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In this work, we address two paradoxes. The first is that the measured dark-matter relic density
can be satisfied with new physics at O(100 GeV-1 TeV), while the null results from direct-detection
experiments place lower bounds of O(10 TeV) on a new-physics scale. The second puzzle is that the
severe suppression of lepton-flavor-violating processes involving electrons, e.g. © — 3e, T — eupu, etc.,
implies that generic new-physics contributions to lepton interactions cannot exist below O(10-100 TeV),
whereas the 3.60 deviation of the muon g — 2 from the standard model can be explained by a new-
physics scale <O(1 TeV). Here, we suggest that it may not be a coincidence that both the muon g — 2
and the relic density can be satisfied by a new-physics scale <1 TeV. We consider the possibility of a
gauged lepton-flavor interaction that couples at tree level only to u- and t-flavored leptons and the dark
sector. Dark matter thus interacts appreciably only with particles of x and 7 flavor at tree level and has
loop-suppressed couplings to quarks and electrons. Remarkably, if such a gauged flavor interaction exists
at a scale O(100 GeV-1 TeV), it allows for a consistent phenomenological framework, compatible with
the muon g — 2, the relic density, direct detection, indirect detection, charged-lepton decays, neutrino
trident production, and results from hadron and e*e™ colliders. We suggest experimental tests for these
ideas at colliders and for low-energy observables.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

If interactions at the electroweak scale exist between dark mat-
ter and leptons, then one generically expects such interactions
between leptons themselves. There may be evidence for such an
interaction given that the current 3.60 deviation of the muon g—2
from the standard model value could be explained by new in-
teractions at a scale <(O(1 TeV). However, the possible existence
of new physics at this scale introduces a second puzzle: interac-
tions at such a scale do not manifest themselves via other pro-
cesses among charged leptons. For example, flavor-violating pro-
cesses such as uw — 3e, T > eupu, T —eeu, T — 3e, u —> ey [1]
constrain new-physics scales to be >@(10-100 TeV). Additionally,
flavor-conserving processes, such as lepton production at LEP, con-

1. Introduction

In this work, we attempt to address two ongoing puzzles in
particle physics. The first is that if dark matter is a thermal relic,
its annihilation cross section requires new physics at the elec-
troweak scale, i.e., in the range O(100 GeV-1 TeV). However, the
null results from direct-detection experiments constrain that a
new-physics scale between dark matter and nucleons must be
>O(10 TeV) for a dark-matter mass =10 GeV. This tension be-
tween the relic density and direct detection may be pointing to
the possibility that dark matter does not couple to quarks at tree
level. Rather, dark matter may couple primarily via interactions at

the electroweak scale to other particles in the standard model, e.g.,
leptons. If so, such a dark-matter candidate can satisfy the mea-
sured relic density at tree level and accommodate the null results
from direct detection by giving rise to interactions between dark
matter and quarks at the loop level.
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strain new physics to scales above several TeV [2-4]. Some of the
strong experimental constraints on interactions among leptons can
be found in Table 1. Since most of these strong constraints come
from processes that involve electrons, this motivates the possibility
of a new leptonic interaction at the electroweak scale under which
electrons, like quarks, do not effectively participate.

Here, we consider the possibility that the occurrence of these
two paradoxes is not a coincidence. We find that they can be
resolved simultaneously if we consider a gauged lepton-flavor
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Table 1
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Constraints on lepton-flavor violating and conserving processes.
For the last four observables, the experimental null results are
given in terms of a dimension-6 operator, suppressed by two or-
ders of A, which can be interpreted as the nominal scale of new

physics.

Observable Limit

Br(iu — 3e) <1.0x 10712 [1]
Br(ju — ey) <57 x 10713 [1]
Br(t — 3e) <2.7x1078 1]
Br(t —> e putpT) <2.7x1078 [1]
Br(t > etu pu™) <1.7x1078 [1]
Br(t — puete™) <1.8x1078 [1]
Br(t — ute~e™) <1.5x 1078 [1]
Br(t — 31) <21x1078 [1]
Br(t — uy) <4.4x1078 [1]
Br(t — ey) <33x1078 [1]

JL—e conversion

A 2103 TeV [5]

ete” —ete” A 25 TeV [3]
ete” > utu~ A 25 TeV [3]
ete” >ttt A 24 TeV [3]

interaction at the electroweak scale under which both leptons and
dark matter are charged. We call this framework “lepton-flavored
dark matter” (LFDM). Here, we consider the simplified case where
the interaction only involves u- and t-flavored leptons and dark
matter; thus, dark matter interacts only with particles of w and 7
flavor at tree level. We perform a model-independent analysis of
this scenario and find that it can lead to a consistent framework
where the relic density, direct detection, indirect detection, results
from hadron and ete~ colliders, and low-energy measurements
are compatible with flavor gauge bosons with electroweak-scale
masses, i.e., O(100 GeV-1 TeV).

Many have investigated the idea that dark matter does not
interact with quarks at the tree level. Most of these analyses as-
sume an interaction between dark matter and leptons that does
not distinguish between lepton flavors [6-27], although a few
have considered more general analyses of gauged flavor interac-
tions [28-35]. The LFDM framework allows for a more general
analysis of interactions that involve only dark matter and leptons
at the tree level; it permits different coupling strengths between
lepton flavors, off-diagonal flavor couplings, and lepton-flavor vio-
lation. For a review of flavored dark matter, see Ref. [36] and the
references therein.

Our analysis is outlined as follows. In Section 2, we introduce a
parameterization of LFDM that, to a good approximation, can en-
capsulate most models of flavor-conserving LFDM that involve only
u- and t-flavored leptons. In Section 3, we survey the relevant
constraints on LFDM from the relic density, direct-detection, the
muon g — 2, indirect detection, and high-energy observables at LEP
and the LHC. In Section 4, we explore the important constraints via
a parameter scan. We discuss the possibility of lepton-flavor viola-
tion (LFV) in Section 5, and in Section 6, we offer conclusions from
our analysis and prospects for future experimental and theoretical
investigations.

2. Lepton-flavor interactions

In this section, we lay out the general framework that we use
to analyze LFDM. We take dark-sector particles to be comprised of
Dirac fermions, sharing common gauged lepton-flavor interactions
along with right- and left-handed charged leptons. We assume
that neutrinos have Dirac masses and consequently introduce three
right-handed partners also charged under the lepton-flavor sym-

metry.! We take the strong constraints on processes that include
electrons as evidence that particles with electron flavor do not ef-
fectively participate in lepton-flavor interactions at the electroweak
scale.

If the muon g — 2 anomaly is due to LFDM, this may be an in-
dication that the interactions are purely vector-like.? It is possible,
however, that due to different rotations between mass and inter-
action eigenstates in the right- and left-handed sectors, differences
in left- and right-handed couplings can arise in the mass eigen-
state basis. This can introduce interactions that deviate from purely
vector interactions. Since flavor-violating couplings among charged
leptons can be strongly constrained, we assume that the LFDM in-
teractions do not mediate LFV among charged leptons at the tree
level; we thus take the mass and flavor interaction bases in the
charged-lepton sector to be closely aligned and take the deviations
from purely-vector interactions in the mass basis to be negligi-
bly small. However, because we have essentially no constraints on
the flavor structure of the dark sector, we allow different lepton-
flavor couplings between left- and right-handed components of
dark matter. We return to the topic of LFV in Section 5.

We create a phenomenological Lagrangian with dimension-four
(d = 4) operators that can encapsulate most models of LFDM that
do not violate lepton flavor at the tree-level, but do permit off-
diagonal lepton-flavor vertices. One can introduce an arbitrary
number of gauge bosons, categorized by whether they couple to
diagonal or off-diagonal lepton-flavor currents. We denote their
mass eigenstates by X and Y, respectively. We presently consider
that there are two X bosons and one Y boson, which allows for a
sufficient number of terms to account for the phenomenology as-
sociated with a wide variety of specific models.> There can also be
an arbitrary number of dark-sector species that participate in the
lepton-flavor interactions. The relic density and direct detection are
only sensitive to the lightest dark-sector state, which we call .

We parameterize these lepton-flavor interactions with the fol-
lowing phenomenological Lagrangian®:

£5 3 XiafkiuJ& +Kiee J% + Ky Koy x + K Xy x|
i=1,2

Vo[ pe K 4 B X0y 20+ R KRy x|

Y[Ry (KT 4 B 0y 0 + B kv e (1)
where
T =y e+ ary iR + Vi ¥ “vig + Vrpy * vy, (2)
JT =Tyt + TRy "R + Vir Y *Vie + VRe Y Ve, 3)
K=my“t + RrY“TR + Uiy *vie + VRu Y% Vre. (4)

We take vg,, and vg; to be defined by their interactions under the
flavor group; while the interaction basis does not coincide with the
mass basis in the neutrino sector, our analysis is not sensitive to

1 We do not address the possibility that introducing additional light degrees of
freedom can effect measurements of neg from the cosmic-microwave background.

2 If the flavor interactions were purely left- or right-handed, they cannot account
for the muon g — 2 anomaly, since they would decrease the value of a,.

3 Two X bosons allow us to independently vary the strength of the flavor-
conserving four-Fermi interactions between x and the charged leptons, and among
the charged leptons themselves. If only a single X boson were used, for example,
the four-p, four-7, and fiutt effective interactions would have related coefficients.
A second X boson allows for these coefficients to be independent.

4 We note that achieving a Lagrangian like in Eq. (1) in a general model of fla-
vor is non-trivial; care must be taken to not have flavor violation in conflict with
experimental constraints. Our motivation in choosing the form of Eq. (1) is thus
phenomenological, and not derived from a particular model.
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p p

Fig. 1. The 1-loop diagram that contributes to direct detection by mediating the
interaction between lepton-flavored dark matter and protons, as parameterized in

Eq. (1).

this mixing. The differences between the couplings k and k' (and
between h and h’) account for both the possibility that the charged
leptons and the dark sector are not in the same representation
of the flavor group and the possible occurrence of non-negligible
mixing in the dark sector.” We neglect a tree-level kinetic mixing
operator between X and the hypercharge gauge boson, X,,B*",
which can permit the lepton-flavor interactions to couple to quarks
and electrons at tree level. If the flavor gauge symmetry is not a
U(1), this term is disallowed; in the case of a U(1) symmetry, we
expect this choice to be conservative for the constraints relevant
for this analysis.

3. Flavor-conserving observables
3.1. Direct detection and relic density

A basic requirement for any dark-matter candidate is that it has
a relic density not in conflict with observation. If dark matter con-
sists of a single thermal relic, it implies that Dirac dark matter has
a thermally-averaged annihilation cross section to SM particles of
(ov) ~ 4.4 x 10726 cm3/s [37]. The dark matter will annihilate to
pairs of charged leptons or neutrinos.® If the masses of the final-
state leptons are negligible, the non-relativistic annihilation cross
section is the following, according to the parameterization of LFDM
given in Eq. (1),

2
(ov) = ﬁ 2k () + hp)? Z Kipuyu (kiy + Kig)
27 M3 f M5,
2
/ /
Z kin(llc\lez—i- kig) ' 5)
i=1,2 Xi

If (ov) =m3 /A%~ 4.4 x 10726 cm?/s, where A is the effective

scale of the interaction, then A ~ (130 GeV),/m, /GeV. If LFDM is
allowed to be only a subset of dark matter, then smaller scales can
be obtained.

5 In general, the dark-matter coupling h’ can be complex due to the presence of
CP-violating phases when rotating from the flavor basis to the mass basis. However,
since our analysis is not sensitive to the effects of CP violation, we assume h’ is real
for simplicity.

6 We assume that My, , Mx,, My > m, and thus neglect the possibility of dark-
matter annihilations to the flavor gauge bosons. We check the self-consistency of
this assumption in Section 4.

e
~

(a) (b)

Fig. 2. The 1-loop contribution to the muon g — 2 due to the lepton-flavor interac-
tions, according to the parameterization in Eq. (1).

LFDM does not interact with quarks at the tree level; the direct-
detection cross section first occurs at 1-loop, as shown in Fig. 1.
Because the photon only couples to charged particles with flavor-
diagonal couplings, the Y boson does not participate in this pro-
cess. We estimate the value of this diagram as the running be-
tween the energy scale relevant for direct detection, which we take
to be the mass of the lepton in the loop, and a renormalization
scale p, which we assume is of order the mass of the flavor gauge
bosons, i ~ My, (see also Refs. [38,39]). We obtain

a?u? ki (o +Ki) 2
o(Xp— xp) = N Z inp sz i) 1y [ *-

3 2
361 g X my,
2
kizz (K + K 2
o K ig e <“2)} , (6)
Mx,- ms

where wy =mymp/(my +mp).

The LUX experiment places limits on the spin-independent in-
teraction cross section between dark matter and nucleons to be
< 0107%-10"% cm?) for m, > 10 GeV [40]. In order to inter-
pret these results as limits on the interaction cross section be-
tween dark matter and protons, one can scale the experimental re-
sults by a factor of Z2/A2%, where Z and A are the atomic number
and atomic mass number, respectively, of the detector’s interaction
material. If o (x p — x p) ~a?m3 /(367 A*), a cross section upper

limit of 10~%° cm? at LUX would suggest that A > 400 GeV, which
is consistent with electroweak-scale LFDM gauge boson masses.

3.2. Low-energy observables

3.2.1. Muong —2

Currently, the only low-energy measurement that deviates sig-
nificantly from the SM is the muon g — 2, whose measured value is
exp _ SM _

3.60 larger than the SM expectation, asM, i.e., 8o, = Ay a, =

(28.8+8.0) x 10719 [1]. This discrepancy can be accounted for by
LFDM through the diagrams shown in Fig. 2. Here, the loop con-
tains either a muon and an X boson, or a tau and a Y boson. The
value of a, is given by

2 2 2 2
o, —gM g e My (me 2 +Zkiﬂm_ﬂ 7)
=omw g2z \my, 3) 0 A~ 12n2 M2
Y i=1,2 Xi

If the theoretical prediction were to be brought to a value within
95% CL of the experimental value,” ie., 1.3 x 1079 < §;, < 4.4 x

1079, then 1/(270 GeV)? < Y ; k,?W/Mg(i < 1/(140 GeV)? for the

case where only muons run in the loop, and 1/(1.9 TeV)? <
h%. /M2 < 1/(1.0 TeV)? when only taus run in the loop. These
values are consistent with the requirements from the dark-matter
relic density and direct detection.

7 For the muon g — 2, and throughout this analysis, we use a x2 function to
estimate limits for different CL's.
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Fig. 3. The contribution to neutrino trident production from X bosons, according to
the parameterization in Eq. (1).

3.2.2. Tau decays

Lepton-flavored interactions mediated by Y bosons will con-
structively interfere with the SM lepton decays of the tau lepton,
T~ — W vV, Using the parameterization in Eq. (1), the width
for such decays is

L™ — uvevy)
2 2
~ m_g G_% + ﬁGFh/‘LT 1— Smllf (8)
T3 \192 ’

384 M3
where G is the Fermi constant. In the SM, the ratio of I'(t~ —
UV V,)/ T(T™ — e v Ve) is estimated to be 0.9726, and this ra-
tio has been measured to be 0.979 + 0.004 [1]. This measurement
suggests that the 95% CL band requires hy,,/Mj < 1/(2.0 TeV)2.
This poses a mild tension with the muon g — 2 if only the Y boson
participates in LFDM.

3.3. Neutrino trident production

Interactions of the X flavor gauge bosons can contribute to
measurements of neutrino trident production, as depicted in Fig. 3.
As calculated by the authors of Refs. [41,42], an X boson can con-
structively interfere with the SM, resulting in an increase in the
measured cross section compared to that of the SM expectation:

2
5 . k2
1+ (1 +4sin2 0y, + G£Z ”‘2")
OSM4X F M,

. 5 9
M 1+ (1 + 4sin? 9W>

The results of the CHARM-II [43] and CCFR [44] experiments
are Ogara/0sm = 1.58 £20.57 and 0.82 4-0.28, respectively. Together,
these data suggest that, at 95% CL,

z 1

Z e (10)
: M X (490 GeV)

This constraint from neutrino trident production strongly disfa-
vors the hypothesis that the value of the muon g — 2 receives
a contribution from X bosons alone. Likewise, as mentioned in
Section 3.2.2, a parameterization of LFDM with only Y bosons is
constrained by tau decays and likewise cannot account for the
measured value of the muon g — 2. However, if one permits both X
and Y bosons to contribute to the muon g — 2, as shown in Fig. 2,
then one can account for the muon g — 2. We will explore these
ramifications for direct detection and the LHC in Section 4.

3.4. Indirect detection

Other possible constraints on LFDM come from indirect detec-
tion. Our scenario is not relevant for explaining the excesses in
the positron fraction from AMS [45], Pamela [46], and Fermi-LAT
[47], which require an annihilation cross section to leptons approx-
imately two to three orders of magnitude larger than that expected

for a thermal relic [48-50]. Since we assume that x annihilates
half the time to neutrinos, indirect detection is only relevant for
our scenario if it constrains the annihilation cross-section to u* ™
or Tt~ to be less than half of the thermal relic value. For values
of the dark matter mass m, 2> 100 GeV, indirect detection bounds
are not sufficiently stringent to rule out the thermal cross section.

However, for somewhat light dark matter, m, ~ few x 10 GeV,
indirect-detection constraints may be important, but are subject
to significant uncertainties. Dark-matter annihilation to u* ™ can
be constrained using the AMS positron fraction to be below the
thermal relic value for dark-matter masses below 100 GeV [51],
but systematic uncertainties can alter the limits on the annihilation
cross-section by a factor of a few. (For results using the positron
flux, also see Ref. [52].)

Indirect-detection constraints are important, however, for the
low-mass region m, < 10 GeV. The annihilation of light dark mat-
ter can be constrained by the effects of its resultant energy injec-
tion on the CMB; thermal relics with masses below several GeV are
disfavored [53-55]. Annihilations of light dark matter into t+7~
are constrained by Fermi-LAT observations to be as small as a few
x107%7 cm3/s [56-59]. Fermi-LAT also gives similar constraints,
©(10727-1072% cm3/s), on annihilations of light dark matter into
ut = [60]. Slightly tighter constraints are also possible from AMS,
but are subject to effects of solar modulation for dark-matter
masses my, < O(15 GeV) [51,52,58].

We note, however, that these constraints all give limits on the
annihilation cross section of light dark matter to leptons which
are smaller than that of a thermal relic by a factor of order unity.
While we also include annihilations of dark matter to neutrinos
(equal in magnitude to dark matter annihilations to charged lep-
tons), some mild tension remains between bounds from indirect
detection and the thermal cross section. Interestingly, some works
have considered possible evidence for dark matter annihilation to
leptons from indirect detection with cross sections slightly below
those of a thermal relic [57,60-66]. We will briefly return to the
subject of indirect-detection constraints when we discuss the pa-
rameter scans in Section 4.

3.5. High-energy colliders

As discussed above, the requirements from the muon g — 2 and
the relic density imply that the preferred scale of LFDM is the elec-
troweak scale, i.e., @(100 GeV-1 TeV), which is within the reach of
collider experiments. While the lepton-flavor gauge bosons do not
effectively couple to electrons and quarks at tree level, they can
contribute, however, to the processes ete™ — utu~, vt~ and
qq — wT =, Tt~ via the one-loop diagrams in Fig. 4. Potentially
relevant measurements include constraints on resonance searches,
effective operators, and couplings of the Z boson to u*tu~ and
T+t~ at LEP, as well as resonance searches at LHC.

3.5.1. LEP

The diagrams in Fig. 4 can potentially give new physics contri-
butions to three measurements from the LEP experiments. First,
these diagrams may affect the limits from LEP on effective op-
erators of the form A—z(é,-y"‘e,-)(ijyazj), where ¢ = u, t, and
i,j=R or L, for which A is constrained to be larger than sev-
eral TeV [3]. Second, lepton-flavor physics can produce corrections
to the Z-lepton couplings, as depicted in the three diagrams in
Fig. 4. (The diagram in Fig. 4(c) only contributes to the Z-lepton
couplings if the s-channel SM gauge boson is a Z.) Lastly, narrow
resonance searches at LEP can constrain LFDM via the diagram in
Fig. 4(c). Since all of the diagrams in Fig. 4 are loop-suppressed,
the limits on the scale of new physics resulting from these con-
siderations are typically weak, Mx = 200 GeV. However, we give
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1 1
1 T
Z z
X Y
u* u*
(a) (b)

Fig. 4. (a) and (b): The 1-loop correction to the Z-decay vertex due to flavor gauge
bosons, X and Y. (c): The 1-loop diagram for kinetic mixing between X and the
hypercharge gauge boson B at hadron and lepton colliders (where ff can be qg or
ete™), which can contribute to the Z-lepton couplings, resonant X production, and
effective four-fermion operators.

the case of light X bosons special consideration, because this is
similar to the scale of LFDM interactions suggested by g — 2 for
the case where only X bosons and muons contribute. Here, we do
not consider the contribution from the diagram in Fig. 4(b), since,
compared to the other diagrams in Fig. 4, it has a negligible ef-
fect on collider observables because of the low-energy results in
Section 3.2.

First, we note that when the diagram in Fig. 4(c) contains
an s-channel photon, its contribution to ete™ — utu=, 7777 is
non-resonant at LEPII center-of-mass energies between 130 GeV
and 209 GeV. We obtain a rough constraint on this contribution by
approximating it as an effective operator A~2(éy®e)(£y£), which
should be approximately valid for values of Mx = 250 GeV. For the
case of constructive interference with the SM, the 95% CL lower
limit on A for this operator is 5.3 TeV for £ = and 4.5 TeV for
¢ =1, and for the case of destructive interference, the limits are
4.6 TeV and 3.9 TeV, respectively [3]. We obtain

-1 e? 5 MZ Kippo (Kigpn + Kize)
2 om(fE Zippipp T M)
.6TeV)2 ~ 1272 [3 + n(qz )} 2 M3,

i

! (1)
R
(5.3TeV)?2’
-1 e? 5 Mz kize (Kipye + Kize)
2 im( 2 Zirr\ipp T HTT
(3.9TeV)2 ~ 1272 [3 + n<q2 )] 21: M2,
1
_ 12
= 45Tev)? (12)

where g2 is the center-of-mass energy. While the results in Ref. [3]
are derived from all LEPII energies, we take the approximation®
q*> = (189 GeV)%. We note that this expression depends signifi-
cantly on the renormalization scale w, which is undetermined in
our analysis.” To obtain a rough constraint, we take the reference
value u =1 TeV, obtaining

8 Here, we choose g% = (189 GeV)? because it is the lowest LEPII center-of-mass
energy with a large luminosity (> 100 pb™!). Our results are affected only slightly
by this approximation.

9 We note that our expression for the direct-detection cross section, Eq. (6),
is also dependent on the choice of renormalization conditions. For high-energy
processes, however, the small logarithms are more strongly dependent upon the
renormalization conditions. Here, we quote our results for a specific value of u. Ad-

1 K (ki + Kive) 1
< Z inp l/L/; itt) _ , (13)
(300 GeV)? ~ 2 M2 (340 GeV)
-1 ki‘L"L’(ki[L/L +kizr) 1
. 14
(250 GeV)2 ;2 M2, = (290 Gev)2 (14)

Varying n between 500 GeV and 2 TeV only changes the scales in
Eqgs. (13) and (14) by 30-50 GeV.

We also consider the corrections to the Z couplings to p™ ™
and t+7t~, as shown by the diagrams in Fig. 4. The diagram in
Fig. 4(a) is finite when added to external leg corrections; it rescales
the Z vertex, giving a new contribution to the Z partial width.!°
The possible new-physics contribution to the partial width of Z —
utu~ requires

izlw 1
Z — < . (15)
- M % (200 GeV)
No significant constraint is obtained from the partial width of Z —
T,

Additionally, the diagram in Fig. 4(c) can correct the vector cou-
plings of the Z to muons or taus. This diagram diverges and leads
to kinetic mixing between the Z and X bosons and will depend on
the renormalization conditions chosen. Here, we take u =1 TeV
and consider constraints from the vector coupling of the Z to
taus, gyr = —0.0366 £ 0.0010 [2]. Taking the 95% CL range as an
approximate measure of the size of a possible new-physics contri-
bution, we obtain

Z kize (Kipp +kize) - 1 (16)
i M5, (330 GeV)?’
On the other hand, we do not get any useful constraint from gy .

A few comments must be made on these results. First, we must
stress that, to obtain a rigorous result, it is not adequate to treat
corrections to the Z vertex and contributions to effective opera-
tors separately; a full fit, simultaneously including all new physics
contributions, should be performed. Additionally, we note that our
choice for the renormalization scale, & = 1 TeV, although reason-
able, is arbitrary. For these reasons, our constraints derived from
LEP results should be taken as approximate. We will return to this
when we discuss the parameter scans in Section 4.

Lastly, if the X were light enough to be produced at LEP, i.e.,
Myx <200 GeV, it could be observed via resonance production in
the ™=, T+t~ or missing energy final states via the diagram in
Fig. 4(c). Searches for the resonant peak of a sneutrino decaying to
utu~ are relevant for My in the range 100 < My < 200 GeV [4].
However, the cross section for X production is loop-suppressed,
and since the sneutrino search is only valid for X widths <1 GeV,
only small, isolated regions in the My, — k;,,,, parameter space are
constrained. Similarly, analyses constraining invisibly-decaying res-
onances at LEP are largely insensitive to our scenario [39].

3.5.2. LHC

The ATLAS and CMS experiments have searched directly for res-
onances in the w™ ™ final state, placing limits on the cross sec-
tion of inclusive resonant production of a new particle and subse-
quent decay into ut = [67,68]. Lepton-flavored X bosons can be

ditionally, we point out that the 5/3 term appearing in Eqs. (11) and (12) is required
to maintain consistency with the renormalization conditions applied in Eq. (6).

10 The diagram in Fig. 4(c) will also contribute to the Z partial widths. However,
after the application of the limits obtained in Eqgs. (13) and (14), we find that the
contribution of Fig. 4(c) to the partial width is subdominant to that of Fig. 4(a). For
simplicity, we ignore it here.
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produced on resonance at the LHC, via the diagram in Fig. 4(c). As
was the case with the LEP observables above, this diagram depends
on renormalization conditions. For this reason, we stress that a rig-
orous prediction for the cross section for X production at LHC is
not possible within our model-independent framework. However,
approximate cross sections possible with the LFDM framework can
be achieved, and the results from the LHC experiments do not yet
seem to significantly constrain the LFDM parameter space. We re-
turn to this when we discuss the parameter scans in Section 4.

4. Parameter scans

We illustrate the available phase space for LFDM by performing
parameter scans by randomly selecting the values of the couplings
and the masses of the gauge bosons in Eq. (1). We randomly se-
lect values of kiju, kirz, Kij, kig, hue, hy, and h} (where i=1,2)
within the somewhat-arbitrary range —1 and 1. The masses of
the gauge bosons, Mx,, Mx,, and My are randomly sampled uni-
formly between 100 GeV and 10 TeV, and the value of my is fixed
by requiring that the relic density be the observed value. As dis-
cussed in Section 3.4, small to moderate values of my, i.e., between
several GeV and O(few x 10 GeV), may be disfavored given re-
sults from indirect detection. We do not impose any constraint on
the value of m, when performing the parameter scan, since this
amounts to only changing the range of the x-axis in Fig. 5.

For each set of couplings and masses, we require that the the-
oretical and experimental values of the muon g — 2 are within
95% CL of each other, while avoiding tension with the measured
rates of neutrino trident production and T~ — w~ vV, as de-
scribed in Sections 3.3 and 3.2.2, respectively. For a point in the
phase space that passes these requirements, a light-blue point is
drawn for the value m, and the direct-detection cross section. A
dark-blue point is drawn for those regions of the phase space that
additionally satisfy the constraints from LEP in Egs. (13)-(16). We
reiterate that the constraints from LEP are approximate, and the
dark-blue points should be taken as illustrative of the rough con-
straints from LEP. We compare these scans of the available LFDM
phase space with the results from LUX [40] and SuperCDMS [69],
as shown in Fig. 5. The LEP constraints affect only the light X
gauge bosons with masses of only a few hundred GeV or less. We
randomly sample over 10° points in our phase space, and we find
that, for a wide range of couplings, the lighter of the two X gauge
bosons is preferred to have a mass of a few hundred GeV, while
the preferred value of My is multiple TeV. Histograms of the val-
ues of Mx,, My,, and My are shown in Fig. 7.!

We then investigate the implications of LFDM for resonant
searches at the LHC. Scanning over the same points as above, we
roughly estimate the pp — X cross sections achievable at the LHC,
assuming a renormalization scale of u =1 TeV and /s =7 TeV.
We use MADGRAPH5 [70] to perform leading-order resonant cross-
section calculations for production of pp — X — u™ ™ arising
from the diagram in Fig. 4(c). We do not do a full mixing calcula-
tion, and we neglect interference between Fig. 4(c) and the SM.!?
We find that the resulting cross sections in the LFDM scenario for
i =1 TeV and couplings close to unity are within a factor of three
of the current limits from CMS [71] for 300 GeV < Mx < 500 GeV,

11" We have checked and found that Mx,, Mx,, My <m, for only O(1%) of phase-
space points covered in the scans. This justifies our assumption, made in Section 3.1,
that dark-matter annihilations to X and Y gauge bosons can be neglected.

12" We calculate the resonant cross section for pp — X — utu~ for reference val-
ues of the X-lepton couplings and width I'x. Because the cross section, to a good
approximation, scales as the inverse of I'x, we are able to rescale these MADGRAPH5
results to account for the varying values of the X-fermion couplings in the scans.
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Fig. 5. The dark- and light-blue points correspond to the scan of the direct-detection
cross section, as discussed in Section 4, with and without the LEP constraints, re-
spectively. The red and purple lines are the 90% CL upper limits from the LUX [40]
and SuperCDMS [69] experiments, which have been rescaled by a factor of Z2/A?
for Xe and Ge, respectively. (For interpretation of the references to color in this fig-
ure, the reader is referred to the web version of this article.)
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Fig. 6. The same scans to produce Fig. 5 are plotted here for the resonant cross
section of pp — X — ™ at the LHC, for /s =7 TeV and a renormalization scale
n =1 TeV, compared with the 95% CL upper limits from CMS [71]. Interference with
the SM has been neglected and can significantly affect the results, as discussed in
Section 4.

even when constraints from LEP are included. Our results are
shown in Fig. 6.

However, we note that these results are only approximate. In
particular, the cross section for X production becomes small as
My approaches the renormalization scale w; in this case, the ap-
proximation of neglecting the effects of SM interference with the
diagram of Fig. 4(c) becomes invalid. We find that the effects of
interference with the SM are significant and cannot be neglected
for 300 GeV < My < 500 GeV. Additionally, interference with the
SM can cause the shape of the resonance to deviate from that
of a Breit-Wigner, which can affect the sensitivity of searches for
narrow resonances. Due to these effects, models with low renor-
malization scales'> might require dedicated experimental analy-
ses. For these reasons, we extend the x-axis of Fig. 6 to only
Myx =500 GeV. However, as the amplitude resulting from Fig. 4(c)

13 We note that the renormalization scale 1« depends on the ultraviolet completion
of a particular model, and is undetermined in our analysis.
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Fig. 7. The same scans to produce Fig. 5 are plotted here for the distribution of the values of (a) Mx, and My, (here combined and called My) and (b) My. The lighter of
the two X gauge bosons is preferred to have a mass of a few hundred GeV, while the mass of heavier one is relatively unconstrained from above. The Y gauge boson cannot
have a mass 2> 2 TeV due to constraints from the muon g — 2. The y-axes of these plots are not identical and are in arbitrary units.

grows in size with increasing w, our results do indicate that mod-
els with somewhat larger renormalization scales would be less
affected by interference with the SM and would give cross sec-
tions similar to those shown in Fig. 6. Therefore, we point out that
if a local excess is seen at the LHC in the "~ channel, but not
in the ete™ channel, LFDM would be a candidate explanation.

To illustrate the interplay between the observables in the pa-
rameter scans, we briefly mention two toy models. First, we con-
sider a U(1) flavor model where the @ and t flavors have equal
and opposite couplings to a single X boson (this is the well-known
U(1) L, — Ly model, the discussion of such a setup can be found
in Ref. [72] and references therein). We allow mixing between fla-
vored and unflavored states in the dark sector, and thus take the
magnitude of the right- and left-handed couplings of the dark mat-
ter to the X equal to or less than that of the muon. We find that
such a model can satisfy the relic density, direct detection, g — 2
and tau-decay constraints; X production at colliders is severely
suppressed by cancellation between p- and t-loop contributions.
However, this toy model is ruled out due to tension between
g — 2 and the limits from neutrino trident production. Second, we
briefly consider an SU(2) model, where p- and t-flavored fields
are placed into a flavor doublet. (For previous use of SU(2) in fla-
vor models, see Ref. [72].) This model contains X and Y bosons
of equal mass, both of which contribute to g — 2. Due to the ten-
sion between tau decays, which require the new physics scale for
Y-mediated processes to be above ~ 2 TeV, and g — 2, which fa-
vors a scale below 1.9 TeV, this model is marginally ruled out.
(While the X boson also contributes to g — 2, this contribution
is inadequate to resolve this tension.) Although it is reasonable to
speculate that this latter model could be embedded into a larger
model with additional contributions to g — 2 from X bosons or
which contains a mass splitting between the X and Y, we do not
attempt further model-building here.

Lastly, we briefly mention that the phase space ruled out by
direct detection has no model-independent ramification on the dis-
covery potential at the LHC, i.e., the points within the LUX limits in
Fig. 5 inhabit the entire phase space for the LHC. Any specific map-
ping between direct detection and hadron colliders must be done
with a specific model. Additionally, to get a rough idea of the ef-
fect indirect detection constraints can have on our LHC results, we
repeat the scan in Fig. 6 but requiring m, > 50 GeV. We find that
if indirect detection rules out low-mass dark matter candidates, it

does not qualitatively change the available phase space for LFDM
at the LHC.

5. Lepton-flavor violation

Up to this point, we have only considered the case where LFV
among charged leptons is negligible. Here, we briefly explore the
possibility of allowing a small amount of pu-t flavor violation,
still assuming that the flavor gauge bosons couple negligibly to
electrons. The interactions introduced in this section, if taken in
isolation, are likely inadequate to account for muon g — 2. How-
ever, we present them as an indication of the level of LFV which
may be allowed in more complete models of flavored dark matter.

The notation using X and Y bosons in Eq. (1) is no longer
adequate if we allow for LFV among charged leptons, so we will
discuss LFV using effective four-lepton operators

Cijii 5 5
m (zirgeo (Ekraklgl) s
where ¢, is a charged lepton of either muon (a = w) or tau (@ =rt)
flavor, and § =1(0) if i=k and j=1I (i #k or j#1). While we as-
sume vector interactions in the flavor interaction basis, we have
generalized the Lorentz structure from y® to I'%, since the inter-
actions may deviate from purely vector when rotating the right-
and left-handed sectors to the mass basis.

Only three of these operators, Oy up, Ourrr, and Oy, Vi-
olate lepton flavor. The first of these, Oy, Will contribute to
the decay T~ — u~u~ ™, which is constrained to have a branch-
ing fraction of less than 2.1 x 10~8 at 90% CL [1]. The operator
Opurrr can be constrained by assuming that it must be consis-
tent with the branching fraction of T~ — ™y, which has a value
less than 4.4 x 1078 at 90% CL [1]. Lastly, because of isospin sym-
metry, one generically expects that Oz, can give rise to the
process T~ — (v, Vr. Because this process is experimentally in-
distinguishable from the SM process T~ — ™~ vz Uy, a constraint
on the branching fraction for this process can be obtained by as-
suming that it must be consistent with the measured ratio of
(T~ = u vevy)/T(T™ — e veve) at 90% CL [1]. The limits on
|Cl-jkl|/A2 are shown in Table 2. For simplicity, we only consider
the cases F;’; =Tp =y% y*(1 £ y5)/2; in general, F% need not
equal T'g.

As shown in Table 2, the operator O, is more strongly con-
strained than the other two flavor-violating operators. This implies,

Ojju = (17)
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Table 2
Limits on |Cyj|/A2, for the cases Ffj‘. =Ig=y% vy*Q£ys)/2 at 90% CL.
|Cijual/ A2 Iy =rj=y* Iy =TH=y*1£y5)/2
ICrppul/A? 1/(15 TeV)? 1/(11 TeV)?
[Currel/A? 1/(2.5 TeV)? 1/(1.5 TeV)?
ICoprpl/A? 1/(0.7 TeV)? 1/(0.5 TeV)?

for example, that a flavor gauge boson which couples to both (i
and Tp must have a mass > O(10 TeV) or at least one somewhat
small coupling. However, these constraints do leave open another
interesting possibility. We can introduce a U(1)py flavor gauge bo-
son V which interacts with a single generation of leptons. We take
that generation to be only quasi-aligned with the charged lepton
mass eigenstates. Specifically, we take the V boson to interact with
an admixture of u and t,

Lipv D k3Va(L3y“Lz + Cr3y“Lr3 + Vr3y “VRr3), (18)
where

L3 =L;cos + Ly sinfy, (19)
{R3 = TR COSOR + R Sinog, (20)

and the T component dominates, i.e., cos@; ~ cosfg ~ 1. For sim-
plicity, we ignore neutrino mixing and neglect a possible complex
phase in Egs. (19) and (20) and consider the case sin6; ~ sinfg =
sing, although this does not hold generally. In this case, Oz upu
would be suppressed by three powers of sinf, while Oy, and
contributions to g — 2 would be suppressed by two such factors.
Additionally, a four-t operator, O, suffers no such suppression,
and is experimentally unconstrained.

We note that these interactions which violate charged-lepton
flavor, taken alone, are not useful to account for the discrepancy in
g — 2. Presumably they would need to be incorporated into a more
complete model of LFDM. A V boson with an electroweak-scale
mass, i.e., ~ 1 TeV, and a mixing angle as large as sin6 ~ (0(0.1)
is phenomenologically allowed. Thus, it is possible to have signif-
icant TeV-scale u-t flavor violation, as long as the couplings are
chosen carefully. However, we do not attempt to incorporate flavor
violation into a larger model here.

6. Summary and conclusions

Motivated by the apparent tension between the dark-matter
relic density and null results from direct detection, as well as the
3.60 discrepancy between the measured and predicted value of
the muon g — 2, we posit that dark matter and the mystery of
lepton flavor may be related. In our scenario, dark matter does
not merely couple primarily to leptons, but it shares a common
gauged flavor interaction with the leptons in the SM, under which
only the muon and tau families are charged. We investigate this
scenario by creating a Lagrangian composed of d = 4 operators,
allowing the SM leptons to have both flavor-diagonal and flavor-
changing couplings to flavor gauge bosons. Considering the muon
g —2 and the lack of observed LFV among charged leptons, we take
such interactions to be purely vector in the charged lepton sector.
However, flavor mixing may be large in the dark sector, so differ-
ent couplings for left- and right-handed dark matter are permitted.
We then constrain our scenario using the dark-matter relic density
and direct detection, low-energy measurements, constraints from
LEP, and neutrino trident production, while demanding consistency
with the measured value of the muon g — 2. Future prospects for
LHC and direct detection are investigated.

In the LFDM scenario, both the dark-matter relic density
and the muon g — 2 suggest that such interactions between

dark matter and leptons can exist at the electroweak scale, i.e.,
O(100 GeV)-O(1 TeV). While direct detection, T~ — u~ vV,
and u*tu~ and tFt~ production at LEP do constrain the cou-
plings and masses of the flavor gauge bosons, significant parameter
space remains. This is illustrated in Figs. 5 and 6, where we show
the possible values of the cross sections for direct detection and
resonant production at the LHC, allowed by present constraints.
We find that there are large ranges of flavor gauge boson masses
and couplings which give cross sections below but near current
sensitivity for both direct detection experiments and resonance
searches at the LHC.

Future measurements bring significant hope for further investi-
gations of LFDM. The particular parameterization of LFDM explored
in this work can account for all experimental observations, includ-
ing the muon g — 2, if there are both flavor-diagonal interactions
at a scale of a few hundred GeV and off-diagonal interactions at a
few TeV. Improvements in the sensitivity of direct-detection exper-
iments, the precision of the muon g — 2 measurement, the preci-
sion of the branching fraction of T~ — vV, the precision of the
rate of neutrino trident production, and resonance searches at the
LHC can further constrain, or potentially discover, LFDM. Addition-
ally, flavor-violating observables, such as = — pu~u~u™, could
be useful in constraining or confirming specific models of LFDM,
while processes that involve electrons, e.g., © — 3e, u — ey, and
—e conversion, are expected to be highly suppressed.

The particular parameterization of LFDM considered in this
work permits two contributions to the value of the muon g — 2:
one contribution from an X boson and another from a Y boson.
Taken separately, these two interactions are nominally ruled out
via neutrino trident production and tau decays, respectively. If con-
tributions from X and Y bosons are considered simultaneously,
then the constraints from the muon g — 2, neutrino trident pro-
duction, and tau decays can each be satisfied at 95% CL, though
there remains some overall tension between this parameterization
of LFDM and the data. We note that the theory and experimental
values of the muon g — 2 are poised to change in the near future,
and the LFDM framework can accommodate a range of contribu-
tions to g — 2, particularly those somewhat smaller than the value
currently suggested by experiment. If, for example, the muon g—2
agrees with the SM prediction, higher-mass X and Y bosons would
easily account for the data. As such, g — 2 is not necessary for
LFDM, though we suggest that given our present framework, we
might expect future measurements and future theory calculations
of g — 2 to come into better agreement.

We also point out a few possible extensions to this work. While
we have assumed negligible couplings of the flavor gauge bosons
to electrons, the addition of such small couplings could be inves-
tigated. Additionally, the possibility of charged-lepton flavor vio-
lation, only touched upon here, could be studied in more detail.
And, of course, the construction of more concrete models of LFDM
would also be a worthy endeavor.

In conclusion, the LFDM framework can address the dark-matter
relic density and constraints from LEP, while explaining the lack
of an observed signal in direct-detection experiments and the
muon g — 2. Lastly, it holds significant promise for future exper-
iments.
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