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Why WIMPs? (WIMP Miracle)

I DM as a particle once was thermally in equilibrium with other particles in
the early Universe χ̄χ⇔ ψ̄ψ ( Review by Jungman, Kaminonkowski, Griest, 1996)

Ωχh
2 =

mχnχ
ρc

' 10−26 cm3s−1

〈σv〉

Ωχh
2 ∼ 0.12 (Planck, 2018)

I Annihilation cross section for a weakly interacting particle with coupling
α ∼ 0.01

〈σv〉 ∼ α2(100 GeV)−2 ∼ 10−25cm3s−1

Qing Chen (USTC) Direct Detection of General Heavy WIMPs 2 / 19



DR
AF
T

Direct Detection Experiments
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Figure: WIMPs travel to the earth.

Direct Detection
Dark matter particles fly through Earth and 
scatter with nuclei of the detection material 
(Xenon, Argon, etc.)
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Figure 2: Neutrino-induced nuclear recoil spectra for the different neutrino sources, for a Ge target (left) and a Xe target
(right).

and diffuse supernova neutrinos. Note that we are not
considering geoneutrinos nor reactor neutrinos in this
study. Indeed, as shown in [6], the contribution of the
geoneutrinos to the neutrino-induced recoil energy spec-
trum is at least 2 orders of magnitude below the solar
neutrino contribution over the whole energy range. The
reactor neutrinos are strongly dependent on the location
of the experiment with respect to the surrounding nuclear
reactors and on the power these reactors are working
at. While this contribution should be estimated indepen-
dently for each experiment, we are not considering them
as this is beyond the scope of this paper and will there-
fore only discuss the case of cosmic neutrinos as shown
in Fig. 1.

III. WIMP AND NEUTRINO BACKGROUND
EVENT RATE CALCULATIONS

A. WIMP-induced nuclear recoil rate calculation

Like most spiral galaxies, the Milky Way is believed to
be immersed in a halo of WIMPs which outweighs the
luminous component by at least an order of magnitude
[4, 22, 23]. The velocity distribution of dark matter in the
halo is traditionally modeled as a Maxwell-Boltzmann,
characterized by a density profile that scales as 1/r2 and
leading to the observed flat rotation curve [24]. Recent
results from N-body simulations in fact indicate that
this Maxwell-Boltzmann assumption is an oversimplifi-
cation [25–27], as there is a wider peak and there are fe-
wer particles in the tail of the distribution ; this result has
important implications for interpretation of experimental
results [28]. Further, substructures, streams, and a dark
disk may create distinct features in the velocity distribu-
tion [29–32]. Since the goal of this paper is to examine
the effects of the neutrino background on the extraction
of a WIMP signal, to make the connection to previous

experimental studies in this paper we just consider the
Maxwell-Boltzmann model, which is characterized by the
following WIMP velocity distribution in the Earth frame,

f(v⃗) =

⎧
⎨
⎩

1
Nesc(2πσ2

v)3/2 exp

[
− (v⃗+V⃗lab)

2

2σ2
v

]
if |v⃗ + V⃗lab| < vesc

0 if |v⃗ + V⃗lab| ≥ vesc

(1)
where σv is the WIMP velocity dispersion related to
the local circular velocity v0 such that σv = v0/

√
2,

V⃗lab and vesc are respectively the laboratory and the
escape velocities with respect to the galactic rest frame,
and Nesc is the correction to the normalization of the
velocity distribution due to the velocity cutoff (vesc).

The differential recoil energy rate is then given by [24],

dR

dEr
= MT × ρ0σ0

2mχm2
r

F 2(Er)

∫

vmin

f(v⃗)

v
d3v (2)

where ρ0 is the local dark matter density, mχ is the
WIMP mass, mr = mχmN/(mχ + mN ) is the WIMP-
nucleus reduced mass and σ0 is the normalized to nucleus
cross section. Note that we will assume that the WIMP
couples identically to the neutrons and protons, though
generically a larger theoretical parameter space is avai-
lable [33]. F (Er) is the nuclear form factor that describes
the loss of coherence for recoil energies above ∼10 keV.
In the following, we will consider the standard Helm form
factor [24]. For the sake of comparison with running ex-
periments, we will consider the standard values of the dif-
ferent astrophysical parameters : ρ0 = 0.3 GeV/c2/cm3,
v0 = 220 km/s, Vlab = 232 km/s and vesc = 544 km/s.

ρχ = 0.3GeV ⋅ c− 2 ⋅ cm− 3, σv = v0 / 2 = 220km ⋅ s− 1/ 2,

Vlab = 232km ⋅ s− 1, vesc = 544km ⋅ s− 1

7

Dark matter distribution:

σ ∼ m2
χ m2

N

2π(mχ + mN)2 G2
FQ2

wY2 ∼ 10− 38cm2

Qw = N − (1 − 4sin2θw)ZGF ∼ 10− 5GeV− 2

Neutron numberN :
Z :Proton number

Y : WIMP hypercharge

Billard, Figueroa-Feliciano, Strigari  2008

mN : Nucleon mass

Recoil
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Figure: WIMP scatters on the lab
target.
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Heavy WIMPs
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Figure 1 – Observed 95% C.L. exclusion limits for various BR(�̃0
2 ! Z�̃0

1) hypotheses (left). Expected and
observed 95% C.L. exclusion limits for the (H̃, G̃) model (center). Expected and observed 95% C.L. exclusion
limits for the (H̃, ã) model, assuming various BR(�̃0

1 ! Zã) hypotheses (right).

2 SUSY Electroweak searches

2.1 Search for charginos and neutralinos in fully hadronic final states

A BSM search of electroweakinos in fully hadronic final states (qqqq and qqbb) and missing trans-
verse momentum 2 is presented. The considered final states take advantage of large branching
ratio (BR) and the e�cient background rejection provided by the identification of high-pT bosons
using large-radius (large-R) jets and jet substructure information.
Three physics scenarios are considered:

• a baseline Minimal Supersymmetric Standard Model (MSSM), considering the pair pro-
duction of heavy electroweakinos �̃heavy (wino- W̃ or higgsino-like H̃) each of them decay-
ing into on-shell W, Z or SM Higgs boson h and a lighter one �̃light (bino- B̃, wino- or
higgsino-like);

• a scenario with gravitino LSP and light higgsinos (H̃, G̃), inspired by General Gauge
Mediation models and naturalness;

• a scenario with axino LSP, under the assumption of SM extension with QCD axion and
light higgsinos (H̃, ã).

Events with no leptons are selected: two orthogonal Signal Regions (SRs) are defined based
on the large-R jets multiplicity, in order to target the qqqq and qqbb final states, identified
by boson tagging requirements. Then, multiple additional SRs are defined in each of the two
categories, targeting the di↵erent physics processes. The main SM background process is Z(!
⌫⌫)+ jets, followed by W (! `⌫)+ jets, dibosons VV and tribosons VVV. In SRs with two b-
tagged jets, contributions from tt̄, Wt and tt̄+X processes are taken into account. Backgrounds
are normalized to data in dedicated Control Regions (CRs), performing a profile log-likelihood
fit or taken from Monte Carlo (MC) directly, in case of minor contributions. The quality of
the fit procedure is assessed in dedicated Validation Regions (VRs), defined to be orthogonal
to SRs and CRs and kinematically close to them. The observed data match the expected
background estimations within experimental uncertainties. Then, exclusion limits are set in the
three considered scenarios: some results are shown in Fig. 1.

2.2 Search for new phenomena in events with two leptons and jets

A BSM search for SUSY-inspired new phenomena in events with two same flavor (SF) leptons
(e+e� or µ+µ�), jets and missing transverse momentum is presented3. Two main EWK searches
are considered, targeting the pair productions of charginos and neutralinos: the production of
chargino-neutralino pairs, decaying into W and Z bosons along with two neutralinos (C1N2
model); the pair production of higgsino next-to-lightest SUSY particles decaying into ZZ or Zh
pair and G̃ LSP, inspired by gauge-mediated SUSY breaking (GMSB). Moreover, the excess

Figure: Collider searches for neutralinos (ATLAS, 2022)

I Thermal WIMPs annihilation tells us MH̃ ∼ 1.1 TeV and MW̃ ∼ 3 TeV.
(Cirelli, Fornengo and Strumia, 2006)
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Heavy WIMP EFT

A WIMP is a massive representation of SU(2)W × U(1)Y .

Lorentz:

spin− 0

spin− 1/2

spin− 1

spin− 3/2

Gauge:

(J, Y )
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Heavy WIMP EFT

Consider a self-conjugate electroweak multiplet with mass M � mW . The
effective theory in the one-heavy-particle sector takes the form
(QC et al, 2022, in preparation)

Lspin−0
HWET

= φ
†
v

[
iv ·D − δM −

D2
⊥

2M
−
f(H)

M
+ . . .

]
φv ,

Lspin−1/2
HWET

= χ̄v

[
iv ·D − δM −

D2
⊥

2M
−
f(H)

M

+
1 + cχF1

4M
σ
αβ
⊥

[
D
⊥
α , D

⊥
β

]
+
cχF2

2M
ε
αβµν

σ
⊥
αβ

[
D
⊥
µ , D

⊥
ν

]
+ . . .

]
χv ,

Lspin−1
HWET

= V
µ†
v

[ iv ·D − δM − D2
⊥

2M
−
f(H)

M

 (−gµν ) +
1

2M

[
D
⊥
µ , D

⊥
ν

]

+ εµαβν

cV F

2M

[
D
⊥
α , D

⊥
β

]
+ . . .

]
V
ν
v ,

Lspin−3/2
HWET

= ξ̄
µ
v

[ iv ·D − δM − D2
⊥

2M
−
f(H)

M

 gµν − 1

2M

[
D
⊥
µ , D

⊥
ν

]
− εµαβν

cξF1

2M

[
D
⊥
α , D

⊥
β

]

+
1 + cξF2

4M
σ
αβ
⊥

[
D
⊥
α , D

⊥
β

]
gµν +

cξF3

2M
ε
αβρσ

σ
⊥
αβ

[
D
⊥
ρ , D

⊥
σ

]
gµν

+ cξKεαβµνσ
αβ
⊥

iv ·D − δM − D2
⊥

2M
−
f(H)

M

 + . . .

]
ξ
ν
v ,

I Kinetic terms: Universal
I Interaction terms: UV and representation-dependent
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Low Energy Effective Theory: Building Blocks

Integrating out the weak scale particles W±, Z0, h(NGBs) and t-quark yields
a 5-flavor(u,d,s,c,b) effective theory constructed from heavy particle, quark and
gluon bilinears: h̄vΓDMhv q̄Γqq and h̄vΓDMhvGΓgG,

Dimension Quark operators Gluon operators

3
V µ

q = q̄�µq -

Aµ
q = q̄�µ�5q -

4

O
(0)
q = mq q̄q O

(0)
g = GA µ⌫GA

µ⌫

O
(0)
5q = mq q̄i�

5q O
(0)
5g = GA µ⌫G̃A

µ⌫

O
(2)µ⌫
q = 1

2
q̄
⇣
�{µiD

⌫}
� � gµ⌫

d
i /D�

⌘
q O

(2)µ⌫
g = �GAµ�GA⌫

� + 1
d
gµ⌫(GA

↵�)
2

O
(2)µ⌫
5q = 1

2
q̄�{µiD

⌫}
� �5q

T µ⌫
q = imq q̄�

µ⌫�5q

Table 1: QCD bilinear operators.

sector. So upon integration by parts, we only need to keep one total derivative and we will
keep the one in the DM sector, i@⇢?+.

From combinations of building blocks in Eq.(39), deleting the total derivative, we have two
dimension-3 quark operators (vector and axial-vector) , and two types (with �5 or without) of
anti-symmetric and symmetric tensor operators, with the symmetric tensors being sorted into
trace (spin-0) and traceless (spin-2) parts as independent operators and the total-derivative
constraint Eq.(43) being applied, finally five dimension-4 quark operators. For the gluon
dimension-4 operators, we have parity-even and partiy-odd symmetric tensors with each being
classified into spin-0 and spin-2 ones, and notice the identity GA µ�G̃A ⌫

� = 1
dgµ⌫GA↵�G̃A

↵� .
Explicitly, we collect them in Table.3 as a complete basis for QCD bilinear operators.

Inspecting the dark matter building blocks in Eq.(38) and Table.3, we arrive at the bilinear
operators for DM and nucleon scattering at the quark-level through dimension-7 as follows.

Lspin�0 = �⇤v�DM�v q̄�qq (48)

Operators Self-conjugate Even Self-conjugate Odd

Quarks gµ⌫ ⌦mq ✏µ⌫↵��
↵�
? ⌦mq

 ̄µ
v�DM 

⌫
v q̄�qq gµ⌫ ⌦mqi�

5 ✏µ⌫↵��
↵�
? ⌦mqi�

5

spin-1 @?+µ ⌦ �⌫ gµ⌫

⇣
v↵ +

i@↵
?�

2M

⌘
⌦ �↵

@?+µ ⌦ �⌫�5 gµ⌫

⇣
v↵ +

i@↵
?�

2M

⌘
⌦ �↵�5

✏µ⌫↵�@
↵
?+ ⌦ �� ✏µ⌫↵�

⇣
v↵ +

i@↵
?�

2M

⌘
⌦ ��

✏µ⌫↵�@
↵
?+ ⌦ ���5 ✏µ⌫↵�

⇣
v↵ +

i@↵
?�

2M

⌘
⌦ ���5

✏µ⌫↵�v↵v⇢@�?+ ⌦ �⇢ gµ⌫�?↵�@
↵
?+ ⌦ ��

10

ΓDM =

{
1, v

µ
+
i∂µ⊥−

2M
, σ

µν
⊥

}{
1, i∂

ρ
⊥+

}
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Low Energy Effective Theory

The spin-independent interaction of spin-0(1) and spin-1/2(3/2) heavy WIMP
with quarks and gluons is

L = h̄
(µ),low
0 hlow

0 (µ)

{ ∑
q=u,d,s,c,b

[
c(0)q O(0)

q + c(2)q vαvβO
(2)αβ
q

]
+ c(0)g O(0)

g + c(2)g vαvβO
(2)αβ
g

}
.
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Matching

Figure 2: Diagrams contributing to up to 1/M quark matching, with the same notation as in Fig. 1
except that the zigzag lines are symmetry broken gauge bosons. Diagrams with crossed W lines are not
displayed.

Figure 3: Diagrams contributing to up to 1/M gluon matching, with the same notation as in Fig. 2.
Curly lines denote gluons. Diagrams with both gluons attached to the upper quark line or with one gluon
attached to each of the upper and lower quark lines are not shown.

6 Matching below electroweak scale

Integrating out the weak scale, matching to five-flavor QCD scale e↵ective theory up to 1/M� order,

L = h̄low
0 hlow

0 {
X

q=u,d,s,c,b

[c(0)
q O(0)

q + c(2)
q vµv⌫O(2)µ⌫

q ] + c(0)
g O(0)

g + c(2)
g vµv⌫O(2)µ⌫

g } (41)

The bare coe�cients are as follows

c
(0)
U =

⇡�(1 + ✏)g4
2

(4⇡)2�✏

⇢
� m�3�2✏

W

4x2
h

(1 +
1

2c3
W

) +
m�3�2✏

Z

32c4
W

(c
(U)2
V � c

(U)2
A ) + O(✏)

�

+
m�2

W

M

(a + |b| + c)

x2
h

(42)

c
(0)
D =

⇡�(1 + ✏)g4
2

(4⇡)2�✏

⇢
� m�3�2✏

W

4x2
h

(1 +
1

2c3
W

) +
m�3�2✏

Z

32c4
W

(c
(D)2
V � c

(D)2
A )

��Dbm
�3�2✏
W

xt

16(xt + 1)3
+ O(✏)

�
+

m�2
W

M

(a + |b| + c)

x2
h

(43)

c(0)
g =

⇡[�(1 + ✏)]2g4
2g

2

(4⇡)4�2✏

⇢
m�3�4✏

W

12


1

x2
h

⇣
1 +

1

2c3
W

� 4

↵2
2

mW

⇡M
(a + |b| + c)

⌘
+ 1 +

1

2(xt + 1)2

�

6

Figure: Diagrams contributing to quark operators matching. Double line denotes heavy WIMP,
dashed line denotes Higgs boson, solid line denotes quark, zigzag line denotes W/Z bosons,
encircled cross denotes insertion of a 1/M effective theory vertex.

Figure 2: Diagrams contributing to up to 1/M quark matching, with the same notation as in Fig. 1
except that the zigzag lines are symmetry broken gauge bosons. Diagrams with crossed W lines are not
displayed.

Figure 3: Diagrams contributing to up to 1/M gluon matching, with the same notation as in Fig. 2.
Curly lines denote gluons. Diagrams with both gluons attached to the upper quark line or with one gluon
attached to each of the upper and lower quark lines are not shown.

6 Matching below electroweak scale

Integrating out the weak scale, matching to five-flavor QCD scale e↵ective theory up to 1/M� order,

L = h̄low
0 hlow

0 {
X

q=u,d,s,c,b

[c(0)
q O(0)

q + c(2)
q vµv⌫O(2)µ⌫

q ] + c(0)
g O(0)

g + c(2)
g vµv⌫O(2)µ⌫

g } (41)

The bare coe�cients are as follows

c
(0)
U =

⇡�(1 + ✏)g4
2

(4⇡)2�✏

⇢
� m�3�2✏

W

4x2
h

(1 +
1

2c3
W

) +
m�3�2✏

Z

32c4
W

(c
(U)2
V � c

(U)2
A ) + O(✏)

�

+
m�2

W

M

(a + |b| + c)

x2
h

(42)

c
(0)
D =

⇡�(1 + ✏)g4
2

(4⇡)2�✏

⇢
� m�3�2✏

W

4x2
h

(1 +
1

2c3
W

) +
m�3�2✏

Z

32c4
W

(c
(D)2
V � c

(D)2
A )

��Dbm
�3�2✏
W

xt

16(xt + 1)3
+ O(✏)

�
+

m�2
W

M

(a + |b| + c)

x2
h

(43)

c(0)
g =

⇡[�(1 + ✏)]2g4
2g

2

(4⇡)4�2✏

⇢
m�3�4✏

W

12


1

x2
h

⇣
1 +

1

2c3
W

� 4

↵2
2

mW

⇡M
(a + |b| + c)

⌘
+ 1 +

1

2(xt + 1)2

�

6

Figure: Diagrams contributing to gluon operators matching. Curly line denotes gluon.
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Renormalization Group Evolution

We first need to run the 5-flavor
effective theory from weak scale µt to
bottom quark mass scale µb.

d

d log µ
Oi = −γijOj ,

d

d log µ
ci = γjicj

with solution

ci(µl) = Rij(µl, µh)cj(µh)

Operator Anomalous dimension

γ
(0)
qq = 0, γ

(0)
qg = 0

O
(0)
q , O

(0)
g

γ
(0)
gq = −2

∂γm
∂ log g

, γ
(0)
gg =

∂(β/g)
∂ log g

γ
(2)
qq =

αs
4π

64
9

, γ
(2)
qg = −αs

4π
4
3

O
(2)
q , O

(2)
g

γ
(2)
gq = −αs

4π
64
9

, γ
(2)
gg =

αs
4π

4nf
3

Table: Anomalous dimensions for quark and
gluon operators, γm: anomalous dimension of
quark mass, β = dg/d log µ: QCD beta
function.
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Heavy Quark Threshold Matching

I The coefficients in the (nf + 1)- and
nf -flavor theories are related by physical
matrix elements

c
′
i〈O
′
i〉 = ci〈Oi〉+O(1/mQ)

where primed: (nf + 1)-flavor, unprimed:
nf -flavor and mQ is the heavy quark.

I Applying QCD sum rule

〈Tµµ 〉 =
∑
q

(1− γm)〈O(0)
q 〉+

β̃

2
〈O(0)

g 〉

〈Tµν〉 =
∑
q

〈O(2)µν
q 〉+ 〈O(2)µν

g 〉

to solve the above threshold
matching condition, we obtain
the nf -flavor theory coefficients

ci(µQ) = Mij(µQ)c
′
j(µQ)
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Cross Section

Threshold matching and RG evolution from the 5-flavor(u,d,s,c,b) theory to the

3-flavor(u,d,s) theory

cj(µ0) = Rjk(µ0, µc)Mkl(µc)Rlm(µc, µb)Mmn(µb)Rni(µb, µt)ci(µt)

Take matrix elements from Lattice QCD and obtain cross section

σN =
m2
r

π
|M(0)

N +M(2)
N |

2
, M(S)

N =
∑
i=q,g

c
(S)
i (µ0)〈N |O(S)

i (µ0)|N〉

Mp =M(0)
p +M(2)

p

= 0.019J(J + 1)− 0.072Y
2

+
mW

M

[
32.36cH − 0.057J(J + 1) + 0.0077Y

2
]
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Experimental Constraints

Figure: Current constraints of parameter cH for spin-0 and spin-1/2 particles.
(QC et al, 2022, in preparation)
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Experimental Constraints

Figure: Current constraints of parameter cH for spin-1 and spin-3/2 particles.
(QC et al, 2022, in preparation)
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Illustrative UV Completion

Consider minimal UV completion with adding a massive electroweak multiplet
for various-spin particles in SM.

Lspin−0
UV =

1

2
(Dµφ)

†
D
µ
φ−

1

2
M

2
φ
†
φ

Lspin−1
UV = −

1

2
(DµVν −DνVµ)

† (
D
µ
V
ν −DνV µ

)
+M

2
V
†
µV

µ

Lspin−1/2
UV = ψ̄(i /D −M)ψ +

1

2
χ̄
′
(i /D −M ′)χ′ −

1

2
λ̄F (H)λ

Lspin−3/2
UV = Ψ̄

µ

[(
i /D −M

)
gµν −

1

3
(iγµDν + iγνDµ) +

1

3
γµ
(
i /D +M

)
γν

]
Ψ
ν

where λ =
(
χ′, χ1, χ2

)T
, χ1 = (ψ + ψc)/

√
2 and χ2 = i(ψ − ψc)/

√
2.

Match the above UV theories onto the HWETs at the electroweak scale and
obtain concrete values of cH .
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Cross Sections
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Figure: Scattering cross section for different bosonic WIMP multiplets on
proton. (QC et al, 2022, in preparation)
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Cross Sections
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Figure: Scattering cross section for different fermionic WIMP multiplets on
proton. (QC et al, 2022, in preparation)

Higgsino-like result (QC and R.J. Hill, PLB 2020, arXiv:1912.07795)
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Summary

I Higher spin WIMPs have higher cross sections

I Higher isospin WIMPs have higher cross sections

I All TeV WIMPs with isospin lower than 5/2 survive current experimental
limits, and pure Higgsino-like WIMP cross section is well below the
neutrino floor.
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cqpb@ustc.edu.cn
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