e�0

2, e�0
1 ) vs. m(e�0

2 ) plane (m(e�0
2 ) = m(e�±1 ) is

assumed for the wino/bino model). The red dotted line indicates the ±1�theory from signal cross-section uncertainties
and the colored map illustrates the 95% CL upper limits on the cross-section. The cross-section corresponds to
the leading-order prediction from MG5_aMC@NLO for the process pp ! e�0

2 e�±1 j j including the parton-level
requirements described in Section 3. The contour lines represent steps of 0.2 pb.

100 150 200 250 300 350 400

m( ˜̀L,R) [GeV]

0.5

1

5

10

50

¢
m

(˜̀
,¬̃

0 1)
[G

eV
]

Expected limit
°
±1æexp

¢

Observed limit
°
±1ætheory

¢

ATLAS 8 TeV ˜̀L,R excluded
ATLAS 13 TeV 36 fb°1 ˜̀L,R excluded
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Figure 16: Expected 95% CL sensitivity (dashed lines) and observed limits (solid lines) for simplified models of
direct slepton production. A fit of slepton signals to the m100

T2 spectrum is used to derive the limits, which are projected
into the �m(è, e�0

1 ) vs. m(è) plane. Slepton èrefers to the scalar partners of left- and right-handed electrons and
muons. The gray region is the eeR limit from LEP [30]. On the left, the sleptons are assumed to be fourfold mass
degenerate with m(eeL) = m(eeR) = m(eµL) = m(eµR), the expected sensitivity (blue dashed line) is shown with with
±1�exp (yellow band) from experimental systematic uncertainties and statistical uncertainties on the data yields, the
observed limit (red solid line) is shown with ±1�theory (dotted red line) from signal cross-section uncertainties, and
the blue regions are the fourfold mass-degenerate slepton limits from ATLAS Run 1 [125] and Run 2 [45]. On the
right, no degeneracy is assumed for the masses of the sleptons and the limits are presented separately for eeL , eeR, eµL
and eµR.
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Figure 1: Diagrams representing the two-lepton final state of (a) production of electroweakinos e�0
2 e�±1 with initial-state

radiation ( j), (b) VBF production of electroweakinos e�0
2 e�±1 , and (c) slepton pair (èè) production in association with

initial-state radiation ( j). The higgsino simplified model also considers e�0
2 e�0

1 and e�+1 e��1 production.

scenarios typically have very low cross-sections, but can complement the sensitivity of qq̄ annihilation
modes that dominate the inclusive higgsino and wino/bino cross-sections, especially for LSP masses above
a few hundred GeV [25]. An example of such a process is illustrated in Figure 1(b). The kinematic cuto�
of the m`` distribution is also used as the primary discriminant in this scenario, along with the presence of
two forward jets consistent with a VBF production mode.

The fourth scenario assumes the presence of scalar partners of the SM leptons (slepton, è) that are
slightly heavier than a bino-like LSP. Such models can explain dark-matter thermal-relic densities through
coannihilation channels, as well as the muon g � 2 anomaly [26, 27]. This process is illustrated in
Figure 1(c). This scenario exploits the relationship between the lepton momenta and the missing transverse
momentum through the stransverse mass, mT2 [28, 29], which exhibits a kinematic endpoint similar to that
for m`` in electroweakino decays.

Events with two same-flavor opposite-charge leptons (electrons or muons), significant missing transverse
momentum of size Emiss

T , and hadronic activity are selected for all scenarios. Signal regions (SRs) are
defined by placing additional requirements on a number of kinematic variables. The dominant SM
backgrounds are either estimated with in situ techniques or constrained using data control regions (CRs)
that enter into a simultaneous likelihood fit with the SRs. The fit is performed in bins of either the m``

distribution (for electroweakinos) or the mT2 distribution (for sleptons).

Constraints on these compressed scenarios were first established at LEP [30–40]. The lower bounds on
direct chargino production from these results correspond to m(e�±1 ) > 103.5 GeV for �m(e�±1 , e�0

1 ) > 3 GeV
and m(e�±1 ) > 92.4 GeV for smaller mass di�erences, although the lower bound on the chargino mass
weakens to around 75 GeV for models with additional new scalars and higgsino-like cross-sections [41].
For sleptons, conservative lower limits on the mass of the scalar partner of the right-handed muon, denotedeµR, are approximately m(eµR) & 94.6 GeV for mass splittings down to m(eµR) � m(e�0

1 ) & 2 GeV. For
the scalar partner of the right-handed electron, denoted eeR, LEP established a universal lower bound
of m(eeR) & 73 GeV that is independent of �m(eeR, e�0

1 ) [34]. Recent papers from the CMS [42–44] and
ATLAS [45] collaborations have extended the LEP limits for a range of mass splittings.

This paper extends previous LHC results by increasing the integrated luminosity, extending the search with
additional channels, and exploiting improvements in detector calibration and performance. The dedicated
search for production via VBF is also added and the event selection was reoptimized and uses techniques
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Figure 7: Observed and expected exclusion limits on SUSY simplified models for chargino-pair production with
(a) W-boson-mediated decays and (b) slepton/sneutrino-mediated decays, and (c) for slepton-pair production. In
Figure (b) all three slepton flavours (ẽ, µ̃, ⌧̃) are considered, while only ẽ and µ̃ are considered in Figure (c). The
observed (solid thick line) and expected (thin dashed line) exclusion contours are indicated. The upper shaded band
corresponds to the ±1� variations in the expected limit, including all uncertainties except theoretical uncertainties in
the signal cross-section. The dotted lines around the observed limit illustrate the change in the observed limit as the
nominal signal cross-section is scaled up and down by the theoretical uncertainty. The blue line in (b) corresponds to
the observed limit for ˜̀L projected into this model for the chosen slepton mass hypothesis (slepton masses midway
between the mass of the chargino and that of the �̃0

1 ). All limits are computed at 95% CL. The observed limits
obtained by ATLAS in previous searches are also shown (lower shaded areas) [24, 25].
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Figure 1: Diagrams of the supersymmetric models considered, with two leptons and weakly interacting particles in
the final state: (a) �̃+1 �̃

�
1 production with W-boson-mediated decays, (b) �̃+1 �̃

�
1 production with slepton/sneutrino-

mediated-decays and (c) slepton pair production. In the model with intermediate sleptons, all three flavours (ẽ, µ̃, ⌧̃)
are included, while only ẽ and µ̃ are included in the direct slepton model. In the final state, ` stands for an electron or
muon, which can be produced directly or, in the case of (a) and (b) only, via a leptonically decaying ⌧-lepton with
additional neutrinos.

of an inner tracking detector surrounded by a thin superconducting solenoid, electromagnetic and hadronic
calorimeters, and a muon spectrometer incorporating three large superconducting toroid magnets.

The inner-detector (ID) system is immersed in a 2 T axial magnetic field produced by the solenoid and
provides charged-particle tracking in the range |⌘ | < 2.5. It consists of a high-granularity silicon pixel
detector, a silicon microstrip tracker and a transition radiation tracker, which enables radially extended
track reconstruction up to |⌘ | = 2.0. The transition radiation tracker also provides electron identification
information. During the first LHC long shutdown, a new tracking layer, known as the Insertable B-Layer [34,
35], was added with an average sensor radius of 33 mm from the beam pipe to improve tracking and
b-tagging performance.

The calorimeter system covers the pseudorapidity range |⌘ | < 4.9. Within the region |⌘ | < 3.2,
electromagnetic calorimetry is provided by barrel and endcap high-granularity lead/liquid-argon (LAr)
sampling calorimeters. Hadronic calorimetry is provided by an iron/scintillator-tile sampling calorimeter for
|⌘ | < 1.7, and two copper/LAr hadronic endcap calorimeters. The solid angle coverage is completed with
forward copper/LAr and tungsten/LAr calorimeter modules optimised for electromagnetic and hadronic
measurements, respectively.

The muon spectrometer (MS) comprises separate trigger and high-precision tracking chambers measuring
the deflection of muons in a magnetic field generated by superconducting air-core toroids. The precision
chamber system covers the region |⌘ | < 2.7 with three layers of monitored drift tubes, complemented by
cathode strip chambers in the forward region, where the background is higher. The muon trigger system
covers the range |⌘ | < 2.4 with resistive plate chambers in the barrel, and thin gap chambers in the endcap
regions.

A two-level trigger system is used to select events. There is a low-level hardware trigger implemented
in custom electronics, which reduces the incoming data rate to a design value of 100 kHz using a subset
of detector information, and a high-level software trigger that selects interesting final-state events with
algorithms accessing the full detector information, and further reduces the rate to about 1 kHz [36].
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Direct Detection
For a real scalar dark matter, it does not couple to a single 
photon. The leading one is the Rayleigh interaction

X X
ei

 i

N N

Match to the effective Rayleigh (Polarizability) operator

ℒ ⊃ − C1
λ2 α

4 π m2
ψ

X2 Fμν Fμν C1 =
4
3

m2
ψ M2

X

(m2
ψ − M2

X)2 ∑
i

ln (
mei

mψ

m2
ψ − M2

X ) + 1

enhanced in the degenerate region
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Direct Detection

σXA ≈
μ2

XA

π M2
X ( C1 λ2 α

4 π m2
ψ )

2

| f A
F |2 f A

F ≡ ⟨A |Fμν Fμν |A⟩

f A
F ∼

3 Z2 α
r0

r0 ∼ 1.2 A1/3 fm

Some uncertainties for the nuclear matrix element

σXn = σXA
μ2

Xn

μ2
XA A2

Converting to spin-independent scattering off a nucleon

σXn ∼ (4.5 × 10−47 cm2) ( λ
2.5 )

4

( 100 GeV
MX )

2

( 60 GeV
Δm )

4

for Xe

Scattering off electrons does not provide stringent 
constraints
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Indirect Detection
The two-body final state is d-wave suppressed or v4

But not for three-body final state
X

X
ψ

ℓ−

ℓ+

χ

µ

µ

γ

Figure 2. Gamma-ray spectrum (N denotes the number of photons produced per annihilation) as
predicted by our toy model for different final-state fermions, assuming mχ = 200 GeV and a mass-
splitting of µ = 1.1. Solid lines show the full contribution from three-body final states, including the
VIB photons close to x = 1; dotted lines show contributions from the helicity-suppressed two-body
final states including FSR (in case of muons, the latter is strongly suppressed and not visible on the
plotted scales). Branching ratios are calculated according to Eqns. (2.4) and (2.6). In case of bottom-
quarks, we also include contributions from gluon VIB, χχ → b̄bg, following Ref. [48, 57] (dashed line).
Note that we convolve the spectra shown here with the Fermi LAT energy dispersion as derived from
the instrument response functions (about ∆E ∼ 10% at around 100 GeV [60]) before any fits to the
data are performed.

U(1)× SU(2) gauge as well as Higgs fields,

χ ≡ χ̃0
1 = N11B̃ +N12W̃

3 +N13H̃
0
1 +N14H̃

0
2 , (2.9)

and thus a Majorana fermion just like the DM particle in our toy model. As pointed out
above, the annihilation into fermion-antifermion pairs f̄ f is therefore helicity suppressed in
the limit of small velocities; this helicity suppression can be lifted if an additional photon is
present in the final state and annihilation happens via the t-channel exchange of a charged
particle. In the case of supersymmetry, this can only be achieved through the corresponding
left- and right-handed sfermions f̃L and f̃R which, in the limit of vanishing mf , couple to the
neutralino and fermions as

Lχf̃f
int = yLχ̄fLf̃L + yRχ̄fRf̃R + h.c. , (2.10)

where as usual fR/L ≡ 1
2 (1 ± γ5)f . Compared to Eq. 2.3, the sfermions thus play exactly

the same role as η and the main difference to our toy model is that i) there are two relevant
scalars for each fermion final state and that ii) the interaction strength y(R,L) is no longer
a free parameter but uniquely defined by gauge symmetry, and of course the composition of
the neutralino (see e.g. Ref. [62]):

yL = −
2Qf ∓ 1

√
2

g tan θWN11 ∓
g√
2
N12 , (2.11)

yR =
√
2Qfg tan θWN11 , (2.12)

– 6 –

Bringmann, et. al, 
1203.1312

Searching for gamma rays from internal bresstrahlung

FIG. 15. Top row: Dark matter annihilation 95% CL cross section upper limits into �� (left) and

Z� (right) for the NFW, Einasto, and isothermal profiles for the region |b| > 10� plus a 20� ⇥ 20�

square at the GC. �Z limits below E� < 30 GeV are not shown; see text for explanation. Bottom

row: Dark matter decay 95% CL lifetime lower limits into �⌫ for the NFW profile and same ROI.

Systematic e↵ects from the photon line flux upper limits are not included.

equations with J values from Table III. The limits are given by

h�viX�,j = 5.99⇥ 10�28 1

N�

✓
�UL,j

10�9 cm�2s�1

◆⇣ m�

10 GeV

⌘2 1

Jann(�⌦)
cm�3s�1 , and (20)

⌧X�,j = 8.35⇥ 1028N�

✓
10�9 cm�2s�1

�UL,j

◆✓
10 GeV

m�

◆
1

Jdecay(�⌦)
s . (21)

Table IV and Fig. 15 give the spectral line flux upper limits, cross-section upper limits, and

lifetime lower limits for various spectral line energies.

The �� annihilation cross section h�vi�� upper limits are shown in Fig. 15. The upper

limits to h�vi�� using the NFW profile range from ⇠ 3⇥10�29 to 5⇥10�27 cm3s�1 in the line

(WIMP mass) energy range 7–200 GeV, while those for h�viZ� range from ⇠ 10�27 to 10�26

28

Fermi-LAT, 1205.2739

∝ λ4

Muon g-2 fixes . Increasing   can relax indirect 
detection constraints

nf λ2 nf
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All Constraints ( )nf = 1

YB, Berger, 2104.03301v2

The central value of muon g-2 has been used to fix λ
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All Constraints ( )nf = 30

A lepton collider like ILC can provide a good coverage for 
the allowed parameter space

ILC

ILC
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Millicharged Particle Explanation

χ

µ µ

Millicharged dark particles could modify the photon 
vacuum polarization and explain Δaμ

� � �� �� ��� ���
��-��

��-��
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�χ [���]

Δ�
μ(�
) (�
��
�χ

)

�χε� = � ⨯ ��-�

Δ�μ����+���= ���(��) ⨯ ��-��

� � �� �� ��� ���

��-�

�����

�����

�����

�χ [���]

�
χ
·ε

�

Υ (��) → ���

���

(�-
�) �

Δ�μ(�)(����χ)= ���(��) ⨯ ��-��

Additional model-building is required to satisfy 
supernovae cooling and fixed-target exp. constraints

YB, Lee, Son, Ye, to appear
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Conclusions

Muon g-2 excess means a possible new particle beyond 
the Standard Model

The dark matter sector could mainly couple to leptons 
and provide a natural explanation

For models with the muon mass flipping the chirality, 
the dark matter state masses are below around 200 GeV 
and can be well covered by a lepton collider like ILC
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Thanks!


