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We consider a toy model of dark matter with a gauge singlet Dirac fermion that has contact interactions
to quarks that differ for right-handed up and down quarks. This is motivated by the isospin-violating dark
matter scenario that was proposed to reconcile reported hints of direct dark matter detection with bounds
from nonobservation of the signal in other experiments. We discuss how the effects of isospin violation in
these couplings can be observed at the LHC. By studying events with large missing transverse momentum
(ET), we show that the ratio of monophoton and monojet events is sensitive to the ratio of the absolute
values of the couplings to the up and down quarks, while a dedicated study of dijet plus ET events can
reveal their relative sign. We also consider how our results are modified if, instead of a contact interaction, a
particle that mediates the interaction is introduced. Our methods have broad applicability to new physics
that involves unequal couplings to up and down quarks.
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II. MODEL

We consider a toy model in which a DM particle couples
to quarks with isospin-violating couplings. We introduce a
Dirac fermion χ that is a singlet under the SM gauge group.
It couples to the up and down quarks through vectorlike and
axial vectorlike contact interactions. The relevant part of
the Lagrangian is

LDM ¼ iχ̄γμ∂μχ −mχ χ̄χ þ
1

Λ2
ðgQq̄LγμqL þ gUūRγμuR

þ gDd̄RγμdRÞðχ̄γμχÞ; (1)

where Λ denotes the energy scale of the contact interaction
and qL denotes the SU(2) doublet of left-handed up and
down quarks. For gU ≠ gD, χ is IVDM.



σDMγðmonophoton cutÞ ¼ ðN
γ
obs−Nγ

SMÞðmonophoton cutÞ
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FIG. 2 (color online). The Z þ γ background cross section and
the DM signal cross section for Λ ¼ 800 GeV that satisfy the
MonoG14TeV-a criteria, as a function of jϕj for the couplings
ðgQ; gU; gDÞ ¼ ð0; cosϕ; sinϕÞ. The horizontal solid line corre-
sponds to the background cross section. The curves correspond to
the background + signal cross sections for three values of mχ .
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FIG. 3. Ratio of the DM signal cross section in the monophoton
channel with the MonoG14TeV-a cut to the cross section in the
monojet channel with the MonoJ14TeV cut for three values
of mχ .
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FIG. 5. Feynman diagrams for the subprocess, uRdR→uRdRχχ̄.
The diagrams on the left are proportional to gU, and the ones on
the right are proportional to gD.
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C. Discussion of the dijet channel

From Fig. 6 and Table VI, we confirm that the Feynman
diagrams of the subprocess, uRdR → χχ̄uRdR, interfere
destructively if g and g have the same sign and con
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FIG. 7. Ratio of the DM production cross section in the dijet
channel with the DiJ-b cut to the cross section in the monojet
channel with the MonoJ14TeV cut for two values of mχ .
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APPENDIX: UNITARITY BOUNDS FOR
CONTACT INTERACTIONS

1. Unitarity of scattering amplitudes

We begin with a review of unitarity constraints on general
scattering amplitudes. The S matrix can be written as

S≡ 1þ iT; (A1)

where T gives the transition amplitudes. In terms of T, the
unitarity of the S matrix, S†S ¼ 1, is

−iðT − T†Þ ¼ T†T: (A2)

For an elastic scattering process Aþ B → Aþ B, the above
equation gives

− iðh~pA~pBjTj~kA~kBi − h~pA~pBjT†j~kA~kBiÞ
¼ h~pA~pBjT†Tj~kA~kBi

¼
X
fqig

�Y
i

Z
d3~qi

ð2πÞ32q0i

�
h~pA~pBjT†jf~qigihf~qigjTj~kA~kBi;

(A3)

2. Absolute perturbative unitarity bound
for DM production

We are interested in the perturbative unitarity bound for
the DM production process arising from the contact
interaction terms in Eq. (1),

qc1R q̄Rc1 → χχ̄ðq ¼ u; dÞ; (A7)

where c1 is a color index. In this subsection, we discuss
the absolute unitarity bound for the above process,
which holds regardless of the details of other processes,
such as qq̄ → q0q̄0 and χχ̄ → χχ̄. For simplicity, we
assume that the quarks and the DM are massless. If the
DM has a non-negligible mass, the unitarity bound
weakens.

Consider the elastic scattering processes, qc1R q̄Rc1 →
qc2R q̄Rc2ðq ¼ u; dÞ, the matrix elements for which we
denote by Mqq. Also consider inelastic scattering proc-
esses, qc1R q̄Rc1 → χRχ̄R and qc1R q̄Rc1 → χLχ̄L, the matrix
elements for which we denote by MqχR and MqχL ,
respectively. From Eq. (A6), we find
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The null radiation zone theorem states that, when special kinematical conditions are satisfied, all the

helicity amplitudes of a parton-level subprocess where a vector current is emitted vanish due to destructive

interference among different diagrams. We study the manifestation of the theorem in pp collisions at theffiffiffi
s

p ¼ 8 TeV LHC. The theorem predicts that the cross section for pp ! jj� events is suppressed when

the transverse momenta of the two jets are similar and when the rapidity difference between the photon

and the cluster of the jets is nearly zero, because the uu ! uu� subprocess, which dominates in events

with large jj� invariant mass, has strong destructive interference in this region. We confirm this prediction

by the calculation with MadGraph 5, and show that the suppression on the pp ! jj� cross section is

observable at the LHC.
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FIG. 2 (color online). (Left) The differential cross sections, d�=d�pTð�pT ¼ jpT1 � pT2jÞ, for the uu ! uu� subprocess in pp
collisions at

ffiffiffi
s

p ¼ 8 TeV with the cut conditions (a–d). The interference terms between the left two and the right two diagrams of
Fig. 1 are included for the lower red line, and are dropped for the lower-middle green line. Also shown are the differential cross
sections for the u �u ! u �u� subprocess in p �p collisions at

ffiffiffi
s

p ¼ 8 TeV with the interference terms included (upper, blue), and dropped
(upper-middle, cyan). (Right) The same as the left graph for the uu ! uu� contribution, but the requirement (d) is changed to
�y < 2:0 (d0).
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It has recently been pointed out that a component of the observed gamma-ray emission in the low
latitudes of Fermi bubbles has a spectral shape that can be explained by a 10 GeV dark matter (DM)
annihilating to tau leptons with a cross section of 2 × 10−27 cm3=s. Motivated by this possibility, we revisit
the annihilation of a 10 GeV neutralino DM in the MSSM via stau exchange. The required stau masses and
mixing, consistent with LEP direct search and electroweak precision constraints, are correlated with a
possible enhancement of the Higgs decay rate to two photons. We also explore the implications of such a
scenario for DM relic density and the muon anomalous magnetic moment, taking into account the recent
ATLAS bounds on the chargino and the first two generation slepton masses, as well as the constraints on
the Higgsino fraction of a 10 GeV neutralino.
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FIG. 4 (color online). Contours in the m~τ1 − θ~τ plane for hσvi ¼ hσvi0, with hσvi0 ¼ 2 × 10−27 cm3=s (solid purple curve) and the
ratio of the two photon decay width of Higgs, Γðh → γγÞ=ΓðHSM → γγÞ (black solid, dotted, and dashed curves), with different values
of the mass difference, Δm~τ ¼ m~τ2 −m~τ1 ¼ 100 (upper), 200 (middle), and 300 GeV (lower). The shaded region gives
hσvi0=2 < hσvi < 2hσvi0. The vertical curves show the lower bounds on m~τ1 as a function of θ~τ coming from LEP.



V. RELIC DENSITY OF A 10 GeV ~χ 01 DM

The current estimate for DM relic density, including
recent data from Planck, is ΩDMh2 ¼ 0.1199 � 0.0027
(68% C.L.) [39,40], which amounts to a thermally averaged
annihilation cross section at the time of freeze-out hσviF:O: ≃
2.2 × 10−26 cm3=s [41]. For a light Oð10 GeVÞ binolike ~χ01
DM, hσviF:O: is found to be lower than the above value in
large regions of MSSM parameter space, leading to con-
straints on otherwise allowed parameter regions, and in
particular lower bounds on the ~χ01 mass [42]. Recently, it was
argued in Ref. [43] that a 10 GeV ~χ01 can satisfy the relic
density constraint if all the slepton masses are close to the
LEP bound. However, the LHC bounds on the first two
generation sleptons have become stronger since then [16],
and when combined with the LEP results [11–13] which are
sensitive in a complementary region, it is difficult to have
selectrons or smuons lighter than 230 GeV (for details, see
Sec. II B).

y ,
overabundant.

However, there are well-motivated nonstandard possibil-
ities for the thermal history of the Universe. In such
scenarios, late-time decays of heavy fields can produce
relativistic particles and entropy, thereby diluting the relic
density of DM produced at the time of freeze-out. A
particularly motivated example of such long-lived massive
particles is moduli. The generic requirements in such a
scenario are that (1) the decay of the heavy particle should
reheat the Universe to a temperature (TR:H:) which is below
the DM freeze-out temperature (TF:O:); (2) TR:H: should be
higher than the temperature scale in which big-bang
nucleosynthesis (BBN) takes place; and (3) in a SUSY
theory, the decay branching fraction of the heavy particle to
gauginos (especially, in our case, ~χ01) should be very small,
so as not to produce more DM from the decay. There are
generic models which satisfy all these conditions, and for a
recent study focusing on the solution to the DM overabun-
dance problem see Ref [10] For T < T the relic
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FIG. 5 (color online). Δaμ as a function of the left-handed
smuon mass m ~μL when the smuon mixing is fixed to zero,
jθ ~μj ¼ 90°. The mass of the lighter chargino is fixed at
m~χ−

1
¼ 350 GeV. See text in Sec. VI for a detailed explanation

of the plot.
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Closing in on the chargino contribution to the
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Abstract: We revisit the current LHC constraints on the electroweak-ino sector parame-
ters in the minimal supersymmetric standard model (MSSM) that are relevant to explaining
the (g − 2)μ anomaly via the dominant chargino and muon sneutrino loop. Since the LHC
bounds on electroweak-inos become weaker if they decay via an intermediate stau or a tau
sneutrino instead of the first two generation sleptons, we perform a detailed analysis of the
scenario with a bino as the lightest supersymmetric particle (LSP) and a light stau as the
next-to-lightest one (NLSP). Even in this scenario, the chargino sector parameters in the
MSSM that can account for the (g− 2)μ anomaly within 1σ are already found to be signif-
icantly constrained by the 8 TeV LHC and the available subset of the 13 TeV LHC limits.
We also estimate the current LHC exclusions in the left-smuon (and/or left-selectron) NLSP
scenario from multilepton searches, and further combine the constraints from the multi-tau
and multi-lepton channels for a mass spectrum in which all three generations of sleptons are
lighter than the chargino. In the latter two cases, small corners of the 1σ favoured region
for (g − 2)μ are still allowed at present.
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In the interpretation of different searches for χ̃+
1 χ̃

−
1 and χ̃±1 χ̃

0
2 production carried out

by the LHC collaborations, the hierarchies between the χ̃±1 /χ̃
0
2 and slepton masses play a

crucial role. Assuming for simplicityMμ̃L = MẽL , and for fixed values ofMτ̃2 and θτ̃ (which,
as we shall see later, are less relevant parameters), we then have the following possible mass
hierarchies for a bino-like LSP (χ̃0

1) scenario:

1. Mμ̃L > Mχ̃±
1
,Mχ̃0

2
> Mτ̃1

2. Mτ̃1 > Mχ̃±
1
,Mχ̃0

2
> Mμ̃L

3. Mχ̃±
1
,Mχ̃0

2
> Mτ̃1 ,Mμ̃L (with either hierarchy between τ̃1 and μ̃L)

4. Mμ̃L ,Mτ̃1 > Mχ̃±
1
,Mχ̃0

2
.

In the following subsections, we take up each of the above hierarchies in turn, and discuss
the constraints on the MSSM parameters of interest from the relevant LHC searches.
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Figure 8: Current 95% C.L. LHC constraints on the (g − 2)μ favoured parameter region in the
μ −M2 plane, for the mass hierarchy Mμ̃L

,Mτ̃1 > Mχ̃±
1
,Mχ̃0

2
> Mχ̃0

1
. In the blue (violet) shaded

region, the (g − 2)μ anomaly can be explained at 1σ, with the choice Mμ̃L
= 500 GeV (800 GeV).

The values of other relevant MSSM parameters are fixed as in Fig. 2.



In view of the fact that the upcoming FermiLab and J-PARC (g − 2)μ experiments
have the potential to confirm and possibly lead to an enhanced statistical significance of
the (g − 2)μ anomaly currently based on the BNL result, it is important at this point to
determine the viability of well-motivated beyond standard model scenarios like the MSSM
in explaining the current 3.3σ discrepancy. In this regard, as found in our study, the current
LHC search results are already powerful enough to constrain large regions of the favoured
parameter space. Future large statistics data sets from the LHC would not only consolidate
the current constraints, but also probe regions of parameter space yet unexplored, which
still remain promising from the point of view of explaining the (g − 2)μ anomaly within the
MSSM framework.
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